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A SIMPLIFIED METHOD FOR DIMENSIONING 
OF CROSS FLOW FANS 

T.Lajos - F.Szlivka

SUMMARY
On the hasis of theoretical considerations and experimental 
results a simple method is proposed for calculation of the 
flow field in cross flow fans of given performance. Knowing 
the flow pattern the main design parameters can he deter
mined.

INTRODUCTION
Cross flow fans invented by Mortier in 1892 have numerous 

advantages such as the relatively large capacity compared to 
their dimensions, the advantageous shape of casing as well as 
inlet and outlet cross section and the relatively high effi
ciency for small Reynolds’ number. Some disadvantages delay 
the spread of this type of fan: e.g. the performance, even 
the stability of operation depends greatly on geometrical 
parameters of impeller and casing and there is no method 
available for dimensioning of fans of given performance. Many 
experiences have been reported in the literature about rela
tions of fan performance and geometrical characteristics, but 
the success of development of a cross flow fan for a given 
application is rather doubtful for lack of calculative method 
of dimensioning.

The flow field in fan has been investigated by several 
authors [Vj - [в] contributing to understanding the rela
tively complicated flow processes and numerous models have 
been elaborated for calculation the flow field in the cross 
flow fan [l] , [2] , [5] , [б] , [б] - [15] • On the basis of 
theoretical considerations and experimental results a simpli
fied method for calculation of flow field and so the design 
parameters of cross flow fans can be proposed.
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CHARACTERISTICS OF FLOW FIELD

The cross flow fan has a drum type impeller closed at 
Doth ends. The forward-curved blades of impeller are usually 
circular arcs manufactured from thin sheets. The chord of 
blades is relatively short, the diameter ratio is great: 
v> = 0 .7 5 - 0 .8 5 /Fig» 1./.

Fig. 1.

Neglecting the effect of end walls the flow field in cross 
flow fan is two-dimensional. The flow is unsteady both in 
absolute and in relative /corotating/ coordinate systems.
That is why the blade circulation changes around the periphery 
of the impeller. As a consequence of change of blade circu
lation vortices are shed at the trailing edges of blades 
making the flow rotational in the impeller and in discharge 
side [5] , [1 2 ] . /The Euler head changes along the cascade,
so the total pressure belonging to various streamlines is 
different i.e. the flow passing the impeller blades is rota
tional./ According to the proposal of the author £5 ] » [12] , 
[ih] the eccentric vortex dominating the flow pattern in the 
impeller, characteristic of cross flow fan is produced by 
shedded vortices.
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Experimental observations suppose this assumption: a relation 
was found between the change of blade circulation and the 
vorticity of flow field [5] » [l3_] * reducing the change of 
blade circulation by application of swinging blades the vor
tex can be ceased [4 ] ; the significant function of vortex 
shedding in formation process of vortex has been observed by 
means of moire method ["б] .

The evaluation of measurements of our own [5J as well as 
the measurements of Porter £3] , method of which has been 
presented in \l3~\ , shows that the vorticity is relatively 
large in the recirculatory area /i.e. in the vortex/ and mod
erate outside of it. This conclusion is supported by measure
ments of total pressure distribution, too [5] » [V] • Never
theless the error due to neglect of rotation in the calcu
lation of flow field in impeller can be significant [15J .
This calculation has been carried out by solving the

A tf = - f / х/г/ /1/
differential equation containing the assumption that' the 
vorticity is constant along a streamline in the impeller.
This assumption has been verified by experiments [1 3 ] , [14J .

The extension of solving the differential equation /1/ to 
the whole flow field of cross flow fan in order to develop a 
method for dimensioning seems to be disadvantageous:

- the most important design parameter, the shape of 
casing being a boundary condition has to be given 
previously;

- the shear stresses in real fluid exert a great influence 
on the vorticity distribution, in the recirculatory area 
and on the decay of vorticity along streamlines in dis
charge side of the fan.

That is why a simplified method has been chosen which is 
making use of experimental results in calculation of flow 
field.
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EXPERIMENTAL RESULTS

Let us substitute the blading of impeller with a line -vor
tex distribution ^ /'ft/ around the circle of radius 
rm = (ri + rQ) /2 /Fig. 1./. Each streamline / = const,
curve/ intersects this circle twice i.e. two ^  values be
long to а у/ value. A very useful diagram can be constructed 
by plotting the line vortex distribution against the stream 
function /Fig. 2./

Fig. 2.

The extent of area /А/ surrounded by 'jjr /ijí/ curve is propor
tional to the power coefficient [з а ] :

A = ------- r u2 /2/1 + 0  0 0
The horizontal and vertical dimensions of this area are pro
portional to the flow rate delivered by impeller and the 
ideal total pressure rise of fan respectively. The change of 
vorticity across the cascade as a consequence of shedded
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•vortices /i.e. the change of blade circulation/ is propor
tional to the rise of T /f / curve.

However the sign of blade circulation changes in two 
points of impeller periphery usually one recirculatory area 
can be observed in the fan. The recirculatory area surrounds 
the blades changing the sign of their circulation, being 
nearer to discharge side. The "centre" of area is in the 
vicinity of inner radius of cascade at fan types allowing 
the moving of "vortex" [3 ] •

A part of flow rate recirculates. The evaluation of 
Porter’s results [3] shows that the flow coefficient relat
ing to recirculating flow is r ~ 0.3 ^o.4, i.e. the 
quotient of the recirculating flow rate and that delivered 
by the impeller is between 0 .3  and 0 .5  in the vicinity of the 
best efficiency point. So

/3/

The extent of area of Pig. 2. belonging to recirculating 
flow /Ar/ is proportional to the power input in recircu
latory area. The evaluation of Porter’s results [3] shows 
that 2o~5o % /in the vicinity of best efficiency point 
25 %/ of power input is required to maintain the recircu
lation and а с1озе relation exists between the power input 
in recirculatory area and the circulation around it [m ] .

Assuming that there is no significant power transfer 
between recirculating and throughflowing air /evidence of 
which can be found in £3] i [s] / the efficiency of impeller 
blading and the outlet diffuser can be estimated as quotient 
of power output of fan and the power input reduced by that 
maintaining the recirculatory area. The maximum values of 
blade efficiency for two types of cross flow fans investi
gated by Porter were o.64 and o.77* The abscissa divides 
the area A surrounded by the curve ^  /1^7 into two parts 
A^ and Aa ratio of which shows the distribution of power 
input between inlet /decelerating/ and outlet /accelerating/
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parts of cascade. The evaluation of Porter’s measurements 
shows that the value of Ad/Aa increases from 0 .7 to 1.4 
at decreasing flow rate, hut in operating conditions about 
the best efficiency А ^ Д а 1. A correlation has been found 
between the change of blade circulation in the recircu- 
latóry area A  /Pig. 2./ and the circulation Г* r around 
the re circulatory area [l4^ :

r r = 6 • r0 “ 0 (-J-)
CALCULATION OF FLOW FIELD

The flow field in a cross flow fan can be determined by 
superposition of flow field around a corner, the flow field 
induced by line vortex distribution 'Jp /'d'/ substituting 
the cascade, and the flow field induced by a vortex substi
tuting the recirculatory area. It is expedient to chodse 
constant intensity of line vortex distribution along the 
inlet and outlet arcs of cascade, because so - exceDt for 
the place of sudden change of blade circulation - no vor
tices are shed, i.e. the flow passing the cascade remains 
potential.
In this case the area surrounded by curve 'jp/tp/become oblong
/Fig.3./

At beginning of the dimensioning process the flow coeffi
cient ^  £an and pressure coefficient ''p'to be realised are 
given. On the basis of experiences the diameter ratio V3 , the 
efficiency of fan have to be chosen /e.g. V 3 = 0 .8 , ^  =
= 0.4/.

Determining the power coefficient A  =t|)’\p/^ and using 
/2/ the extent of area A surrounded by curve 'f'/ ̂f~//Fig.3./ 
can be determined. Using /3/ the width and height of oblong
shaped area A can be calculated:
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г0 и0 [%вх ~ * min/  ̂ j impeller (2.6—3) (fan

A /  ( Y - a x -  Train)
Choosing the value of A^/A0 /i.e. distributing the power in
put between decelerating and accelerating blades/ the line 
vortex distribution substituting the cascade can be determi
ned:

IXd|=AP (1 a Ae/Aa) .|f;|=Af-|fd| n/
Using /4/ the circulation 1 around the potential vortex 
substituting the vorticity in the recirculatory area can be 
calculated.
An undisturbed flow is to be selected being suitable for 

determination of the flow direction farther from impeller. 
The flow around a corner can be such an undisturbed flow. 
Three parameters have to be chosen for the calculation: the 
angle of corner, the location of centre of impeller in rela
tion to the corner /Pig.J./ and the intensity of undistur-
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bed flow. The latter can he determined taking into account 
the relation /5/.

In the first step of the calculation the inflow and out
flow arcs of the impeller periphery /i.e. the positions of 
points belonging to and Zp~m n̂/ have to he determined
considering only the undisturbed flow /Fig.3./. The line 
vortex distributions and *ya can be placed on inflow and 
outflow arcs. The flow induced by the line vortex distribu
tion alters the inflow and outflow arcs, so repeated calcu
lation is required to place the line vortex distribution.

As a third component of the flow field the vortex of 
strength Г is to be positioned on the inner periphery of 
the cascade between the inflow and outflow arcs near the cor
ner. The flow induced by vortex can alter the place of oppo
site boundary of inflow and outflow arcs, this is why a mo
dification of line vortex distribution can be necessary.

Calculating the flow pattern the streamline bounding the 
recirculatory area and that representing the casing of fan 
can be selected. The flow rate between these streamlines does 
not equal to that prescribed by ^-fan» so the intensity of 
the undisturbed flow has to be altered.

The result of calculation is a flow pattern giving infor
mation about the shape of casing. Knowing the flow field com
ponents, the velocity distribution around the inner and 
outer periphery of cascade can be calculated. The knowledge 
of velocity-distribution helps the proper selection of blade 
angles.

SYMBOLS
A U / Á  area Т|Птг/з] stream function
r [ml radius Cl)[1/s] angular velocity
u = rü[m/sj peripheral velocity Subscripts 
'f [m/s] line vortex distributiono outer
P [t(i2/3] circulation a accelerating
i) C-1 efficiency d decelerating

[rad] angle i inner
J\ -ff/'l [-Г power coefficient m middle
V» = rj_/r0 [-] diameter ratio max maximum 

[-f flow coefficient min minimum
-у C-l pressure coefficient r recirculatory
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TRANSONIC INVISCID FLOW CALCULATIONS FOR FLOW PAST 
SWEPT-BACK PLANE TURBINE CASCADES

F r i t z  L e n t h a u s
DFVLR - Institute for Experimental Fluid Mechanics, Goettingen, FRG 

SUMMARY
Some results of two-dimensional and three-dimensional calculations on 
swept-back plane turbine cascades are presented. The method used is a 
time-marching finite-volume technique applied to the Euler equations. The 
2D calculations are based on two different flow models, i.e., projection 
and section methods. By comparison of these 2D results with a correspond
ing 3D result, it is seen that the section method may be used only as a 
very first step for midspan calculations of swept-back plane turbine cas
cades of moderate aspect ratios. For details and for other blade sections 
3D calculations are necessary.

SYMBOLS
XA,YA,ZA - Axial coordinate system ft - Flow angle in Xa,Ya-planeÖ
Xa,Y0=YA - Swept coordinate system M - Mach number
M,N,L - Computational grid system p - Static pressure
t - Pitch length Pq - Total pressure
1 - Chord length
LA - Axial width of the cascade Indices
HA - Height of blades A - Flow in XA,YA-plane

- Stagger angle О - Flow in Xcr,Ycr-plane
О - Sweep angle, 1 - Homogeneous inlet flow

flow angle in XA,ZA-plane 2 - Homogeneous outlet flow
3 - Flow angle in XA,YA-plane is - Isentropic

1. INTRODUCTION
For design and development of axial flow turbomachinery bladings theoreti
cal and experimental investigations of corresponding rectilinear cascades 
are the traditional first steps. The two-dimensional cascade flow model 
is exactly valid only for coaxial cylindrical stream surfaces which may 
exist in incompressible flow machines of free vortex design. But this 
flow model has turned out to be also very useful when the flow does not
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meet these conditions exactly, as for example when the compressibility 
effects of the flow are no longer negligible but are of a moderate magni
tude. Due to several reasons, transonic flow regimes exist in modern 
axial turbines, i.e., the flow is accelerated in the blade passages from 
subsonic to supersonic velocities. Such high expansion of the flow calls 
for a corresponding increase of the annular flow cross-section. There
fore, even neglecting secondary flow effects, induced by viscous boundary 
layers, a three-dimensional, complicated, more or less conical flow 
exists. In these cases the use of 2D cascade characteristics as input 
data for design is questionable. This paper presents some investigations 
on swept-back plane turbine cascades using 2D and 3D time-marching 
finite-volume calculations of the Euler equations, to determine whether 
the simplifying assumption of coaxial stream surfaces is helpful.

2. TIME MARCHING FINITE VOLUME METHOD
Starting from the isentropic time-marching finite-volume method of P.W. 
McDonald, (1), some years ago a computational method and a corresponding 
computer program, F. Lehthaus (2), was developed at DFVLR in order to cal
culate the 2D inviscid transonic turbine cascade flow. The basic equa
tions, i.e., the time-dependent conservation laws in integral form for 
mass, momentum and energy were discretised, elaborating and using an 
extended version of the damping surface technique, which was suggested by 
J.J. Smolderen et al., (3). The lower part of FIGURE 1 shows the typical 
2D computational domain for a hub section cascade. Starting from an 
assumed distribution of local flow values at the nodes of the computa
tional grid ,the solution for stationary flow is found by iteration with 
respect to time. Using this iteration, prescribed values of total temper
ature, total pressure and flow angle are kept constant in the inlet plane, 
as well as the static pressure in the outlet plane. To improve the solu
tion obtained in this coarse computational grid, this grid is refined up 
to three times successively always using the solution of the coarser grid 
as the starting condition for the next grid.
For some examples it was shown in (2) that the computed pressure distribu
tions on the blade contours agree very well with the corresponding experi
mental results provided that the real flow does not separate from the pro
file before reaching the trailing edge. The comparison between calculated 
and measured homogeneous upstream Mach numbers is quite perfect.
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The homogeneous downstream flow conditions are calculated from the 
inhomogeneous distributions of the computed flow values in the outlet 
plane of the computational domain by integration, using the conservation 
laws of mass, momentum and energy. The deviation between computed and 
experimentally derived downstream flow angle is found to be less than one 
degree. The total pressure losses show good agreement at least in their 
behaviour.

FIGURE 1

A detailed discussion of the method as well as the important advances in 
time-marching finite-volume techniques during the last few years, for 
example J.D. Denton, (4,5), is beyond the scope of this paper.
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3. SWEPT BACK PLANE TURBINE CASCADES OF INFINITELY HIGH AND OF INFINITELY 
LOW ASPECT RATIO

There are two possibilities for looking at the flow through swept- back 
plane turbine cascades by the application of 2D calculation methods, as 
shown for incompressible flow by U. Stark and H. Gotthardt, (6). 
Corresponding to the flow model for an infinitely long swept-back wing a 
swept-back plane turbine cascade of infinitely high aspect ratio may be 
assumed. Following this concept termed projection method the usual 2D

calculation is done in the 
XA,YA-plane, FIGURE 2, for a given 
inlet angle g^ and a given ratio of 
back pressure p^ to inlet total pres
sure Рд^д of the flow component in the 
XA,YA-plane. In order to get the pre
scribed sweep angle of the inlet flow 
0 ,̂ the Mach number component М ^ д  
along the ZA-axis has to be superim
posed on the inlet Mach number compo
nent' M,. calculated in the 
XA,YA-plane. In this superposition 
the inlet angle g and the Mach num- 
ber M^0 are derived by simple trigono
metrical relations. Now the ratio of 
back pressure to inlet total pressure 
P2/p0iO can be computed. By superpo
sition of the velocity component cor
responding to the Mach number М ^ д  in 
ZA-direction to the whole flow field 
in the XA,YA-plane all other flow 
quantities are determined.

Assuming a swept-back plane turbine cascade of infinitely low aspect ratio 
another 2D flow model for calculation is evident. In this section method 
the swept Xa,Y0 -plane which contains the prescribed inlet flow direction 
has to be chosen as the 2D computational plane. In order to calculate for 
comparable flow conditions, the transformed inlet angle ß a and the ratio 
of back pressure p to inlet total pressure pnVT as derived in the projec- 
tion method has to be used.

FIGURE 2
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3. SWEPT-BACK PLANE TURBINE CASCADES OF FINITE ASPECT RATIO 
In order to calculate the 3D inviscid transonic flow past swept-back plane 
turbine cascade configurations of finite aspect ratios the above 2D method 
was extented straightforwardly to the third dimension of the Cartesian 
coordinate system as shown schematically in the upper part of fig. 1.
In FIGURE 3 the profile pressure distributions on the lower end wall, the 
mid section and the upper end wall are shown for the hub section cascade 
with 0=30° sweep angle at two different outlet Mach numbers. In both the 
cases the pressure level on the pressure side is higher for the lower wall 
than for the upper wall. The same result is found for the suction side in 
the subsonic case up to 60% and in the transonic case up to 80% of the 
axial width of the cascade, after which the curves intersect. From the 
lower end wall to the upper end wall the loading strongly increases at the 
profile leading edge and decreases at the trailing edge. In the transonic 
regime, the flow on the lower surface follows the limit loading condition 
while on the upper surface the flow is characterized by shock reflection 
in the rear part of the suction side. Therefore, a curved shock surface 
is formed in part of the blade passage.

0.2 0.4 XA/LA 0.8 10
k«56.7° HA/LA-2.15 ß, -120.0° 6-50.0°

FIGURE 3
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A comparison of the 3D pressure distributions, computed for a swept-back 
plane turbine cascade and measured for a corresponding rotating conical 
cascade, is shown in FIGURE 4. Both cascades have the same geometry only 
at the midsection. Therefore, some geometrical differences exist which 
add to the influences due to rotation of the test wheel, and this compari
son can only show qualitative agreement.

FIGURE 4

The differences between the pressure distributions on the lower and the 
upper walls increase with sweep angle as is evident from FIGURE 5 for 
0=45° compared with the right hand side of fig. 3 for a=30°.
Concerning this sample calculation the spatially curved streamlines are 
computed from the time-marching solution beginning at the nodes in the 
inlet plane, M=l, of the computational grid, FIGURE 6. The traces of the 
streamlines starting on the lower end wall, L=l, at 50% of the channel 
height, L=9, and on the upper end wall, L=17, are plotted in the 
XA,YA-plane. Correspondingly in the XA,ZA-plane the traces of those
streamlines are shown, which start from three different pitchwise posi
tions in the inlet plane. These are streamlines passing the blade passage 
close to the suction side of the profiles, N=2, at midchannel, N=9, and 
close to the pressure side, N=16. On the lower surface the streamlines
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FIGURE 5

are shifted towards the pressure side of the profile when passing the 
blade passage, L=l. The whole flow in front of the cascade is deflected 
towards the upper wall, in this way decreasing the loading at the profile 
leading edge region at the lower wall and increasing it at the upper wall 
as already determined from the pressure distributions. The streamline
shift towards the upper end wall continues up to the cascade outlet plane 
for all those streamlines which are passing the blade channel close to 
pressure side, N=16. Some streamlines are found forming a stagnation 
streamline parallel to the ZA-axis at the profile nose. According to this 
flow behaviour at the pressure side, the streamlines on the upper end wall 
are shifted towards the suction side when passing the blade channel, L=17, 
and those close to the suction side in the rear part of the blade passage 
are deflected towards the lower end wall, N=2.

5. COMPARISON OF RESULTS OBTAINED BY PROJECTION, SECTION AND 3D METHODS 
In the left part of FIGURE 7 the pressure distribution on the profile 
contour computed by the three methods are compared for the case of the hub 
section cascade with 0^=45° sweep angle of the inlet flow. The back pres
sure is chosen corresponding to an isentropic outlet Mach number M2^s=l-2.
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The projection method gives a higher pressure level than the section 
method for most of the pressure side while on the suction surface up to 
85% of the axial width the projection method gives lower pressures. On 
the rear part of the suction side the calculation using the section method 
results in a higher expansion than the projection method. As a result the 
two curves intersect and the reflection of the right running shock, which 
is starting from the confluence of the suction and pressure side flows 
behind the trailing edge of the adjacent blade, is shifted more downstream
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in the section method. Summarizing all the above differences in the calcu
lated pressure distributions the projection method predicts a higher blade 
loading than the section method. The left part of fig. 7 shows a good 
agreement of the pressure distributions on the pressure side calculated by 
the section method with the midspan result, L=9, of the 3D method while on 
the suction side there is a better agreement between the distributions 
predicted by the projection and the 3D method.

On the right hand side of fig. 7 the traces of the streamlines close to 
the profile contour are compared. For the section method all the stream
lines lie in the computational plane, so the sweep angle is constant 0=45° 
and in the XA,YA-plane only one common trace exists for all streamlines. 
The projection method results in different shifts of the streamlines close 
to suction and pressure sides, thus predicting twisted s.tream surfaces in 
the blade passages. Additionally the sweep angle changes from the homoge
neous 0^=45° inlet to the homogeneous 0 ^ = 28° outlet flow, i.e., a strong 
deflection of the flow towards the axial direction occurs when passing 
through the blade row.
The 3D method predicts at midspan a difference in the streamline shifts 
between pressure and suction side of the same order as the projection
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method. But due to the influence of the end walls the mean sweep angle of 
the flow remains <7=45°. This is the reason why the homogeneous outlet 
flow values calculated from the inhomogeneous outlet conditions of the 3D 
time-marching results are comparable to those obtained from the section 
method, while the projection method predicts a distinctly different outlet 
flow behaviour.

6. CONCLUDING REMARKS
It may be concluded that at least for comparable aspect ratios, as in the 
described sample calculations, the section method may be applied to 
swept-back plane turbine cascades as the very first step to calculate the 
overall flow behaviour at midspan. Correspondingly a conical stream sur
face may be helpful for a midspan calculation for actual stator and rotor 
bladings. In order to look at the flow details or at other blade sections 
simplifying 2D assumptions are too restrictive and 3D considerations are 
necessary.
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SIMULTANEOUS ANALYSIS OF BOUNDARY LAYER 
AND POTENTIAL FLOWS

by
R . I. Lewis

Summary
A numerical cellular boundary layer method is presented 

aimed at the simultaneous analysis of thick boundary layer 
growth on curved boundaries. The method is first compared 
with classical solutions for laminar boundary layers with 
accelerating main stream flows. Initial work on the application 
of this to the flow of a thick shear layer over a curved wall 
is covered, including comparisons with the traditional 
approach of modifying the wall contour ir potential flow by 
addition of the displacement thickness. The method represents 
the first stages of an extension of the well established 
Martensen method towards a full viscous/potential model of real flows.

INTRODUCTION
The author recently(l) extended Mar;ensen's method to 

deal with separated flows by allowing the surface vorticity to 
be shed continuously from separation points. Subsequently 
Porthouse(2) developed a viscous diffusion model based on 
Brownian motion which was applied by Lewis and Porthouse(3)to 
separated flows past bluff bodies and stalling aerofoils and 
cascades. In the final numerical modelt 3)Vorticity is created, 
shed and diffused from each discrete element of the body 
surface during every time step, resulting in a generalised 
method for stalled or unstalled flows past two-dimensional 
bodies of arbitrary shape. The viscous diffusion model 
resembles that of Chorin(4)( in parallel with whom quite reas
onable simulations of laminar boundary layers have been 
obtained. Typical sample results are shewn in figure (1).

The main disadvantages of this method 1ie in (a)inaccuracy 
without excessively large numbers of vorticity elements in the 
field and (b) the consequent outrageous computing requirements. 
Consequently cellular methods are being explored to deal with the near body flow. This paper contains two contributions to
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О Diffusing vortex 
•  Diffused vorticity of significance

this end. Firstly 
a cellular techn
ique for two-dim
ensional plane 
walled boundary 
layers is briefly 
described.This 
method was formul
ated to permit later extension 
to viscous flow 
past curved 
surfaces.Although 
not yet accompl
ished for viscous 
flow, the paper 
concludes with a 
preliminary exten
sion of Martensens 
method to deal 
with a thick 
inviscid shear 
layer adjacent to 
a curved wall.

Figure 2. Grid 
system and diff
usion matrices 
for boundary layer 
method.

CELLULAR METHOD FOR LAMINAR BOUNDARY LAYERS
In order (a) to limit the number of vorticity elements and 

(b) to speed up the diffusion calculation, a cellular control 
volume or grid may be defined to cover the region of a boundary 
layer, figure (2). For the grid depicted here, a fixed number 
of elements MN will apply for all time. Furthermore over the 
prescribed time step At the diffusion of a typical vorticity 
element mn at 0, will result in the redistribution of vorticity 
of significant magnitude to only the limited region aefg. By
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symmetry diffusion coefficients need only be calculated for the region abed, and may be evaluated at the beginning of the 
calculation once and for all for a so-called "diffusion matrix". 
Computation is reduced by an order of magnitude through this 
technique and sufficient for the author to complete all of the 
remaining solutions in this paper by means of an 8 bit micro
computer .

The motion of a diffusing vortex of initial strength Г 
centred on the origin of the (r,0) plane is described by the vorticity diffusion equation(5)

3w _ гЭ2ш 1 За)-,
3t r (1)

from which we may obtain the well known solution for the 
subsequent vorticity distribution

„ {-r2/4vt}
w(r’t} = Ш г  e (2)

Since equation (1) is linear, solutions for multiple 
distributions of vortices in close proximity may be super
imposed. Equation (2) may thus be applied to the vorticity 
within each grid element at time t to evaluate the amount 
diffused during time At into all other cells. Thus the vorticity 
in cell (i,j) will be the sum of vorticity contributions which 
have diffused from all MN cells in the field during time At, 
namely

, M N r {- {_ fmnii)
“(i^ W = 4 ж П ; м  e 4vAt + e 4vAt (3) m=l n = l  ̂ )
where rmnij and smnij are defined in figure (2). In this 
particular model a reflection system is introduced to 
accomplish the wall boundary condition.

In most cases, particularly flows with a non-uniform main
stream velocity U(x), vorticity y(x) is continuously created at 
the wall itself for which a second diffusion equation is 
required, namely
,. (у ( x)Ax ) г {"rmij/4vAt}

“(l’j)t+At = w F - /  l. e (4)
wall )m=1

As illustrated in figure (2) and discussed above, the 
coefficients of equations (3) and (4) may be evaluated once and 
for all and deposited into the stream and wall diffusion 
matrices. The range MN of the summations may also be reduced 
to the significant range pq.

Diffusing Vortex Sheet
This solution was first applied to the case of a 

diffusing vortex sheet located on the x axis. To compensate 
for leakage at the ends of the cellular region, the total
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vorticity strength at each x location was conserved by 
application of the condition

/00
/ ш(y)dy = U (5)

Jo

where U is the velocity at у = 00. This condition was enforced 
after time step At by the scaling formula

ш( i, n) : =J  ---- )o)( i,n) (6)
/ I ш(i,n)Ay \
 ̂n=l '

As shown below in Table I, for a grid aspect ratio 
Дх/Ду =1.0 and a single time step At = 0.005, the numerical 
form delivers the exact solution precisely. For extreme aspect 
ratios of 10.0 suitable for boundary layer calculations, equal 
accuracy is retained provided the vorticity conservation 
condition equation (6) is enforced.

TABLE I
Diffusion of a vorticity sheet 
according to equations (4) & (6)
At = 0.005, V = 1.0, у = 2.0

_____у x = 0.05_______ 0.15_______ 0.25_______Exact Solution______
0.05 7.041307 7.041307 7.041309 7.041309
0.15 2.590351 2.590352 2.590352 2.590352
0.25 0.350566 0.350566 0.350566 0.350566
0.35 0.017453 0.017453 0.017453 0.017454
0.45 0.000320 0.000320 0.000320 0.000320
0.55 0.000002 0.000002 0.000002 0.000002

_____________________________________ ___________________________
As illustrated by figure (3), over 20 time steps the 

diffusion of a vorticity sheet is predicted with acceptable 
precision compared with the exact solution^) ( namely

T T {-y2/4vt}
m(y,t) = - e (7)fTTvt

Boundary layer solutions
The aim of this method is to simulate the growth over a 

period of time of an ultimately steady state laminar boundary 
layer under the influence of a mainstream veocity U(x) which 
varies with x. This is achieved by the following time 
stepping procedure.
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Figure 3. Diffusion of 
a vortex sheet.

t = 0
(i) Wall vorticity sheet 
y(x) = 2U(x) is diffused 
over first time step At

(ii) Cellular vorticity is 
diffused

[ (iii) Cellular vorticity is
convected

(iv) New wall vorticity is \ 
diffused

(v) Time advanced by At

T
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No mention has yet been made of the convection process
(iii) fuller details of which are given in reference (6). 
Although for accuracy this would normally involve evaluation of 
u(i,j) and v(i,j) at the centre of each element to define the 
vorticity drift path, for simplicity laminar boundary layers 
may be treated by assuming v(i,j) to be zero, the assumption 
underlying the normal boundary layer equations. For the 
definition of vorticixy

(8)

u(i,j) follows directly and may be expressed in 
numerical form as

u(i,j) = I w(i,n)4y (9)
n=l

Following convection, there will in general be too much 
or too little vorticity at locations i to bridge between 
u(i,j) = 0 at the wall and u(i,j) = U(xi> at the edge of the 
boundary layer. The resultant slip velocity can be expressed 
as a new vorticity created at the wall and of strength

N
Y(x.) = U(xi) - I u)( i,n)Ay (10)

1 n=l
For accelerating, constant or extremely mildly diffusing 

mainstream flows, this results in the creation of new positive 
vorticity which must be diffused over the grid during stage
(iv) . For stronger diffusing mainstream flows, negative wall 
vorticity is created which leads to reverse flow and boundary 
layer separation.

Blasius solution - U(x) = constant. The well known Blasius^® 
solution for constant mainstream velocity is compared with the 
cellular method in figure (4) for the following input 
parameters:
M = 10, N = 13, Xi = 25.0, Y] = 1.0, Лх = 2.5, Ay = 0.076923,
V = 0.05, At = 0.05, U = 50.0.

Both profile and vorticity distributions were predicted 
with accuracy which is remarkable bearing in mind the 
coarseness of the grid. As shown in Table II, displacement 
and momentum thicknesses and wall shear stress were all 
predicted extremely well over most of the plate length.

510



Blasius solution 
•  Cell method

Figure 4. Flat plate 
Blasius boundary layer.

TABLE II
Flat Plate Boundary Layer

For V = 0.05, U = 50.0, M = 10, N = 13, Xi = 25.0, Yl = 1.0
X ________6*______________ 0_____________ i о / pU2_________

______ numerical Blasius numerical Blasius numerical Blasius_____
1.25 .059021 .06116 .025959 .023474 .012239 .009390
3.75 .103037 .10594 .042603 .040661 .006346 .005422
6.25 .134965 .13677 .054600 .052494 .004546 .004200
8.75 .161050 .16183 .064584 .062113 .003721 .003549
11.25 .183520 .18349 .073208 .070426 .003231 .003130
13.75 .203433 .20286 .080832 .077861 .002897 .002831
16.25 .221355 .22053 .087650 .084643 .002652 .002604
18.75 .237590 .23689 .093770 .090992 .002463 .002425
21.25 .252285 .25219 .099252 .096794 .002315 .002278
23.75 .265480 .26661 .104137 .102329 .002198 .002154

511



т 4
•  1 (Stagnation point f low)c Уз
д i /9 Full curves due to

0 (Blasius) Falkner & Skan■ -00654

Figure 5. Similarity boundary layer solutions.

Similarity Solutions. Shown in figure (5) are comparisons 
with the similarity solutions of Falkner and Skan(7)-(9) 
derived for mainstream velocities of the form

U(x)=Ui(x/xi)m (1 1 )
The dimensionless velocity profiles (u/U) have a unique 

form when plotted versus the dimensionless coordinate
0=y{(~^~)(~^)and solutions are compared here for values of
m equal to 0, 1/9, 1/3, 1.0 and 4.0. Results shown here were 
taken from location x = 16.25 although equally reasonable 
predictions were obtained over the range 8.0<x<25. Also shown 
in figure (6) is a prediction for mild diffusion, namely 
m = -0.0654. As anticipated for this case, inaccuracies due 
to the importance of v velocities tend to invalidate both 
numerical and classical theories leading to poor agreement.

Further details of this method and in particular the 
selection of grid dimensions, time step and diffusion matrix 
size for optimum computation, may be found in reference (10).
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( а )  M a r t e n s e n  po t en t i a l  f low mode!

(b)  C e l l u l a r  b o u n d a r y  l a y e r  m o d e l

Figure 6. Shear flow past a curved wall

THICK SHEAR LAYER FLOWING PAST A CURVED WALL 
Model 1

Two models for simulation of an inviscid shear flow past a 
sinusoidal shaped wall are illustrated in figure (6).The first 
model follows the standard Martensen potential flow for an 
infinitely thin vorticity sheet y(s) sandwiched between the 
wall and the outer irrotational flow. 20 vorticity elements 
were used here to simulate the wall vorticity, coupled to semi
infinite sheets of strength y(s) = U upstream and downstream 
of the curved section of the wall. The resulting pressure 
distribution is shown in figure (7) where Cp is defined

C = (p - P0O)/4pU2 (12)
Model 2

An improved flow model based upon a flexible cellular grid 
is also depicted in figure (6), having the same number of 
elements M along the contour and N elements normal to the wall. 
This is achieved by raising normals at the element ends of 
initial height 6i equal to that of the approaching shear layer. 
The calculation proceeds in steps to convergence by allowing 
the local shear layer thickness 6 to change to accommodate 
accelerations or decelerations of the outer flow while 
conserving both mass flow and vorticity. At the conclusion of 
a computatTon the cellular grid is thus aligned with the 
streamlines (preserving mass flow) and the vorticity ш remains 
constant along each streamline (preserving vorticity). The
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Figure 7. Predicted pressure distribution past a curved 
wall with a thick shear layer.

For comparison with the predicted surface pressure, a 
second calculation was done adopting the established practice 
in the aerodynamic field of computing the potential flow 
(model 1) past a contour adjusted in shape to include the 
displacement thickness (as calculated by model 2). The excell
ent agreement is encouraging in that the new method is conf
irmed by established practice and vice versa, for a shear 
layer that is equal in thickness to the height change of the 
contour.
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analytical and computation details are too elaborate for the 
present paper but are covered to some extent by references 
(11) and (12).

As shown in references (1), (2), (3), (11) and (12), the 
Martensen method can be adapted to include the influence of 
drifting vorticity in the outer flow. All that has been done 
here with the improved shear flow model is to lift the 
vorticity from the surface into the mainstream where it would 
in nature be. Martensen's method then handles the potential 
flow interactions of the curved wall with the uniform stream 
and the shear layer vorticity with little difficulty. However, 
unless the shear layer has a form which retains sufficient 
dynamic head close to the wall, a reverse flow will occur which 
is similar to a free surface flow and therefore inappropriate - 
and difficult to handle with this particular cellular grid. To 
avoid this the example of figure (7) was calculated for a non
separating shear layer of the form

 ̂ i/7
(— ) = (У + E ) (13)lUi б! + e; (

which is similar to a l/7th power law profile but in this case 
with a velocity of 0.3U at the wall upstream of the curved 
sect ion.



RECOMMENDATIONS
The foundations are laid through the above studies for 

the development of a new numerical technique for computation 
of the flow of a thick viscous shear layer past two-dimensional 
contours of any shape. A good deal of work will be involved 
in bringing the above two methods together and especially in 
seeking means for extension of the work to turbulent flow, but a generalised method would now seem to be within reach for simultaneous boundary layer/potential flow calculations.
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AERODYNAMIC INVESTIGATIONS OF A 
KORT NOZZLE DUCTED PROPELLER

byR. I. Lewis and V. Balabaskaran 
SUMMARY

The performance characteristics of a Wind Tunnel operated 
Kort Nozzle ducted propeller have been established.Suitability 
of such tests for marine ducted propeller investigations has 
been confirmed by the comparison of these results with those 
obtained from the conventional open water tests. Measured duct 
surface pressure distributions for a wide range of advance 
coefficients have been presented. The validity of axisymmetric 
Surface Vorticity Theory for the analysis of marine ducted 
propellers has been established by comparing the predicted 
results with the above measured test values.

INTRODUCTION
Kort Nozzle ducted propellers have been used for many 

years in tug boats and trawlers and more recently their 
effectiveness in improving the propulsive performance of large 
supertankers and bulk carriers has been successfully demon
strated (1). In the last ten years a number of non-linear 
theoretical methods have been published for the analysis of a 
complete ducted propeller system in zero incidence flow (2, 3, 4). However published experimental data on marine ducted 
propellers are generally scarce. In particular, little inform
ation is available on the measured pressure distributions over 
the duct surfaces at different operating points of the ducted 
propeller. The lack of experimental data in this area creates 
difficulties for the validation of theoretical developments 
for ducted propeller performance prediction.

Experimental investigations of marine ducted propellers 
are generally carried out in towing tanks or cavitation tunnels 
which require expensive capital investments and high operating 
costs. Moreover measurement of duct surface pressure distri
butions in these test rigs is more difficult. On the contrary 
experimental research on wind tunnel operated ducted propeller 
models offers greater flexibility and scope. Wind tunnel tests 
are less expensive and allow easy and direct access to more 
detailed flow studies with reduced power input.

This paper presents the results obtained from such experi
mental studies conducted on the Newcastle (UK) wind tunnel 
model of a Kort Nozzle ducted propeller. The suitability of 
aerodynamic tests for marine ducted propellers is discussed by 
comparing these tests with the published open water test 
results. The duct surface pressure distributions for different 
advance coefficients have been predicted using a recently 
published theoretical method based on surface vorticity distri
bution and actuator disc theories. These predicted values 
are compared with the measured values from the present aero
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dynamic tests and the validity of the above theoretical method 
for the analysis of Kort Nozzle ducted propellers is 
established.

SURFACE RING VORTICITY

Figure 1. Ducted propeller and fluid 
dynamic model.
THEORETICAL METHOD

The Gibson-Lewis (4) fluid dynamic model (Fig.1) has been 
adopted for the present theoretical analysis. The duct and 
centre-body are modelled by continuous distribution of ring 
vorticity y(s) and the propeller is represented by a constant 
load actuator disc. The helical vortex sheets leaving the 
propeller blades are thus replaced by circumferentially spread 
helical vorticity of same total strength. With the application 
of the Dirichlet boundary condition to the interior surfaces of 
the duct and centre-body, the problem reduces to the solution 
of the following Fredholm Integral equation of the second kind,
У(s m ’ Г----+Py (s )K ds + W x' + (V x' + V у') = 0 (1)2 j' n m , n n  00 m w x m  wy'm
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where Кт/П is a coupling coefficient which relates the strength 
of the ring vorticitv at n to its induced velocity at m. Vwx 
and Vwy are axial and radial components of the propeller 
induced velocity V w

Fig.2. Test stand

EXPERIMENTS
Experimental investigations were carried out using the 

5 ft. open jet wind tunnel facility available at the University 
of Newcastle Upon Tyne. The test stand (Fig.2) consists of an 
NSMB Ka 4.55 propeller operating within a 19A duct. Thirty two 
surface pressure tappings were provided at suitable locations 
around the duct profile. The total thrust of the system was 
determined by wake velocity surveys behind the duct. The forward 
duct thrust was measured directly by balancing the duct to its 
neutral position. The propeller thrust was thus calculated as 
a difference between total and duct thrusts. The experiments 
were carried out at a constant propeller speed of 2000 rpm and 
the duct surface pressure distributions were measured by 
suitable electronic micromanometers. Different velocities of 
advance were obtained by varying the wind tunnel velocity. More 
details about the test rig and instrumentation are reported in 
reference 5.
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Fig.3. Comparison of open water and wind tunnel test 
results.

DISCUSSION OF RESULTS
The measured performance characteristics of the present 

aerodynamic model of the Kort Nozzle ducted propeller has been 
presented in Fig.3. The relationship between total thrust, 
thrust ratio and velocity of advance has been presented in the 
form of two non-dimensional characteristic curves
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J____LIX .

i = fl (Ct ) (2)
J = f2 (Ct ,t ) (3)

The above characteristics are compared with the results 
derived from the published open water test results of the 
Netherlands Ship Model Basin (6). The comparison shows an 
excellent agreement between the wind tunnel and open water 
test results. The results given in Fig.3 are for the design 
pitch ratio 1.0 of the propeller. The above experiments were 
repeated for two more pitch ratios and the agreement between 
open water and wind tunnel results in these cases too have 
been uniformly good. These studies thus confirm the suit
ability of the less expensive aerodynamic tests for marine 
ducted propeller investigations.

The pressure distributions on the inner and outer 
surfaces of the duct for a number of advance coefficients have 
been presented in Figs.4,5 and 6. These measured values are 
also compared with the computed pressure distributions 
obtained on the application of a computer program DUCTPROP (5) 
developed on the basis of the theoretical method described 
earlier. With the actuator disc representation of the prop
eller one would expect a steep predicted pressure rise at the 
propeller plane. However by suitably increasing the numer
ical tip clearance employed in the computer program more 
gradual pressure rise can be obtained as shown in these 
figures. It may be observed that generally good agreement is then obtained between the inviscid theory and experiment. Duct 
thrust coefficients were obtained from the predicted pressure 
distributions using the expression

m J 2 IKTd = -q T- f rn Cpn drn (4)
The predicted duct thrusts have been compared with the directly 
measured duct thrusts in Table I.

Table I
Comparison of predicted and measured duct thrusts 

(Wind Tunnel Model)
S.No. J Ct KTd ^Td

______________________________(Predicted)_____(Measured)________
(1) 0.224 19.289 0.1332 0.1500
(2) 0.265 12.998 0.1198 0.1310
(3) 0.312 8.758 0.1074 0.1080
(4) 0.360 6.133 0.0903 0.0950
(5) 0.433 3.684 0.0689 0.0680
(6) 0.499 2.474 0.0552 0.0470
(7) 0.551 1.844 0.0457 0.0320
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Figure 4. Pressure distribution over NSMB
19A duct.
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Figure 5. Pressure distribution over
NSMB 19A duct.
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19A duct.
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Table II compares the presently predicted and measured 
duct thrusts with the published open water test results.

TABLE II
Comparison of open water and wind tunnel model 

(Measured duct thrusts)
Duct Thrust NSMB open Present Present
Coefficient water tests aerodynamic prediction

tests

KTa 0.0652 0.0680 0.0689

The good agreement between the predicted and measured pressure 
distributions and duct thrusts for a wide range of advance 
coefficients confirm the acceptability of axisymmetric surface 
vorticity modelling for the duct flow, using an actuator disc 
to model the propeller.

CONCLUSIONS
For the results reported it can be concluded that aero

dynamic tests can be confidently applied to marine ducted 
propeller investigations and that non-linear surface vorticity 
theory for the duct combined with the actuator disc theory for 
the propeller produces results which are in good agreement 
with the experimental results.

NOMENCLATURE
Cp pressure coefficient = (p - pj/ipw^2
Ct total thrust coefficient = T/(|pVa2iTD2/4 )
D diameter of the propeller
J coefficient of advance = Va/nD
Km,n coupling coefficient
KTd duct thrust coefficient = T<j/pn2Dli
n rotational speed in r.p.s.
p static pressure
p^ free stream static pressure
P/D pitch, ratio of the propeller
r radius
T,T(j total and duct thrust
Va velocity of advance
Woo free stream velocity
y(s) vortex strength per unit length of perimeter
X thrust ratio = propeller thrust/total thrust
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ON THE SEPARATION BUBBLE OVER BLUNT THIN BI.ADES
E. Li tv ai

SUMMARY pThe к / £. turbulence model for the case of the assymmetric 
flow around blunt flat plates with sharp and trimmed edges 
respectively is solved numerically, using Schwartz-Cristoffel 
type transformation. Experimental results are presented and 
compared.

INTRODUCTION
One of the unresolved problems in the turbomachinery is 

the predection of the separation and reattachement on blunt 
sheat metal blades. The related phenomenon on aerofoils seems 
to be more throughly investigated /see e.g. the literature in 
Ql] , and the effectiveness of Navier-Stokes and B.L. type 
solutions respectively are compared 2̂ ] , £2] .
For blunt wedges the symmetric laminar case /Fig. l.a./ has 
been treated theoretically 4̂-j and the turbulent case experi
mentally [5] • From the point of view of the turbomachinery 
the assymmetric case i.e. the flow with an angle of attack 
around the sharp edge or a trimmed blunt edge /Fig. l.b. and 
c./ is of importance, the symmetric one beeing the exceptio
nal operating condition.

In both cases the separation bubble may be transitional 
since the separating laminar flow generally is hydrodinami- 
cally unstable.
It is clear, that boundary layer-type solutions - which may 
be helpfull in the somewhat "smoother" case of aerofoils - 
will be less effective in the predection of separating bub
bles on blunt blades.

Cn the following pages the author proposes a method of 
predection, which assumes potential flow to the calculation 
of the boundary conditions far from the blade only, the flow 
itself being deseribed by the k2/ &  turbulence model |~б] ,
i.e. by the transport equations of the vorticity, of the 
turbulence kinetic energy, and of the dissipation respec-
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ti-vely, and by Poissons equation. The effect of the viscous 
sublayer will be taken into consideration by the formulas 
published recently by Kuei Yuan Chien £7] .

To solve the above equations the numerical method of fini
te differences has been used in a transformed system of 
coordinates ^ ^ rather than in that of the original coor
dinates X, у /Fig.2./ the transformation beeing of Schwartz- 
Cristoffel type according to the cases shown in Fig. l.b. and
1. c. respectively.
So, the field of the numerical solution characterised by the 
points E, K, L and F /Fig, 2./ is a rectangular one indepen
dently of the blade shape.

IDEAL FLOW BOUNDARY VALUES
Let us restrict ourselves to the case of a single flat 

blade and assume, that the distance E F /Fig.2./ is long 
enough for the flow along the line L F be identical with the 
ideal flow characterized by zero viscosity and zero vorticity 
So the values of the stream function Ip/ ̂  , ̂ /  along L F can 
be calculated by complex potentials and conformal mapping. 
Really by assumming, that the thickness S of the blade /Fig.
2. / is negligibly small as compared t'o its length in the у
direction, the series of conformal mappings, shown in Fig. 5. 
transforms the potential flow on the plane of the complex 
variable = ̂  + iy into the flow around a circle of the ra
dius equal to unity on the plane z^ = + iy^ and vice versa
The blade replaced by an infinitely thin flat plate is rep
resented on the plane zQ. The complex potential w of the flow 
on the plane z  ̂ is

w = V /z„ e-"*̂  + e ^  /z0/ + i£ Г /2м"1пг0 /1/CO d d d

with the usual value of the circulation Г
P = 4 ‘ÍT Voo Sin oi. /2/

and with the coefficient £. allowing for different values
of Г  too.
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So we get for the stream function as

W  /x2,y2^ = voo ^ ln ( x2 + y2 ) + x2 I 1 Г ^ — ~  " 1 ) sin,^ +
\x2 + y2 /

* t  - 4 7 7 [ )  ^  cos * /5/
By substituting the complex -vectors c* ~ ̂ +  ̂*7 ^ е  •'-;*-Г1е 
I F /Fig.2./ into the formula

z2 = (4 -j - 1 1 j[ (4-)2 - 1 2 - 1 /4/
taken from Fig.J. we can select those values of z2 =x2 т 
for which abs/z^/ - 1, and then Ilf / ̂  ^ / follows from Eq 
/ 3/ .

Starting values for the relaxation proceedure have been 
taken on the same way in the node points of the numerical 
mesh.

CONFORMAL MAPPING OF THE BLADE CONTOURS

It can be easily seen, that in order to transform the real 
axis  ̂ of Fig.4. into the curve /-оо/, -А’, А ’, /+оо/ on the 
plane z, the appropriate formula must have the form

T T  = -1 I f  - /5/
where A is a real number corresponding to the edge A ’. Eq /5/ 
can be integrated in closed form giving

mfflj. a2 m (ffTT +
,2 Г

+ -p---i In (2A) /6/
for the sharp-edged blade contour.
By substituting z = A and z = -A respectively, we get

5 = A2 /7/
2

for the thickness о? the blade, and for the selection of the 
value of A. Fig.5. gives the \ = const, and ^  = const.curves
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on the x, у plane, the value of A being unity.
It is interesting to note, that for A = 0, Eq /5/ gives 
dz/d£ = -i ■£ , or integrated, z = -i | /2 in agreement to the 
formula zQ = - i ^ 2/2 in Fig.5.

For the trimmed blade contour, shown in the Fig.2., the 
appropriate mapping formula is

- Щ -  = -i • V' f  -A2 /8/
where now a second real number В arises corresponding to the 
two abrupt changes of the contour.

Since the author did not suceed in integrating Eq /8/ in 
closed form numerical treatment was necessary.

TRANSFORMATION OF THE SYSTEM OF EQUATIONS

The transformed equations for the determination of the 
flow are

+ + /10/

= (v>+ + ~ | )  + 1.35 —  Pt - —  D +D /11/
h2 Dt V 1.3Д? г 'Э'Г/ k к 1 2

where according to Kuei Yuan Chien [V]

D1 = 1.83 . £^-o.22exp(-k2/6V^p) /12/

D2 = 20 к exp (-o,5 / I V
and __  »

v>t - 0 .0 9 k2/dU -exp (-o.oll5^ f ^ / § /v>)J /14/
and finally

1 ... 0  h2 л , ,
■Э f  b < i ?-
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with . .
h = I dz/d -g» I /16/

defined hy /5/ and /8/ respectively and

Pt = v>t L  (32f / 9 ^/Э^)2 +(( Э21|//Э|2 | +

+ |'Э2у/Э«г2 l) 2j / h2 /17/
Initial conditions were к = kQ: the turbulence kinetic ener
gy corresponding to the outer degree of turbulence and £, =

. These values served as boundary conditions along 
L F /Fig.2./. Along the wall /<^=0/ к = 0 and £» = 0 have 
been taken £7] . Along the lines E F and L К boundary condi
tion of second kind /linearly varying values in ^ direction/ 
were assumed.

The weighted upstream method as described by Rheinländer 
|j3j was used to resolve the above system of equations.

EXPERIMENTS
The setup shown in Fig.6. served to measure the length x 

of the separation bubble at different angles of attack , 
the flat plate having a trimmed blunt edge. The reattachment 
point was determined by injection of smoke. Results are 
shown in Fig.7 . The scatter is caused by the relatively low 
flow velocity /v r 1 i 3 m/s/ and the high degree of turbu
lence /2 -f 15 %/ respectively. The result of a preliminary 
computer run is also indicated by C.
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REGULATION OE IMPELLER PUMPS BY MEANS CP PREROTATION 
INDUCED WITH A BY-PASS JET

A.Lőjek

SUMMARY
The report presents the conception of prerotational - by-pass 

jet regulation by means of liquid swirl before its inlet into 
the impeller with simultaneous driving the part of liquid from 
delivery pipe into the suction side of a pump. An arrangement 
giving the possibility of utilizing a by-pass jet energy for li
quid prerotation inducing has been described. There are presen
ted the results of tests and observations of performance parame
ters, of cavitation phenomenon, of liquid flow in the suction 
region and vibrations of the diagonal pump /nsa=102/ controlled 
by this arrangement. The efficiency and "quality" of the prero
tation - by-pass jet device operation have been compared with 
other known methods of pumps regulation. The application possi
bilities of prerotational - by-pass jet regulation of highspeed 
impeller pumps have been estimated.
INTRODUCTION

The prerotation control, which consists in alterations of the 
liquid swirl by means of the guide vanes placed before the pump 
impeller, can be improved by suitable design of the prerotational 
guide wheel /selection of proper dimensions, shape and number of 
vanes and the distance of the inlet guide vanes from the impel
ler/ to ensure it most effective adaptation to the pump type and 
anticipated operational conditions.

It seems to be expedient to search such "suplementary means" 
for the prerotational control system which could extend the ran
ge of pump regulation with small power losses and good cavita
tion properties by possibly most simple guide vanes construction, 
and searching the methods of prerotation inducing others than by 
prerotational guide wheel too.

In this paper there have been presented the effects of arran
gement tests in which a prerotation has been induced by-pass jet.
PREROTATIONAL - BY-PASS JET DEVICE

It is the spiral casing /Pig.1/ fixed to the pump suction noz
zle and connected to the delivery pipe /Pig.2/ by the by-pass pi
ping provided with a control gate valve. The by-pass jet fed to 
the spiral casing flows from it by eight slots perpendicular and 
tangential to the main stream out. Regulation of the pump is ef
fected by driving the part of liquid from the delivery piping to 
the suction side with simultaneous forcing the alterations of 
the liquid swirl before the impeller. The presented device is
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much, simpler than a prerotational guide wheel; the prerotational 
guide vanes are "replaced" by the by-pass jet and control is ar
ranged by opening or closing the gate valve in the by-pass pi
ping.

spiral casing

Pig.1 Prerotational - by-pass jet device
The device has been fitted in the diagonal pump of impeller 

dia D =314 mm and specific speed nsQ.=102. The tests had been per
formed by the Institute of Pluid-Plow Machinery of Polish Academy 
of Sciences at the test stand for hydraulic machines testing 
/Pig.2/.
RESULTS OP TESTS

The parameters of pump operation were successively altered by 
increasing the liquid flow rate from full closing to full opening 
of the gate valves in the delivery piping. The suction pressure 
during tests was not kept stable and dropped suitably to growth 
of the flow rate.

The head/discharge curve H=f/Q/ of the diagonal pump, shown in 
Fig.3, can be divided in a stipulated way into three zones.

The head/discharge curve in zone III, at flow rates from 0 to 
ca. 0.4 Qn/Q*- flow rate at maximum efficiency/ visibly breaks. 
The alterations of the velocity components of flow, shown in 
Pig.4, indicate that strong free prerotation forced by the impel
ler takes place in the suction side and backflows appear.
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1 diagonal pump
2 delivery piping
3 by-pass piping
4 control gate 
valve

5 prerotational - 
by-pass jet 
device

Fig.2 Test stand
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Fig.3 Head/discharge curve H=f/Q/ and efficiency characteris
tics £ =f/Q/ of the system: diagonal pump - prerotatio- 
nal - by-pass jet device without /Qb=0/ and with by
pass jet and alteration of the surface cloud /on the 
vane/ and rotational /on the inlet blade edge/ as the 
results of prerotational - by-pass jet control

In these conditions the static pressure against walls of the suc
tion pipe is much greater than in its axis and the mean pressure 
in the measure section is lower than the pressure measured^in 
the suction pipe circumference. The pump efficiency is very low. 
The pump works unstably especially at flow rates near zero. No 
cavitation occurs.
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Pig.4 Alterations of meridian /C,„/ and circumferential /Cu/ 
components of the flow velocity as the result of chan
ges of the flow rate through the pump caused by throt
tling the flow with the valve on discharge piping;

- capacity coefficient,
U* - peripheral velocity of blades edges on inlet.

Pig.5 Pressure in the 
suction region 
as function of 
the capacity:
hs1 =f/Q2/

1/ Assuming that the drop of pressure at growth of flow rate 
in a given measure section is proportional to the increase 
of Q2 /Pig.5/, the measured value of pressure hsi /the measu
re section before spiral casing/ should be corrected, and 
the course of the head/discharge curve in zone III after 
correction should be such as it has been drawn in Pig.3 with 
thin broken line.
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Feed, of by-pass jet causes considerable lowering of the total 
head at small alteration of the capacity /very steep pipe-line 
characteristics/. Efficiency of the system changes insignifican
tly. The by-pass jet fed in accordance with the direction of 
free positive prerotation, changes velocities and pressure dis
tributions. The circumferential motion of liquid at the suction 
pipe wall is braked. The pressure on the wall and the range of 
the back flow are reduced. The circumferential component of ve
locity and the pressure in the middle of the pipe are increasing. 
The pressure pulsations indicate that the flow is very chaotic 
being the result of two stream mixing - strong whirling of main 
stream /free prerotation/ and by-pass jet which flows to it tan
gentially and perpendiculary in accordance with the direction of 
rotation of the main stream. Nevertheless the vibrations are de
creasing and the pump works more easy. Cavitation was not obser
ved.

The curve H=f/Q/ in zone II /Q=0.4t0.8 Qn/ has the characte
ristic deepening for highspeed pumps. Strong free prerotation 
begins to develop at capacites lower than Q/Q„=0.6 what is seen 
in Figs 4 and 5. The meridional components distribution of flow 
velocities and static pressures at Q/Qn>0.6 in the suction pipe 
section is rather uniform and prerotation of the liquid is low. 
However, in these conditions very high pressure pulsations and 
vibrations of the pump housing take place /Fig.6/. Moreover, 
small cavitation cloud on the impeller blades has been observed. 
Though the pump efficiency reaches the values about maximum, the 
pump operation in this zone is unsatisfying because of intense 
vibrations and possible danger of cavitation.

The by-pass jet fed to the suction region increases the swirl 
before the impeller /similarly as in zone I - see Fig.8a/ and 
causes the "compression" of main stream /growth of the meridional 
component in the middle and its lowering at the suction pipe 
wall/. The static pressure in the middle of pipe lowers and by 
the wall alters little. The cavitation cloud which occurs in the
se conditions is very small. The pressure pulsations lower very 
visibly /ca. 40$/ and accordingly vibrations /Fig.6/. The effi
ciency of the system lowers more and more at increasing flow ra
tes of both the by-pass jet and the main stream.

The pump reaches the highest efficiency in zone I /Q=0.8-r1.3Qii£ 
Free prerotation takes place also in this zone. The distribution 
of meridional velocities and static pressures in the cross sec
tion of suction pipe is rather uniform. The flow separation and 
cavitation were not observed. The pressure pulsations are smaller 
than in zones II and III and the pump vibrations get lower with 
the increase of the pump capacity.

The by-pass jet increases the prerotation /see Fig.8a/ and 
causes lowering of the suction pressure. It has been stated that
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the cavitation cloud does not appear in the impeller region.
The pressure pulsations and vibrations become lower, however po
wer losses increase and efficiency of the system visibly decrea
ses.

Pig.6 Vertical vibrations of the pump housing without 
/Qb=0/ and with by-pass jet

Pig.7 Efficiency of the system: 
pump - control arrange
ment during prerotational 
control /a/, prerotatio
nal - by-pass jet con
trol /b/ and by-pass re
gulation /с/

Q/Qr

Regulation of the pump by the prerotation induced with by
pass jet is less effective /taking into account efficiency of 
the whole system/ than that forced by the guide vanes /Pig.7/. 
Por example: If there occurs the necessity for the AQ=10> alte
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ration of capacity in a pump - control arrangement system with 
the uniform pipe-line characteristics, the hy-pass jet in the 
prerotational - by-pass jet device should be equal Qb=17$ Qn and 
the blade angle of the prerotation guide wheel oC= +40°/the po
sitive prerotation accordingly to the sense of impeller rota
tion/, At the first type of control the efficiency of system lo
wers ca, 12$ and the pump efficiency 2$ while at the second one 
the efficiency of the system lowers 7$ and the pump efficiency 
5$. The efficiency of prerotational - by-pass jet regulation is 
determined mainly by the losses in the by-pass flow.

The by-pass jet of flow rate Qb=17$ Qn causes small prerota
tion, corresponding to the prerotation forced by guide vanes at 
angleoC= +10°, The differences between flow forced by the by-pass 
jet and the prerotation guide vanes are shown in Fig.8.

Fig.8 Alterations of flow velocities and pressures /ЛН5-pres
sure differences between measure point on the suction 
pipe circumference and in the flow/ in the regions of 
pump suction as the result of prerotation forced by: 
a/ by-pass jet, 
b/ guide vanes.
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It must be emphasized that by the same parameters of the system 
/uniform pipe-line characteristics/ the pump works at different 
operating conditions^. They are more adventageous for the pump, 
which can be seen in higher pump efficiency /see the example 
above/ by prerotational - by-pass jet regulation.

The tests of cavitation carried out at stable flow rate thro
ugh the pump do not indicate significant differences of cavita
tion cloud in the impeller. But the structure of liquid as well 
as vibrations and noise accompanying cavitation were different. 
The "hard"3/ cavitation caused by the by-pass jet has been chan
ged into "soft"4'' one but performance effects of cavitation with 
regard to the flow of free prerotation or prerotation forced by 
by-pass jet were similar /the head difference seen in Fig.9 is 
caused by regulation/. By forcing the positive prerotation with 
guide vanes /Fig.10,0C= +30°/, the worsening of cavitation pro
perties was not observed. However, the pressure differences in 
the flow at increasing blade angle of prerotation guide wheel be
come visibly greater /Fig.8/ and one had to expect worsening of 
the cavitational properties of the pump in wide range of regula
tion, similarly as at negative prerotation /Fig.10,oC= -30°/,

Fig.9 Cavitation cha
racteristics of 
pumps:
Qb=0 - flow with free prerotation,
Qb=17$ Q0_ flow with prerotation forced by by-pass jet.

2/ The flow rate through the pump during prerotational control is 
equal to the system capacity while at prerotational - by-pass 
jet control with the system capacity the flow rate through the 
pump is different being the sum of the system capacity and 
flow rate in the by-pass piping.

3/ Fine air bubbles were in the water; "dry" clicks and intensi
ve vibrations accompanied the cavitation.

4/ Larger air bubbles were in the water. It can be supposed that 
water supplied with the by-pass jet was self aerated. The vi
brations became visibly smaller and "clicks" were much weaker.
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Pig.10 Net positive suction head suited to the break of head/dis- 
charge curve of pump:

o-Qb=0, flow with free prerota
tion,
Qb=12$ Qn and

• - Q d = 17$ Qn , flow with positive 
prerotation forced with by-pass
det»

Д - ОС = +30°, flow with positive 
prerotation forced by guide 
vane s,

x- OC = -30°, flow with negative 
prerotation forced by guide 
vanes.

The positive prerotation caused as well by the by-pass jet as 
by the vanes of a prerotation guide wheel cause lowering of the 
pump vibrations while at the throttling the pump vibrations in
crease.
SUMMARY

Generally, the prerotational - by-pass jet device adventage- 
ously affects the pump operation and the accompanied phenomenon. 
It is especially adventageous at "partial loading" of the pump,
i.e. when the pump has to work for a long time in zone II /pla
ced near the nominal one/ where the most intense vibrations and 
pressure pulsations occur and also cavitation can take place, 
while the changes of the pump operation conditions by means of 
the prerotational - by-pass jet device should adventageously af
fect its durability and reliability, ihe device described above 
is very effective in operation /e.g. the by-pass jet Q b=21/o Q n 
gives the same effects as prerotational control with the guide 
vanes oC =0...+45° or by-pass flow Qb=33^ Qn at by-pass regula
tion/. However the efficiency of the pump provided with prerot.- 
by-pass jet device /efficiency of the system/ has been proved 
lower than with the prerotational guide vanes. But the prerota
tional - by-pass jet control is surely more effective than by
pass and throttling controls. Great advantage of this arrange
ment is its very simple construction and principle of operation. 
When then not efficiency of the system but the conditions of 
pump operation and reliability of the arrangement operation 
should decide about selection of a regulation system, so the ap
plication of the prerotational - by-pass jet device in place of 
prerotational guide vanes can be acknowledged as most effective.
LŐJEK,Andrzej M.Sc.Eng.
Institute of Fluid-Plow Machinery Pol.Ac.Sei.
80-952 Gdansk, ul.Fiszera 14 
POLAND
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SOME DETAILS OF FLOW IN THE END WALL REGION OF
AEROFOIL CASCADES WITH TIP CLEARANCES

Krzysztof Majka and S.Soundranayagam 

Introduction
Flow conditions in the tip clearance region can have a 

dominating effect on the performance of axial compressors 
and blowers and that influence can be felt deep into the 
annulus and is not confined to the tip region alone. Methods 
of calculating the annulus wall boundary layer have been 
developed [l][2^ and are of use in estimating flow blockage 
effects and the variation of machine efficiency. The 
successful application and further development of these 
calculation methods need information about the variation of 
blade force in the boundary layer and its modification by 
the presence of tip clearance etc. Experimental investiga
tions in rotating rigs [з][4^ and stationary cascades [bl 
have been carried out to obtain qualitative estimates of 
these effects. This paper discusses some results of a 
detailed study of tip clearance flows in a large scale cas
cade of compressor blade« [б].
Experimental Details

The experiments were conducted in a low speed cascade 
wind tunnel of test section 300 mm x 750 mm. The cascade 
blade were of 10c430c50 profile having circular arc mean 
lines of 30°camber. They had a chord of 300 mm and were 
placed at a stagger of 36°at a space to chord ratio of
0.633. The central blade was equipped with a large number 
of pressure taps to enable the chord wise pressure distribu
tion to be measured at a series of stations along the span 
placed particularly close in the tip region. The cascade 
had an arrangement by which the tip clearance could be varied* 
The side wall opposite to the blade tips was also equipped 
with static pressure taps on the surface to measure the wall
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pressure distribution. Flow visualisation tests were 
carried out with a surface film technique and also using dye 
traces in a water flow rig. Velocities were measured using 
pitot and hot wire probes. Wall shear stresses were measured 
using hot film gauges and Preston tubes. All the tests were

5run at a Reynolds number of 6.8 x 10 based on inlet velocity 
and chord.
Experimental results

Visualisation tests in water showed a complex flow 
pattern. Fig.1 is a sketch based on photographs of the 
pattern of dye traces introduced upstream of the blades with 
no tip clearance. The upstream traces were actually touch
ing the end wall. The flow separates well upstream of the 
blade leading edges leaving a clear horseshoe shaped region 
where the surface flow does not penetrate. The upstream 
surface flow is swept on to a fairly narrow portion of the 
blade suction surface where it rolls up into a vortex having 
the same sense as the conventional passage secondary flow. 
Small dye crystals introduced in regions В and A showed that 
the flow immediately next to the wall went over the horse 
shoe shaped "separation" line and attached itself to the 
clear regions A and В and flowed in a generally forward 
direction and being swept on to the suction surface to join 
the vortex in +he suction surface corner. These stream
lines are shown dotten in region C.

When the dye traces were introduced about 2 mm above 
the wall surface, the streamlines approached the blade lead
ing edges closely. Just upstream of the leading edges they 
coiled downwards to form leading edge vortices that wrapped 
themselves around the individual leading edges. The 
suction side leg touches the suction surface of the blade 
and merges with the strong rolled up vortex already there. 
The sense of the leading edge vortex on the suction side is 
opposite to that of the existing rolled up vortex in the 
suction side corner. The pressure side leg of the leading
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Fig.1. Flow pattern at end wall.

edge vortex has the same sense of the passage rolled up vortex 
and is swept a little away from the blade pressure surface.
The entire flow pattern is dominated by the strong rolled up 
vortex in the suction surface corner. A very narrow region 
of reverse flow is present immediately next to the nose of 
the blades associated with the curling up of the leading edge 
vortex.

When tip clearance is increased the horse shoe shaped 
separation region is much reduced with the demarcation line 
approaching the blade leading edges. The separation line is 
also blurred and diffused by the higher speed flow streaming 
towards the clearance gap. Instead of the pattern shown by 
the dotten lines of Fig.1 the wall streamlines nearer the 
pressure surface in region C now flow under the blade and 
emerge at the suction side. There is a strong flow through 
the tip clearance from the pressure side to the suction side
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which rolls up immediately on emerging at the suction side 
corner to form a strong vortex in the opposite sense to the 
existing rolled up passage vortex already there. The passage 
vortex is pushed away slightly by the tip clearance vortex 
which now sits next to the blade in the suction surface corner 
The entire flow pattern is dominated by these two rolled up 
vortices of opposite sense leaving the suction surface corner.

At the tip edge of the blade itself, Fig.2, the flow
SPIKES OF DYE

REATTACHMENT

Fig.2.Rope-like seperation bubbles at blade 

edge.
separates at the sharp pressure surface edge to form a rope 
like separation bubble that rolls up as a vortex. The vortex 
is swept towards the suction surface near the trailing edge.
As it is swept from the blade tip another separation bubble 
immediately forms and is rolled up and swept away towards the 
suction surface. The sense of rotation of these two rope like 
vortices is the same as that of the clearance vortex. In the 
water flow experiments dye from the main stream was sucked 
into the low pressure cores of the two ropes as they emerged 
at the suction side corner forming two clear distinct spikes. 
These low pressure regions are associated with a movement of 
the blade suction peaks towards the trailing edge near the tfcs.
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Fig.A.End-wall static pressure distribution l-+4;g/c=0%
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Fig. 5 .Blade pressure distribution in the tip

region.
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In the casing boundary layer calculating methods it is assu
med that the blade lift falls to zero at the tip. The present 
experimental results clearly show that this is not so. The 
blade lift is retained across the gap. This is clearly seen 
in Figures 3 and 4 for the case of zero tip clearance and for 
a gap of 4 percent chord. The existence of the gap changes 
the shape of the static pressure contours with the low pres
sure regions being pushed towards the trailing edge. The 
vortex action in the tip region has a pronounced effect on 
the blade pressure distribution. Not only is the blade lift 
non zero at the tip but it rises above the value at centre 
span. Fig.5 shows the blade pressure distribution at a few 
spanwise positions very near the tip for various clearance 
gaps. When there is no clearance gap the suction peak is near 
the leading edge and there is separation on the suction 
surface from about 60 percent chord. The effect of tip clear
ance is to push the suction peak towards the trailing edge 
and completely eliminate the separation on the suction 
surface. The effect is a big rise in the area of the pressure 
distribution curve indicating an increase in the blade lift.

The lift distribution along the span was obtained by in
tegrating the pressure distributions. In the absence of tip 
clearance the lift falls steadily from about 30 percent span 
from the wall to a value at the wall of about 50 percent of 
mid span lift. When there is tip clearance the lift variation 
along the span is much more uniform with about a 10 percent 
increase in lift near the tip compared to centre span. The 
lift retained at the wall is of the order of 40 percent that 
at centre span and is influenced by the size of the tip gap.
The lift variation can be integrated to obtain blade force 
defect coefficients that are needed for the annulus boundary 
layer calculation methods. With no tip clearance though 
there is a decrease in blade lift towards the tip the direction 
of the blade force vector hardly changes along the span. With 
the introduction of tip clearance the blade force vector 
rotates backwards towards the blade trailing edge but the
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Fig.6.Velociiy distributions within the tip clearance.

Fig.7. Flow direction within the tip clearance.
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maximum difference in angle from centre span to the tip is of 
the order of 10 degrees. The swing of the force vector does 
not seem to be directly related to the strong skewing of the 
boundary layer.

Velocity measurements were also made within the clearan
ce gap to estimate the magnitude of the mass and energy flux 
through the clearance gap. Velocity and angle measurements 
in the clearance gap at a chordwise position of approximately 
40 percent are shown in Figures 6 and 7. Such plots were used 
to estimate the mass and kinetic energy flux as shown in 
Figs 8 and 9. It will be seen that the maximum flux of these 
quantities is towards the trailing edge and not near the lead
ing edge as, may be suggested from considerations of centre 
span pressure distributions.

The magnitudes of the leakage flow is given in the 
tables below.

g/c % Flow rate = leakage flow
_____________flow through cascade
i = +4° i = +1° i = -2°

2 .03 .02 .02
4 .06 .04 .03
5 .07 .05 .03

g/c % K.E. leakage flow
K.E. flow through cascade
i = + 4° i = + 1° i = -2°

2 .05 .03 .03
4 .10 .06 .05
5 .12 .09 .06
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Fig.9. Distribution of leakage flow kinetic energy 
along blade chord.
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Nomenclature
c chord
Cp pressure coefficient based on inlet velocity

i incidence
Wre  ̂ reference velocity
X' distance along chord
z distance from side wall
Л stagger angle between chord and axial direction
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DESIGN OF FIX COMPONENT OF HYDRAULIC TURBINE 
EY HODOGRAPH METHOD 

F. Martelli, G. Bidini
Istituto di Energetica - Universitä di Firenze

Abstract
The paper presents the extension to the mixed turbomachines 

of the classical hodograph method developed by Fowler for axial 
turbine.

The basic equations are transformed to be solved by the hodo
graph procedure and the hypothesis of the calculation are di
scussed. The computer code has been developed and s»me applica
tions to design the inlet vanes of Francis turbines, are shown.

Further developments to moving blades or pumps components 
are discussed.
Symb о1s
b stream surface thickness
m meridional coordinate
u, V velocity components
X axial coordinate
у tangential coordinate
w velocity modulus
z = X + iy physical complex plane 
R radius
W = ф + complex potential, relative velocity vector
Z axial coordinate (Fig. 2)
9 flow direction, tangential coordinate
ш angular velocity
ф potential velocity
ф stream function
£ = £nw - i0 logarithmic hodograph plane 
Y farflow field angles
Subscripts
1 upstream
2 downstream
m meridional component
t tangential component
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INTRODUCTION
The hodograph method has shown to be a simple and quick tool 

to design, in incompressible flow, the blades of axial turbi
n e 1»2 ’3 . The technique proposed many years ago by Fowler has 
widely shown flexibility and reliability and has been employed 
for many years by various steam turbine manifactures. The most 
significant features of the method are the computational speed, 
that allows a conversational use, the small number of parame
ters which define the velocity distribution along the blade, 
and the quasi-analitical approach to the solution that gives 
very accurate results, the error closure can be easily less 
than 10~5.

All these features have suggested its application to hy
draulic mixed-type turbomachinery.

The philosophy of this approach is the looking for a suita
ble formulation of the basic equations of flow along a general 
stream surface blade-to-blade in order to be formally identical 
to the starting or axial hodograph equations. This procedure 
must lead to the use of the axial code (the computer program 
developed for axial turbine) without any modification, and to 
the development of a compact algorithm to transform those output 
in a form suitable for design mixed or radial turbine.

The calculation could be extended to pumps by suitable consi
deration .
HODOGRAPH EQUATIONS

The incompressible irrotational planar flow is governed, in 
the physical plane, by the continuity and the irrotational equa 
tions :

3 u Э v . 3 u 3 v „ .,,—  - —  = 0 —  + —  = 0 (1)Эу Эх Эх Эу
In the logarithmic hodograph plane those equations lead to the 
complex equation (Fig. 1):

dW = eC dz (2)
The flow through axial cascades can be built by a complex poten 
tial of source-vortex type:

2tt • W = Wjt e-  ̂Y 1 £ n ( C-£j)- w 2t e 1Y 2 • in (£ - £ 2)
where £j, £2 are the images of the far flow field upstream and 
downs tream.
Once the £ is prescribed as a function of W,then the equation 
(2) can be integrated and gives the physical profile of a blade 
that has the velocity distribution assigned. In his approach
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hodograph plane

Fowler proposed a simple structure (only 6 parameters) of the 
relation between W and C, taking into account the usual veloci
ty distributions wished for blades turbine.
FLOW IN MIXED MACHINES

The incompressible irrotational flow along a revolution 
stream surface (Fig. 2) is governed by equations similar to eqs. 
(1); in the reference frame rotating with the rotor they are:

awrn aRwt ^ acoR2 _ abwt abRwt
36 3m 3 m ’ 30 3m *"* ^  ̂

These equations can be written again by the substitutions:

dmdx = —  ; dy — d 0
(4)

u = RWm ; V = RWt

Then eqs. 3 turn out:

3u 3v „ , ,~  - -—  “ + 2i<isina R 2 Эу Эх (5)
3u 3v dinb

-----  +  -----  = U ----------Эх Эу dx
These equations are formally equal to eqs. 1 if RHS is zero. 

It is possible to define also in this case a stream function ф 
and a velocity potential Ф; then éq. 2 is still valid and the 
Fowler approach can be performed.
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DESIGN PROCEDURE
The design procedure can be exactly applied only for fix bla

des (ш = 0) and with constant width.
Starting from an assigned meridional curve R(Z) and then 

R(m), Z(m), and the flow conditions it is possible to compute 
the X = x(m) and the upstream and downstream singularity (RW)ls 
(RW)2 from mass flow and flow turning considerations.

After choosing the hodograph parameters the procedure leads 
to a blade shape in the x, у plane that has to come back to the 
m, 0 coordinates system. The results are dimensionless, but in 
this case the pitch-chord ratio that is a typical hodograph out
put has no meaning. Then to fix the pitch it is usefull to 
choose the blades number; the whole blade configuration is then 
de f ine d.

It has to be pointed out that variation in the blades number 
not only influences the blade length but leads to a substantial 
modification of the blade shape and of the velocity profile be
cause of the different radius along the blade.

The blades designed by this method has wedged trailing and 
leading edge, various procedures have been proposed to get ma- 
nifacturing blades for the axial code1*; the same procedures
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can be applied here.
APPLICATION OF THE METHOD

The procedure has been satisfactory tested for several con
figurations of the curves R(Z) under the numerical point of 
view. Then the method has been applied to design the inlet gui
de vanes of a Francis turbine. We have chosen the curve in the 
meridional plane (Fig. 2) and the inlet and outlet contition 
from the turbine design data.

In fig. 3-4 are shown the velocity profile for two different 
blades number . To get results with physical meaning the inlet 
radius has been fixed, then the m, W are dimensional. The velo
city distributions appear to be good in both cases. The tan
gential blade thickness in the two configurations, is shown in 
fig. 5-6; in fig. 7-8 the blade shapes in the polar coordinates 
are presented. From these pictures it can be notice that, by 
the blades number, it is possible to change the meridional 
length, and the blade shape. This feature gives a further degree 
of freedom to the designer who has to optimize the blade shape 
taking into account the various technological and mechanical 
needs. The fluiddynamic aspects are automatically felt by the 
method itself. These calculations have shown a good affidability 
and high computation speed that suggests the chance of its con
versational use.
CONCLUSIONS

The method has demonstrated to be simple, fast and usefull 
in the design of fix component of radial machinery. It has been 
applied only to turbines which the scheme of the velocity di
stribution along the blade was though for; but its extention 
to the pump ducts is mathematically possible, problems can arise 
for the unusual blade shapes and velocity distributions. Testes 
in that direction will be done for diffusers. The influence of 
the width can not be taken into account by this method, but it 
can be investigated by running an analysis code6 on the designed 
blade with the prescribed width or by the curves provided in 
literature5.

The approach to design rotating blades can be carried out 
theoretically but the starting scheme has to be modified; at- 
temps to use the formulation proposed have been done but the 
need to work in the fix reference frame leads to a shape in this 
frame that has no meaning in the rotating system. The simplest 
chance consists to design impeller blades neglecting the rota
tional effects by our approach and then to test, by an analysis 
code, the goodness of the shape.
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by F. Martelli, G. Manfrida
Istituto di Energetica - University of Florence 

Via S. Marta 3 - 50139 FIRENZE

INTRODUCTION
It is common practice to study the flow in turbomachines by 

means of two-dimensional inviscid numerical calculations.Three- 
dimensional or viscous models, even if available, are still 
prohibitively expensive for most designers. On the other
hand, a coupling of the two-dimensional calculation on the me
ridional (S2) flow surface with a set of calculations on blade- 
to-blade surfaces (SI) can provide the designer with the most 
significant informations o_n the local flow behaviour and on the 
full machine performance | 1 J . An extension to off-design con
ditions can also be cheaply obtained, as long as large separa
tions are not expectable (in this case, anyway, also viscous 
three-dimensional codes would fail).

The flow model on the SI surface is of particular importan
ce, as it provides information on the velocity and pressure 
field inside the b1 ade-1o-b1ade channel, which are needed for 
boundary layer calculations on the blade surface, and still for 
qualitative analysis of the blade design. Further the blade-to- 
blade code is able, when a suitable closure condition on the 
trailing edge is imposed, to predict the discharge angle of the 
impeller, which is a phenomenon typically affected by the pro
perties of the fluid, and,in mixed-flow or centrifugal geome
tries, by the rotationality of the flow in the discharge sec
tion. From the numerical point of view, the SI calculation pre
sents some difficulties, such as an intrinsic non-linearity of 
the flow equations on non-axial geometries and the need of 
dealing with periodic boundaries ahead and after the blade; 
needless to say, the computer code has to be fast and of easy 
implementation, as a certain number of SI surfaces need to be 
examined (from a minimum of 3 to 5-7) to get, by the interac
tion with the S2-code, a picture of the quasi-three dimensio
nal flow. Complex geometries are also commonly encountered which 
can present difficulties to a finite difference discretization.

To overcome such difficulties, a Finite Element discretiza
tion has been implemented, together with a formulation of the 
flow equations in the m-0 domain (Fig. l)(m = meridional ab-

FLOW CALCULATION IN' PUMP IMPELLERS BY FINITE ELEMENTS
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scissa, 8 = angular tangential abscissa) thus allowing the 
treatment of any geometry ranging from axial to centrifugal 
without discontinuities, as are encountered in many approaches 
[2,3]. An original treatment of the trailing edge closure con
dition allows to predict the impeller discharge angle.
BASIC EQUATIONS

The flow equations on a mixed-flow SI surface can be derived 
in the relative reference frame from the momentum equation:

W X (V X W) + 2W X ш = VI - T Vs - D (1)
where W is the relative velocity, w the_rоtationa1 speed, I 
rothalpy, T temperature, s entropy and D is the flow-adverse 
force simulating viscous effects, acting opposite to the flow 
direction QQ .

Projecting Eq. 1 in the direction q locally orthogonal to
the flow vector, the flow-adverse force D vanishes; by further- 
ly introducing the hypothesis of axial simmetry of the SI sur
face , one gets :

„ ii 3Wm awel d i 3s . Г wel W — —-- - --- = ——  - T —  + sma 2ш + —  W (2)|r de Sm j dp 3q  ̂ r j

where r is the local radius of the SI surface and a its angle 
with respect to the axial d i rec t i on . [Fi g . l]] .

The satisfaction of the continuity equation implies the 
existence of a stream function ф, defined by:

Эф •
—  = -  b p w9 /m ( 3 )

Эф •
—  = Г b p wm/m ( 4 )

where m is the mass flow rate, p is density and b is the stream- 
tube local thickness in the direction orthogonal to the SI sur
face. By Eqs. 3-4 and Eq. 2 the inviscid incompressible flow 
equation on the SI surface is:

3 f1 Эф l] 3 Г Э Ф l] sina ÍW9 „ ] p dl\ o + ----- ----- — — p i + 2 Ы I + "i +90^rz 90bj 9m^9mbj m  ̂r j mW dn
pT 3 s
mW 3 n

Eq. 5 is typically non-linear due to the presence of W9, W 
at the right-hand side. The problem is closed by the energy
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dlequation ——  = 0 along the streamline, the eventual empirical , d tcorrelation to compute entropy gradients, and by the associated 
boundary conditions which are collected in Fig. 2, where a 
sketch of the computational domain is shown. Sides 5A, 5B re
present the periodic boundaries, while the condition on the 
discharge section 3 can be replaced by the closure condition at 
the trailing edge, which actually determines Wq3 -

In order to apply the Finite Element discretization, one 
needs to reformulate Eq. 6 in a variational form. This can be 
done if the right-hand side is considered known as a function 
of m, 0, and leads to:

f 1 ~ 1  ( Э ф У  1 fül 2‘ " sina ÍWe „ } p Э1
] 2br^39j b^3mj m [ г j mW Эр

, - f i  f i ]  “  <6>I W t+ P —  Î dri m1 Г

The minimum of functional it corresponds to Eq . 5. By the Finite 
Element discretization [4], which in this case consists in three- 
node triangular elements, any variable inside an element can be expressed

A = £ £ Njie.m) Aj i = 1,2,3 (7)
where N£ are the shape functions and Ä£ the nodal values of 
variable A. The minimum of functional tt is then equivalent to 
the solution of the linear system:

H ü ] <*i> ■ 'ei’ ; i i:::::; ’ <8>
where p is the total number of nodes and 

! C3N£ 3N: 1 3N£ 3Ni i 1k- • = I е •— -  1 --- --- - dn (9)1J j [э0 30 br2 3m 3m bj e
g£ = g'i + % " £  + g"'i СЮ)

g' = - Ee I w 0 T- sina S- Ir“ Nj I Ni dnei m U  irj Jj

- t .  Í » 1 « ,  -  i .  Í -fr f - » i « ,  ó de m J-e e mW dn 1 e
4  4  I

I Íe j n mW 3 n e
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g"i = V ' i  + V ' i

D ГV'i = - Г  Ee I Wt Ni drm c iV

V i  = - : Ee ! Wt Ni dr
1 Гя3 (12)

g" 'i = " I Ze I Wt Ni dr
Jr5

where Яе is the m-0 surface of the generic element e, Wt 
the velocity component tangent to a boundary segment, and Ie 
represents a summation over all elements in the domain.

and 2g"i represent the contributionsоf inlet-outlet boun
daries; the inlet term is known from the problem data, the 
outlet term can be imposed or computed as a suitable clo
sure is applied, g"'^ represents the contributions to the right- 
hand side of the periodic boundary terms. On these boundaries, 
W(- is a priori unknown; anyway, a manipulation of the solution 
matrix leads to the elimination of g'''̂ from the right-hand
side, obviously at the price of some numerical work which goes 
to increase the CPU time. The final linear system is:

t>'ij] <*i> = Vi> ♦ íg'i> 1 j I аз>
which can be solved by a SOR method, which allows an easy 
treatment of periodic boundaries.

In Eq. 13, {g'} is supposed known each time the solution al-
gorythm is called; actually, there is in {g'} a contribution 
of non-linear terms, involving Wq , W, which is zero only in the 
case of axial-flow impellers (sina = 0 everywhere). The final 
solution is then obtained by an iteration of the described pro
cedure, using the ф field at each iteration to calculate the 
right-hand side for the next one, until convergence.
CLOSURE CONDITION AT THE BLADE TRAILING EDGE

Physical arguments suggest that the wake will develop from 
two points respectively on the blade suction side and pressure 
side. In first approximation one is allowed to say that in such 
points the velocities are equal in modulus and obviously tangent 
to the blade surface (Fig. 3). Actually these two points should 
be close to the trailing edge for well-designed blades, but can 
be far ahead of it if separation on one side of the blade 
occurs at an early stage. Arguments on similar machines can 
help the designer to situate these two points on the blade sur-
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face. Once these points are determined, then the circulation 
around the airfoil is imposed, i.e., the discharge angle is 
fixed and the inviscid flow solution is equivalent from this 
point of view to the physical solution, in which only one 
discharge angle exists.

By this approach the term W t , i.e. the outlet angle, that 
appears in 2g" is unknown and will be a result of calculation.

Eq. 13 is then transformed to take into account the new 
nodeless variable W t :

[k'ijl i*i> = ie'J + {V'ih pij] = [k'ij, li! (14)
where = < ф i > ■ • • Ф( , • • .фр , W t>T ' includes this new unknown 
Wt and the new matrix has a further column

_ EeP f
gi  * -  T  j Ni d r er3
The system is now rectangular px(p+l) and the further equa

tion, needed to get a single solution, is supplied by the con
dition of equal velocity at the prescribed T.E. points.(Fig. 3) 
This corresponds to an equation which links the inner nodes of 
the two elements,of the type

A i|)j = В фЛр + C or <ABq> {<1̂ } = {C> (15)
where А, В, C are coefficients depending on the blade surface 
angle ß in the m-9 surface, on the local radius r and on the 
local discretization.

Finally the new square matrix is:

* ^ i j I  ̂i *
[k ] = -----1--- « [к ] {ф£} = {g'i> + ( W  + (C) (16)

ABi -
In principle system (16) could be solved by the S.O.R. techni
que used for the system (13) ^jhere the outlet angle was imposed 
but numerical problems arise because the matrix k*, resulting 
from the conjunction of k*£j with the coefficient of eq . 15, has 
a zero on the diagonal and manipulations to avoid this configu
ration would lead to a big increase in the complication of the 
solution algorithm and then in the cpu time and storage requi
rements, without appreciable results on the stability of the pro
cedure. The situation is more complicated, as the outlet flow 
boundary is distant from the trailing edge, due to the presence 
of a segment of periodic boundary, and many iterations are re
quired in order that the nodeless variable feels the variation 
of the nodes value of eq. 15.

Better results have been achieved looking for the zero, by 
a chord technique, of eq. 15 as an equation in W^, f(Wt) = 0, 
through system (14).

The whole procedure is now the following:
♦
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- Solution of system (14) with W t of first guess
- Evaluation of the residual of e q . 15
- Solution of system (14) with a new value of W».
- Calculation of a new W t by the chord method from residual of 

eq . 15
- Solution of system (14)

This procedure goes on till the solution of eq. 15 is 
achieved with the required accuracy.
After the first step the other solutions of system (14) requi^ 
re few iterations and the whole iterations number needed in 
this case is only 30% greater then the iterations number needed 
in the case of imposed outlet angle.

The proposed scheme is quite simple and besides, by suitable 
tricks, further reductions of computer time can be achieved;this 
calculation method appears suitable for analysis or design pro
blems because of its f1exibi 1ity , fastness, and compactness.

Particular attention has to be paid to the selection of the 
accuracy in the calculation of system (14),in fact there is a 
strict dependence of its value on the accuracy on the outlet 
flow angle: Д?з= f (Аф)
where Дф represents the maximum difference between two itera
tions at the convergence.
ANALYSIS OF THE RESULTS

The results of the numerical calculation have been thoroughly 
tested for several geometries under design or off-design ope
rating conditions.

A check against experimental measurements is possible for 
the test rig examined by Watanabe [б] , on which some numerical 
calculations by other Authors are also available for various 
flow coefficients. The results of this comparison are col
lected in figs. 4-5-6, respectively for <f>2 = 0.4, 0.3 and 0.5. 
the calculations here presented have been performed by a direct 
application of the blade-to-blade code, without any previous 
through-flow analysis; their agreement should then be consi
dered extremely good, especially with respect to other numeri
cal calculations (which were not able to calculate the flow in 
the impeller inducer as well as in the radial part of the 
blade); the calculated values tend to predict a higher pressure 
ratio for this impeller: this should be ascribed to viscous 
effect as well as to the meridional shape of the S2 surface in 
the connecting part from the axial inducer to the radial blade, 
which causes a steep pressure gradient on the blade suction 
side.

Fig. 7 shows the convergence history of the closure condi
tion for the three flow coefficients. It is also possible to
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compare the absolute outlet flow velocity with the measured 
values: the values predictable by the application of a Busemann 
slip factor correlation are also shown in Fig. 8 .

Calculations fo_r ojther geometries of industrial pumps are 
reported in refs.|5,7|.
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R E C I P R O C A T I N G  PUMPS FOR HIGH PRESSURE WATER JETTING

B. Missmahl
WOMA-Apparatebau, F. R. Germany

With few words, some drawings and diagrams, a new generation 
of pumps is presented herewith.

Based on an new idea and by means of a solid design concept 
discharge pressure ranges up to 2000 bars can be realized 
for continuous duty. Pumps covering the performance range 
between 30 and 400 kW have been supplied and are in 
production.

It is known that normal pump heads suffer from zones sensi
tive to cracking. These cracks are caused by tension peaks 
within the material that occur at the T-borings according to
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fig. 1. At first the peaks depend on the geometry of the 
pump head (i. e. bore sizes and outer dimensions) and on the 
profile of the pressure line.

We have performed experimental investigations and calculations 
to define the peaks existing within a pump head. The result 
cannot be compressed in a simple, closed formula. Peak 
tensions may reach several times of the fluid pressure.

P

1
Pig.2 Pressure/time correlation inside a pump head

Fig. 2 shows measured fluid pressure inside the pump head.
Two pressure/time correlations are indicated. The lower ppL- 
line shows pressure/time curve inside the plunger working 
space, the upper one pD gives pressure curve inside discharge 
space where a quasi-static pressure with superposed small 
pulsation is existing. The plunger working space however 
shows a fluctuating pressure between zero and maximum with
out a static component. In accordance to that pressure - but 
several times higher - the material stresses are fluctuating 
at the crack-sensitive areas.
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Pig.3 Fatigue diagram oi the material X5CrKil34 in a liquid

For example fig. 3 shows the fatigue-diagram of the material 
X 5 Cr Ni 13.4 (No. 1.4313) that is often used for pump heads. 
Tensile strength is about 900 N/mm2, yield point about 
650 N/mm2. These figures would trace back to an operating 
time of approximately 333 hours at a crankshaft rotating 
speed of n=500/min. How is it possible to get another curve 
tendency with increased fatigue strength values?

The new design concept now enables us to replace the dynamic 
stressing of a pump head by a (quasi-) static one. This is 
performed by inserting solid bushes dynamically stressed by 
their inner hydraulic load and pressed also externally by 
the "static" discharge pressure of the pump.

Fig. 4 shows all relevant details of the "hydrostatic armed" 
pump head. Only the bushes are stressed by the fluctuating 
plunger working pressure. Tightness of these simply ex
changed parts is given by 0-rings.
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Fig.4 Hydrostatic armed pump head
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Fig. 5

. i

Pump head with suction and discharge valves
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Pig.6 Power end of a three plunger ршар



To complete the information fig. 5 shows a cross-section of 
the entire pump head. At the bottom is the double-charging, 
spring-guided valve, in the centre the head of the plunger 
and above the simply beaming, spring-guided discharge valve

Fig. 6 gives a cross-section of the power end of the pump 
consisting of cast pump housing, roller-beared crankshaft, 
conrod, cross-head piston with integrated lubrication 
pump and spharic joint plunger connection. The heat 
exchanger for oil-cooling can also be seen. Not seen - but 
nevertheless existing - is a drive shaft powering the 
crankshaft by means of a one speed gear.
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EXPERIMENTAL RESEARCH ON REVERSE-FLOW CHARACTERISTICS OF 
HIGH SPECIFIC SPEED PUMP AND ITS GENERATION MECHANISM

H. MURAI* and S. TEZUKA**

SUMMARY
Through the results of experiment conducted with an axial-flow pump, a 

working mechanism of impeller blades and its relation to flow patterns around 
a flow channel between blades at partial discharges smaller than one of maxi
mum head were clarified. And the materials for predicting a head-discharge 
characteristics rising with decreasing discharge were presented, and it was 
deduced that a sufficient condition of generating the characteristics is the 
generation of a delivery-side reverse flow growing with decreasing discharge.
INTRODUCTION

Although improvements of a performance of turbomachinery at partial dis
charge have been being required for long time, the demand is considered to 
be even growing in accordance with the recent trend of enlargement of the 
capacity, followed by the enhancement of specific speed and the expansion of 
operating discharge range of them. As for the interrelation between a head- 
discharge characteristics and a flow in a turbomachine of high specific 
speed at partial discharge, the following items have been clarified by the 
many studies(1) (У conducted mostly by early in 1970's: in case areas of stall 
near blade tips are expanded radially inwards with decreasing discharge, a 
head-discharge characteristics becomes to behave falling with decreasing 
discharge^, in which case small-scale reverse flows to suction side are 
generated in forms of vortices or a vortex extending to the suction side from 
vicinities of leading edge/s^1*) (5), and propagates to the succeeding channel 
between b l a d e s . With the further decrease of discharge, the reverse flow 
grows to be large-scaled and stable, in which stage the head-discharge char
acteristics becomes to behave rising^6) (the reverse-flow characteristics (7) ). 
It was pointed out qualitatively^2 ̂ that the change of characteristics 
from falling to rising could be considered to have some relation to a reverse 
flow from the delivery side. However, the generation mechanism of the 
reverse-flow characteristics, and the part which the reverse flow from the 
delivery side plays in the mechanism have not yet been clarified, as far as 
the authors are aware.

In the present research, experiments on an axial-flow pump were conduct
ed, by using air as working fluid, for the purpose of clarifying a working 
mechanism of impeller blades of a high specific speed pump at a partial dis
charge smaller than one of maximum head, and offering materials for predict
ing a so-called reverse-flow characteristics and conditions for the pump to 
change its characteristics from falling to rising at the discharge of minimum 
head. Pressure distributions on the impeller blades and on the casing as 
well as velocity and pressure distributions in the stream before and behind 
the impeller were measured and compared with oil-flow patterns on the impel
ler blades, hub and casing to investigate the correlation between the impel
ler work and the flow pattern.

‘Professor, Institute of High Speed Mechanics, Töhoku University, Sendai, 
Japan

“ Formerly, Post Graduate Student of Töhoku University, Currently Dengyosha 
Machine Works Ltd., Mishima, Japan
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EXPERIMENTAL EQUIPMENT AND METHODS OF MEASUREMENT 
Pump and Impellers

An axial-flow ,— 630
pump with 430mm dia
meter was installed 
in the pipe line open 
to atmospheric air 
as shown in Fig.l.
This pump is the one 
used in the experi
mental research 
published previously 
by one of the authors 
'8' . In the present 
experiment, two im
pellers were used, 
one having five 
blades without sweep
angle (impeller A) Fig. 1 Experimental apparatus
and the other having
ten blades swept back by u/4 towards Table 1 Design items of pump
the hub (impeller B). The design
items and principal dimensions are Specific speed 1520
shown in Table 1. Head (m) 3.5

Rate of flow (m /min) 29
Measurement of Head-Discharge Angular speed (rpm) 720
Characteristics of Pump External diameter (mm) 430

The arrangement of the experimen- Hub-to-tip ratio 0.6
tal apparatus is outlined in Fig.l.
The air comes in through the flow
control shutter (3) attached to the Table 2 Principal data of impellers
entrance of the suction pipe of 450mm
diameter, enters into the pump Symbol A В
through the nozzle (4) for measuring Swept-back angle q q ^gg
•the discharge and then is exhausted (rad)
to the open air. The volumetric dis- Number of blades 5 10
charge rate flowing through the Chord len th t:'-P 171
nozzle was calibrated by the Prandtl (mm) mean 158
type Pitot tube installed at the loca- hub 142
tion (5) . The Pitot tube was B1 d 1 tip 0.370 0.406
installed at the centre of the pipe 3 ?rad\ 6 mean 0.473 0.534
at the same location and was used hub 0.741 0.886
for the measurement of discharge Lift tip 0.367 0.183
during the experiments. The static coefficient mean 0.479 0.239
pressures on the suction and deliv- hub 0.728 0.364
ery sides of the pump were calculated
as the averages of the values measured at the pressure taps provided at each 
four points around the peripheries at the locations Pj and P2, respectively. 
The number of revolution of the pump was fixed at 1,200 r.p.m., measured by 
using the pick-up of photo-electric type and the frequency counter.

Measurement of Pressure on Surface of Blade
The measurement of the pressure on the surface of blade was made through 

the pressure taps of 0.3mm diameter provided on the surfaces of blades along 
the circles with radii of 20, 40, 60, 75, 85 and 96% of the blade height from 
the hub, 14 points on the suction surface and 12 points on the pressure
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surface along each height, and 156 points all together.
Each pressure tap was connected by copper pipe of 1mm inner diameter to 

the scanning valve (6) in Fig.l through the hollow shaft, and the static 
pressure was detected on the static strainmeter connected, through the slip 
rings (§) , to the pressure transducer ©  .
Measurement of Pressure and Velocity Distributions at Up- and Downstreams of 
Impeller

The measurement of the time averaged flow at the suction and delivery 
sides of the impeller was made by using the yawmeter of arrow type with five 
holes. The positions of measurement were set at 50mm and 130mm upstream and 
57mm and 137mm downstream the impeller A and 75mm and 152mm upstream and 72 
mm and 152mm downstream the impeller B, measured from the centres of impeller 
blades (40% chord of blade tip).

The static pressure on the inner surface of the casing was measured 
through the pressure taps provided at four points upstream and five points 
downstream at intervals of 25mm starting from the point facing to the lead
ing edge of the blade tip of the impeller A.
EXPERIMENTAL RESULTS AND DISCUSSION 
Head-Discharge Characteristics

The measured head-discharge characteristics are shown in Fig.2 in compar
ison with those of the same pump using water as working fluid^8 . In spite 
of the difference in the Reynolds number, both results showed good coinci
dences with each other over the discharge ranges smaller than the discharges 
at the maximum heads. Considering those facts, the results of the present 
experiments were examined referring to the oil flow patterns obtained in the 
experiments with water as working fluid.
Pressure Distribution on Blade Surfaces and Velocity and Pressure Fields 
around Impeller

For the convenience of investigating the working condition of impeller 
blades and its relation to the flow around the impeller, the pressure dis
tributions on blade surfaces were represented in the map of isobars (full 
lines) on each surface in comparison with the oil-flow pattern (broken lines) 
at each flow coefficient and are shown in Fig.3(a)Mf) for the impeller A and 
Fig.5 (a)Mc) for the impeller B. Also, the measured results of the radial 
distributions of velocity and pressure at each two points up- and downstream 
the impeller are shown in Fig.4 (a)Mf) for the impeller A and Fig.6 (a)Mc) 
for the impeller B, at corresponding 
flow coefficients to the isobars maps.
In the figures, thin full lines express 04 
stream lines at an interval of the same 
flow rate calculated by using cm, and 
one and two dotted chain lines corre
spond to a half and a quarter flow rate 
respectively.
Impeller A.- At ф=0.194 near the
flow coefficient of maximum head,isobars 
on the suction and pressure surfaces 
indicate a normal working condition of 
the blade at a discharge smaller than 
one of maximum efficiency, except in 
the vicinity of blade tip on the suction 
surface, where the negative peak 
pressure just behind the leading edge is
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Fig. 3 Pressure distribution and oil-flow patterns on blade surfaces, A
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rising upwards, and the chordwise rising pressure gradient is the larger, 
the nearer to the tip, so that isobars incline forwards with upwards, showing 
a loss of circulation due to a tip stall.

At <f>=0.160, the chordwise pressure distribution on the suction surface 
has lost a negative peak behind the leading edge near the tip, showing a 
leading edge separation of flow. Into the separation region fluid comes from 
the lower side and gets a little pressure rise due to a centrifugal effect of 
the blade work, as is expressed by isobars being inclined forwards with up
wards . And a part of the fluid near the leading edge is made flow back 
towards the suction side.

While on the upper half of the pressure surface, the isobars in the 
narrow region just behind the leading edge show the upward falling pressure 
gradient, which induces the upward and reverse flow towards the suction side 

. The adjoining flow outside the suction-side reverse flow is bent 
towards the blade tip and bumps to the inner surface of casing before it 
reaches the trailing edge, during which passage it receives a centrifugal 
effect from the blade and a stagnant effect of its bump to the casing. 
However, the latter is reduced chordwise as the slope of the outward flow is 
reduced chordwise, to give the pressure near the tip a falling gradient 
towards the trailing edge and a maximum in a fore position, which divide the 
reverse flow from the passing through flow. The reduction of the absolute 
values of pressure near the leading and trailing edges on both surfaces and 
on the middle part of the pressure surface is caused by the reduction of the 
incidence angle of the approaching flow accelerated in the axial direction 
owing to a loss of the effective area by the suction-side reverse flow and 
the reduction of the static pressure of the approaching flow by a pressure 
loss in the suction-side reverse flow. The reduction of the blade work 
except the vicinity of tip, associated with the pressure loss in the suction- 
side reverse flow results the steep reduction of head with the decrease of ф 
from Ф|тах to 0.160. The working mechanism of blades written above corre- 
spondŝ to the experimental result^10) which showed that when the approaching 
flow was kept to have no pre-rotation and uniform axial component by separat
ing from the suction-side reverse flow with a suction ring, the pumping head 
was not reduced at the discharge where it had been reduced without the 
suction ring.

The total pressure at the rearest measuring point has become inclined 
to increase radially outwards.

At ф=0.114 near Ф̂ т п < the discharge at the minimum head, the pressure 
distributions indicate the downward extentions of the leading edge separation 
on the suction surface and the suction-side reverse flow on either surface, 
which, however, are suppressed by the reduction of the incidence of the 
approaching flow just outside the reverse flow to the blade, because it has 
been given a circumferential component by the reverse flow in a degree of 
overcoming the increase of the incidence due to the reduction of the axial 
component caused by the reverse flow. The reduction of incidence causes the 
reduction of the absolute value of pressure on either surface near the lead
ing edge, but the circumferential velocity and the total pressure on the 
delivery side are rather increased in the upper half of blade due to the 
increase of prerotation in the middle part associated with the centrifugal 
effect near the tip.In the bottom part, caused mainly by the radially inward increase of the 
axial component of approaching flow, the absolute value of pressure on either 
surface and the blade work are reduced, which causes the reductions of the 
circumferential velocity and the total pressure.

The increase in the upper half and the decrease in the lower half of the 
blade work with decreasing discharge are almost canceled with each other in
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this discharge range. But the gradient of total pressure at the delivery 
side rising upwards increases with decreasing discharge, and generates the 
the reverse flow from the delivery side towards the blade^1 . A small rise 
of pressure near the hub and trailing corner on the pressure surface is 
considered to owe to the reverse flow.

At ф=0.082, where the head-discharge characteristics has become rising, 
the pressure distribution on the pressure surface is changed rather markedly. 
The region of suction-side reverse flow extends downwards suddenly for the 
decrease of the discharge from ф=0.114 to 0.082, and the stagnant region at 
the blade tip is pushed forwards by the passing through flow, which is bent 
upwards so strongly by the delivery-side reverse flow that even the flow 
approaching the blade through the nearest part to the hub bumps to the inner 
surface of casing before it reaches the trailing edge. And the whole of 
passing through flow receives the enough energy by the centrifugal effect of 
blade work to be delivered against the head.

While on the suction surface, the downward extension of the leading edge 
separation and the reduction of the absolute value of negative pressure near 
the leading edge in the middle and bottom parts of the blade progress 
further, and most of the isobars become to incline forwards with upwards in the whole surface.

The foregoing changes of the pressure distribution on either surface and 
the average flow pattern around the blade progress with the decrease of dis
charge beyond Фф^д to the shut-off state.
Impeller B.- At ф=0.152 near Ффл,ах» the isobars on the suction surface are 
almost parallel to the swept-back leading edge, and there exists the pressure 
gradient falling radially downwards, which is apt to induce a secondary flow 
radially downwards against the centrifugal force acting on the boundary 
layer. Accordingly the accumulation of the boundary layer to the blade tip 
near the trailing edge is suppressed so that a tip stall hardly occurs until 
ф is reduced to less than Ффтах0^ ^ 6 impeller A.

At ф=0.121 near Ффт п̂< the pressure distributions change much from those 
at ф=0.152. On the top part of the suction surface, the leading edge sepa
ration extends fairly downwards, and the maximum pressure near the tip and 
trailing corner is reduced but is still higher than that on the impeller A 
at Ф=Ффт1П- On the lower half of the suction surface, the absolute value of 
negative pressure near the leading edge is reduced and the chordwise rising 
pressure gradient is also reduced, which indicate the reduction of the blade 
work on the lower half, similarly to the impeller A.

On the pressure side, the isobars become inclined forwards with upwards, 
and the inclination is the smaller, the upper. The pressure rise towards 
the tip is generated similarly to the impeller A, but as the inclination of 
the passing through flow is relatively large and remains as it is owing to the 
chordwise breadth of the suction-side reverse flow and the sweep of the 
blade, the pressure near the tip is kept high until the trailing edge and a 
loose maximum exists at rearer position, dissimilarly to the impeller A, which causes the large-scale reverse flow towards the suction side. The 
increase and decrease of the blade work on the top and bottom parts, repec- 
tively bring the upward rising gradient of total pressure in the delivery 
side of the impeller, which causes the delivery-side reverse flow though it 
has not reached the trailing edge yet. The reduction of the blade work in 
the whole height causes the reduction of ф.

At ф=0.097, in the discharge range of the rising characteristics, the 
delivery-side reverse flow has reached the trailing edge. But its effects 
can be recognized only near the bottom and trailing corner on either surface, 
and hardly come up to the upper half of the blade. In the case of the 
impeller B, the growth and approach of the delivery-side reverse flow to the
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Fig. 6 Distributions of velocity and pressure, and stream lienes, В

588



blade with decreasing discharge cause only the growth of the suction-side 
reverse flow and hardly change the flow pattern of the passing through flow 
directly in the vicinity of blade near Ф^хп'
Generation Mechanism of Reverse-Flow Characteristics

Through the foregoing investigations, a flow pattern around a flow channel 
between blades in the discharge range where a head-discharge characteristics 
behaves rising with decreasing discharge is considered as follows; fluid 
enters a flow channel through the middle and bottom parts near the suction 
surface of a blade and then the bottom part near the pressure surface of the 
succeeding blade, and, though partly flows back towards the suction side, 
mostly bumps to the delivery-side reverse flow which is covering the area 
connecting the upper part near the trailing edge on the pressure surface of 
the preceding blade to the lower and rear part of the pressure surface of the 
succeeding blade through the vicinity of the inner surface of casing near the 
delivery side of the preceding blade and underneath the delivered passing 
through flow near the succeeding blade. And the part of fluid having entered 
through the vicinity of the suction surface of the preceding blade is pushed 
back towards the suction side through the top and fore part of the flow 
channel together with the reverse flow from the vicinity of the. leading edge 
of the pressure surface of the succeeding blade, because it has not been 
given enough energy by the blade to break through the delivery-side reverse 
flow towards the delivery side. The rest part of fluid having entered the 
flow channel through the vicinity of the bottom part of the pressure surface 
of the succeeding blade is given enough energy by the blade work to pass 
towards the delivery side through the top and rear part of the flow channel 
together with the delivery-side reverse flow, and only the former is delivered .

Accordingly, it is necessary for a head to increase with decreasing dis
charge the radially outward component of the passing through flow, which is 
caused by either the suction-side reverse flow, or the delivery-side reverse 
flow, or both, is enlarged with decreasing discharge. A suction-side reverse 
flow promotes a blade work in the upper half but reduces it in the lower 
half, and can never realize a rise of head by itself, unless a delivery-side 
reverse flow is associated. Then it can be concluded that a growth with 
decreasing discharge and a generation of a delivery-side reverse flow are the 
sufficient conditions for a generation and a beginning of a reverse-flow 
characteristics, respectively.
CONCLUDING REMARKS

An experimental research on an axial-flow pump was conducted, and 
pressure distributions on the impeller blades and on the casing as well as 
velocity and pressure distributions in the stream before and behind the 
impeller were measured and compared with oil-flow patterns on the impeller 
blades, the inner surface of casing and the hub. Through the experimental 
results a working mechanism of impeller blades and its relation to flow 
patterns around a flow channel between blades at partial discharges smaller 
than one of maximum head were clarified. The main items deduced from the 
present research can be summerized as follows:
(i) Blade works, velocity and pressure fields around blades and their corre
lation in the discharge range smaller than one of maximum head were presented.
(ii) A suction-side reverse flow reduces a head by itself, but increases a 
head when associated with a delivery-side reverse flow.
(hi) A sufficient condition of generating a head-discharge characteristics 
rising with decreasing discharge is the generation of a delivery-side reverse 
flow growing with decreasing discharge.
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NOMENCLATURE
cm = (axial velocity)/Ua cu = (circumferental velocity)/Ua

Pj , P2 : static pressure at measuring point Pj , P2 in Fig.l,
Ps : static pressure, Pt : total pressure,
Ps = (р3-р! )/|ua2 Pt = (pt -p )/§Ua2
r = R/% (R: radius, %: radius of impeller at blade tip),
Ua : rotation velocity of impeller blade at tip, 
otj i incidence angle of approaching flow to blade, 
p : density of working fluid, 
ф : flow coefficient,
\p : head coefficient.
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STANDARDIZATION OF FIELD TESTING
OF

INDUCED DRAFT COOLING TOWER FAN 
K. S. MURTHY, S. J. BASU, SUBIR KAR.

ABSTRACT :
The aim of this paper is to suggest a standard for field test
ing of cooling tower fans so as to improve the standards in 
fan industry. The paper also enumerates the suggestions for 
the standardization of field testing of cooling tower fans.
The test procedure outlined in this paper protects the insta
llation owners against any improper operation of the fan.

1. INTRODUCTION :
The industrial growth of a country depends mainly on the power 
generation capability. In India, with increasing demand of 
power, a large number of power stations are being built using 
a recirculating type of cooling system with induced draft cool
ing towers to carry away the heat from the condenser. The 
induced draft cooling towers essentially have axial flow fans 
of large sizes of the order of 5 meter dia. and above. The 
fertilizer plants, process industries and captive power plants 
make use of induced draft cooling towers in which large diame
ter axial flow fans are installed. The energy crisis all over 
the world has made demand on the fan industry to produce more 
efficient fans.
In a typical 210 MW thermal power station, 36 Nos. of 7.315 
mtr. dia. fans, each consuming Ц-0 KW power are operated conti
nuously. All these fans typically handle humid airland have a 
normal operating capacity of the order of 2 x lCrNM^/Hr. of 
air at pressure drop values of the order of 6 to 10 mm WG.
These fans operate continuously for 8760 hours per year. In 
India, the authorities inviting bids for tenders of cooling 
towers levy a penalty of about l500 U.ft. Dollars for each 
excess KW consumed by each fan, for the purpose of tender eva
luation. Hence the cooling tower designers and fan manufact
urers are trying to economically optimize their designs. The 
authorities have to make a judicious selection of the cooling 
tower fan manufacturer. The available standards viz. IS:3588 
1966 (Ref.l) or BS:81+8: Part 1: 1963 (Ref.2) - suggest the test 
codes for either laboratory evaluation of performance or field 
testing of mine fans which are not cooling tower fans. As such, 
there is no standard available for the cooling towei; fans.
The purpose of conducting a field test on fan system installa
tion generally falls into one of the following categories :
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FIG. 1.CROSS SECTION OF A CEl L OF A TYPICAL INDUCED 
DRAFT COOLING TOWER
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1) The field test is conducted as a part of sales agreement 
between the owner and the manufacturer for the purpose of 
verifying the guaranteed or quoted performance. This can 
be called Acceptance Test .

2) The field test is conducted sometimes as a proof of perfor
mance, when the installation owner feels that the fan is 
not operating at the specified performance.

When field tests are to be conducted for any of the above men
tioned purposes, it has become difficult to set a test proce
dure in the absence of any standard. Hence, there is a need 
for a simple, accurate and practical method of evaluating the 
fan performance. This paper attempts to provide a guideline 
for a testing procedure, including suggested instrumentation 
under field conditions based on the experience of the authors. 
The authors have drawn up the procedure based on the ASMb Power 
test codes (Ref.3) and cooling tower institute, USA, (Ref .Ц-) 
test bulletins in formulating the proposed test procedure.

2. FAN PERFORMANCE :
The fan performance is a statement of fan flow rate, fan total 
or static pressure and fan power input at a stated fan speed 
and air density. The fan air density is the density at the fan 
inlet. The fan flow rate is the volume flow rate at this den
sity.

3. PRELIMINARY OBSERVATIONS :
Before the actual test is conducted, some simple checks are to 
be made on the fan: the anti-camber face of the blade has to 
be on the leaving air side. The direction of rotation of fan 
should be as suggested by the manufacturer. The fan tip clear
ance should be checked to satisfy the manufacturer’s recommen
dation. The clearances, if excessive, would adversely affect 
the fan performance. The barometric pressure has to be found 
from the local power plant which is quite accurate. Otherwise, 
the temperature compensated aneroid barometer can also be used.
The fan speed is generally very difficult to measure due to 
the size of the fan and actual physical limitation to use 
stroboscopes. The motor shaft speed can be measured with a 
tachometer having an accuracy better than 1*/. . Then by using 
the gear ratio of the gear box, the fan speed can be calculated. 
The fan blade angle can be measured at the point of the blade 
recommended by the manufacturer using a bevel protractor along- 
with spirit level and a straight edge. The tracking of the 
blades should be checked for consistency in the fan blade 
angles.

If. PERFORMANCE PARAMENTEKS AND INSTRUMENTS :
The air flow rate, the static pressure, the power input, the 
air density and the wind conditions are the various parameters
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required to be measured for the fan performance testing. Each 
parameter needs a different type of instrument.
If.l Flow Hate :
The pitot tube is generally used for velocity measurement but 
is very sensitive to yaw angle. The air flow can be measured 
conveniently with a photoelectric air flow meter which is 
essentially a rotating-vane type anemometer with a pointer 
display on a meter connected to the anemometer with a long 
wire. This anemometer is also known as velometer. The in
strument is quite accurate at velocities from 1.5 - 15 meter 
per second which cover the range required in cooling towers. 
The anemometer is negligibly affected by the changes in yaw 
angle and/or densities - other than calibrated. The Table -1 
shows the corrections for anemometer yaw angles and the toler
ance of changes in density.

Table - 1.
a) YAW ANGLE 5 10 15 20 25 30

(Degrees)
CORRECTION -0.10 -0.50 -1.10 -2.00 -3.00 -i+.OO
(Per cent)

b) Anemometer Tolerance of changes in Air Density
Velocity (m/sec) 1.50 3*0 6.0 9.0 d = test density
d/dc,(Max. for 1.05 1.10 1.21 1.32 dc = calibration 

1У. error) density.

An extension rod at the end of which the anemometer is clamped 
is required to traverse the anemometer on discharge side of 
the fan. The traverse location and test procedure are out
lined in Section 5. The anemometer should be calibrated in a 
windtunnel against a pitot - tube for velocity measurement and 
the calibration chart should be used alongwith the anemometer 
to correct the readings.
If.2 Static Pressure :
The static pressure readings are very low and are generally 
15 mm WG or less. The inclined tube manometer is best suited 
for the measurement of static pressure. The static pressure 
of the fan is the pressure developed by the fan to overcome 
the system resistance. The fan has to deliver the air flow 
against the system resistance by producing an equal amount of 
static pressure. The static pressures are measured beneath 
the fan and so are negative (lower than atmospheric) and in 
most cases are all that need to be taken. The inclined tube 
manometer should have a zero adjustment, a built in spirit
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level and. a slope of atleast 10:1 to measure 0.1 mm WG. The 
manometric fluid may be kerosene and the graduations of the 
manometer may be made to give pressure readings directly in mm 
water guage. The U - tube manometer is not recommended, as an 
error of 1 mm on a 10 mm measurement is a 10*/. and cannot be 
tolerated. A probe will be required alongwith a manometer to 
insert it beneath the fan through the deck of the tower. A 
6 mm dia. polythene tubing of about 10 mtr. length will enable 
to leave the inclined tube at one point while the probe is 
inserted in various locations. The suggested locations for 
pressure measurement are given in Section 5. The inclined tube 
manometer is a primary instrument and hence does not need any 
calibration.
1+.3 Power Input :
The Cooling Tower fan assemblies are usually driven by an 
electric motor through a propeller shaft and a gear box as 
shown in Fig.l. The power input to the fan can be found out 
by knowing the individual efficiencies of the motor and the 
gear box and measuring the power input to the motor. The power
input to the motor can be measured either by a three phase
wattmeter or two single phase wattmeters. If neither of these 
is available, a voltmeter, ammeter and power factor meter must 
be used. All these meters should be calibrated and should have 
an accuracy of 1*/. full scale reading or better.
!+.!+ Air Density :
The discharge air density of fan can be calculated by knowing 
the atmospheric pressure, the wet and dry bulb temperatures of 
the fan discharge. The psychrometer can be conveniently used 
for this purpose. The scale divisions of no greater than 0.5 C
should be used. It is quite difficult to measure the dry bulb
temperature quite accurately as the fan discharge has free 
water droplets (due to drift loss) in the fan air stream. How
ever, the percentage error in air density for a 1 c error in 
dry bulb reading is extermely small (approximately 0.27.) and 
need not cause any concern.
Ц-.5 Wind Velocity :
The wind has the greatest external influence on a test and the 
field test should not be attempted under high wind or gusty 
conditions. The field tests should preferably be conducted in 
the early morning or late afternoon when the wind velocity is 
low and reasonably steady. The wind velocity should not exceed 
t.5 meters per second. If the wind velocity is greater than 
75/. of the fan average outlet velocity, the test should be 
avoided (Ref.l+).

5. FIELD TEST PROCEDURE :
The various parameters that affect the fan performance are 
measured with the instruments specified in section V. The 
method of testing will now be dealt with in detail in this 
section.
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5.1 Air Flow Rate г
The volume of air (m^/Hr.) delivered by the fan will be given 
by the product of the outlet velocity as measured by the 
anemometer and the area of discharge. The cooling tower fans 
essentially have a recovery stack (diffuser section) at the 
outlet. The large fans of 5.75 mtr. diameter and above have 
a recovery stack height of more than half of the diameter.
Hence the entire area of the stack above the plane of the 
blades could be used as the discharge area. At a point 1.5 
mtr. above the fan blade level, the discharge area may be 
divided into five equal areas. The radii of the centers of 
each area can then be found out. Two stack diameters at right 
angles to each other are to be chosen. The radii of the five 
equal areas would then be : rl = 0.316 R, r2 = 0.5*4-8 R, r3 =
0.707 R, rb = 0.837 R, r5 = 0.9^8 R, as shown in Fig.2. The 
discharge from the fan has varying amounts of rotational compo
nent and so is not truly axial. The fan stream tends to loose 
some of this rotational component at a point farther away from 
the fan blade level. Hence, a distance of 1.5 mtr. above fan 
blade level is chosen as the location of anemometer traverse. 
The inside diameter of the stack is measured for atleast two 
points 90° apart at 1.5 mtr. above the blade level. Using the 
average diameter (D), the discharge area (A) can be calculated. 
The radii rl, r2, r3 can be calculated knowing average diameter 
D and hence, average radius R . After the anemometer is 
traversed at 10 points on each of the two diameters chosen, the 
reading noted should be corrected for calibration, if any.
Since these 20 corrected readings are taken at centers of areas 
of five equal areas, the average of these2readings (m/sec.) 
multiplied by the^fan discharge area in та will give the volume 
of flow of air (mJ/sec) delivered by the-,fan. This value mul
tiplied by 3600 gives air flow rate in nr/Hr.
5.2 Static Pressure :
The static pressure measurements should be taken in the plenum 
chamber beneath the fan deck area which is as quiet as possible 
and in plane which is 15 to 30 cms. below the fan stack entry. 
The 6 mm tubing will have to be inserted through holes drilled 
at the fan deck level (Fig.l) of cooling tower at four points 
approximately midway between the base of the fan cylinder and 
the corner of the cell on the two diagonals of the cell as 
shown in Fig.3. The inclined tube manometer should be levelled 
with spirit level and shielded from strong air currents. The 
readings should be taken at each of the four locations at the 
beginning and the end of the air flow rate test. The average 
of these eight readings will be the fan static pressure, if 
there are no obstructions on the fan discharge.
5.3 Fan Input Power :
The motor input horse power can be calculated by knowing power 
factor, amperes and voltage in the three phase electrical 
connection.
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M o to r  P o w e r  (Input) = < @ .(Volts^.(Ашрех̂ Л Power. F a c t o r /  KW
1000

The impeller power of the fan can be calculated by knowing 
motor and gear box-efficiencies from manufacturers.

•
. . Impeller Power = (motor power)(gear box Effy)(motor Effy)
The motor efficiency curves are not reliable when operating 
voltage varies greater than + 10*/. of that specified on motor 
name plate (Ref.5).

5.1 Fan Air Density :
To measure wet and dry bulb temperatures, the psychrometer can 
be used at four different points at the fan discharge near the 
outlet of the stack. These four readings are averaged to get 
the fan density. By knowing the wet bulb and dry bulb tempera
tures and barometric pressure, standard tables and psychnome- 
tric charts can be used to find out the fan air density.

6. FAN PERFORMANDE EVALUATION :
The fan manufacturer usually submits a fan performance curve 
for the particular size of fan. The fan performance curve is 
usually based on standard air density of 1.205 kg/nr. The 
field performance test values of air flow, static pressure and 
impeller power are at the density conditions existing at the 
fan outlet and so are not at standard density. In order to 
relate these values to those of the curve, they are-,to be con
verted to standard air with a density of 1.205 kg/nr. The air 
flow does not need any conversion since the fan is a constant 
volume machine and the volurae handled does not vary wittudensi- 
ty. Hence, Standard Air Flow (M-VHr) = Test Air Flow (M^/Hr.).
Static Pressure (Std.Air) = Static Pressure x -— ■Test Density
Impeller Power (Std.Air) = Impeller Power x '-jes^Density

In order to calculate static efficiency of fan, Air power will 
be calculated.
Air Power = 2.723 x 10“3 x x Q x Ps KW

Q -  A i r  f l o w ^ r a t e  
(nr/Hr )

Ps - Static pressure 
(mm of WG)

. . Static efficiency = ji^eíler^ower 

598



In order to calculate the total efficiency of the fan the 
dynamic or velocity head which is commonly called as Velocity 
pressure (VP) has to be calculated and added to the static 
pressure. By knowing the area of traverse,

2
VP - t Trra ^ r% r f i W ó 37 3 ”  Water

The velocity pressure and the negative static pressure are 
added arithmetically without considering the sign :
. .Fan total Pressure(TP) = Static Pressure + Velocity Pressure.
The total efficiency can be found from th6 formula with all the 
factors in standard air :

Fan Total о Ш с Ю п о у  = &  ̂  *, ^  X ^

7. DISCUSSION :
The values of air flow rate and static pressure can be used to 
plot the point on the fan curve which is submitted by the fan 
manufacturer. This point of intersection of flow and pressure 
on the curve when extended upwards cuts the impeller power 
curves of the fan at a particular blade setting angle. This 
field test operating point can be compared with the guaranteed 
duty point of the fan manufacturer. The field test operating 
point generally falls within + 5*/. of the fan curve. These 
field test values are anyway a far cry from the laboratory 
tests. However, it should be remembered that the laboratory 
tests in wind tunnel have a more or less streamlined entry into 
the test chamber whereas the flow situation in the field is 
quite opposite. Moreover, the laboratory tests have a contro
lled tip clearance, whereas in the field, the installations do 
not have uniform tip clearance and therefore performance is 
affected to some extent. This also clearly explains the reason 
for the discrepancy between the guaranteed fan curve point and 
the field test point.

8. RECOMMENDATIONS s
The suggested instruments, performance test procedure and eva
luation of fan performance in the field tests discussed in this 
paper would help the cooling tower installation authorities in 
protecting the equipment from malfunctioning as well as the fan 
manufacturer in proving his claim of the fan performance. It 
is hoped that this paper forms as a basis for drawing up a ISO 
standard on field testing of cooling tower fans.

9. CONCLUSIONS :
1. The field testing of cooling tower fans is a new area in 

which ISO standard has to be drafted.
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2. A compliance to this proposed standard by the cooling 
tower installation authorities and fan manufacturers would 
go a long way in improving the standards of Fan Industry.

3. The cooling tower installation authorities would benefit 
to a large extent as the proposed standard would help to 
test the fan in site and take a corrective measure to 
improve the cooling tower performance.

V. The proposed standard gives a simple and practical method 
of field testing of cooling tower fans and protects the 
cooling tower installation against any improper operation 
of the fans.

5. The test procedure described in this paper would facilitate 
the testing of large induced draft cooling tower fans 
either for performance evaluation or for acceptance tests.

10. ACKNOWLEDGEMENT :
The authors gratefully acknowledge ehe cooperation and' enthu
siasm of Mr. M.L. Shishoo, Technical Director, Maharashtra 
State Electricity Board, Bombay, in conducting various tests on 
the field in the cooling towers of Nasik Thermal Power Station, 
Nasik, India for fan performance evaluation. The authors 
gratefully acknowledge the kind permission given by the Board 
of Directors of M/s. Recondo Limited, Bombay, India, to publish 
this paper.

11. REFERENCES :
1. IS : 3588 - 1966 Specification for electrical axial flow 

fans ISI, New Delhi, India.
2. BS : 8M3 : (Part II) - 1963 Methods of testing fains for 

general purpose, including mine fans. BSI, U.K.
3. ASME - PTC - 23 : American Society of Mechanical Engineers, 

Power Test Codes, U.S.A.
1+. CTI Bulletin TPR - 122 : 1962 Fieldtests of fan performance 

on induced draft cooling tower, CTI, Texas, U.S.A.
5. CTI Bulletin TPR - 127 Cooling Tower fan motors - applica

tions and performance characteristics CTI, Texas, U.S.A.

K. S. MURTHY S. J. BASU
Research Scholar, Vice Pres ident(Development)
Mechanical Engineering Department, Recondo Limited 
Indian Institute of Technology, Sir P. M. Road, Fort,
Powai, Bombay IfOO 076, INDIA. Bombay VOO 001, INDIA.

Prof. Dr. SUBIR KAR,
Mechanical Engineering Department,
Indian Institute of Technology,
Powai, Bombay Ц-00 076. INDIA.

600



A NOTE ON THE BLOCKAGE OF CYLINDRICAL PROBES
C. K. Ng, and T. B. Ferguson

SUMMARY

An experimental investigation into the effect of projected area and 
insertion depth on the performance of cylindrical type combination probes.
INTRODUCTION

The standards relating to the measurement of fluid flow in pipes [1,2] 
give corrections to be used for the blockage effect of the stem of a Pitot- 
static tube. However neither they nor Bryer and Pankhurst appear to treat 
this matter for combination probes such as the three hole Pitot-cylinder or 
the wedge probe which are frequently used in research on turbo-machines.
In this type of application the restricted size of the flow passages and the 
aerodynamic forces acting on the stem may necessitate the use of probes 
where the blockage effect may be significant.

This present investigation owed its inception to the work of Horsley 
[4] and in particular that of Jolleys [5]. Jolleys used a 2.8 mm stem 
diameter wedge probe to traverse the 127 mm diameter inlet section of a 
multi-Venturi test rig by varying the depth of insertion of the probe from 
one wall and obtained an apparent velocity profile which was eccentric.
After ensuring that the eccentricity of the profile was not a true effect 
it became apparent that the apparent eccentricity was due to the flow round 
the probe and it was finally eliminated by the use of a constant blockage 
probe spanning the whole diameter.

It seemed then that an experimental programme should be carried out on 
the blockage effects of cylindrical and wedge probes. This study was 
originally reported by Ng [6] and so far has been mainly concerned with the 
variation of the pressure, yaw (0) characteristic of a cylindrical probe as 
the size and Reynolds number of the probe was varied so that some idea could 
be obtained of the errors in dynamic pressure measurement in three hole 
probes when they occupy a significant proportion of the flow cross sectional 
area. A short excursion was made into the relative blockage effects of 
cylindrical probes and those with wedge shaped heads.
EXPERIMENTAL EQUIPMENT

The experiments were carried out in a low speed wind tunnel (air speeds 
up to 60 m/s) with a perspex working section 127 mm square and 457 mm long. 
The area ratio of the contraction is 20:1.

Two types of cylindrical probe were used, cantilevered probes which 
could be used at various depths of insertion into the airstream and constant 
blockage probes which completely traversed the working section.

Each cantilevered probe had a 0.50 mm diameter static pressure tapping 
drilled normal to its axis at least two probe diameters from the free end 
which was square. The static pressure tapping in each constant blockage 
probe was also 0.50 mm diameter and located midway along its length. The 
cantilever probes could be yawed through ± 180° and the constant blockage
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Both sets of probes covered a range of ratios probe diameter to wind 
tunnel working section side width of 0.025 to 0.15. In addition 30° and 60° 
wedge probes were used to compare the blockage effect of cylindrical and 
wedge probes. These probes had a wedge base height and stem diameter of 
6.35 mm.
EXPERIMENTAL INVESTIGATION

The wind tunnel was first calibrated. A yaw survey was made and 
traverses were carried out at working section inlet with each of the test 
probes in situ to ensure that the probe being tested was not interfering 
grossly with the tunnel calibration. These traverses showed a maximum 
variation of 1% of the dynamic pressure from that obtained in the tunnel 
calibration.

The main part of the work comprised an investigation into how probe 
circumferential pressure distribution varied with probe diameter and depth 
of insertion.

The cantilevered probes were each tested when inserted at three 
different depths. For four of the probes these depths were 38.1 mm,
63.5 mm and 92.55 mm. The largest diameter probe was not inserted less than
49.5 mm into the airstream because of the greater distance of the pressure 
tapping from the free end of the probe. At each depth the probe tapping 
was first aligned to the flow before yawing to obtain the probe 
circumferential pressure distribution. The tests on the constant blockage 
probes were carried out with the tapping in the centre of the working 
section.

The relative blockage of the wedge and cylindrical probes was 
ascertained by a row of static pressure tappings in the tunnel wall upstream 
from the probe position.
EXPERIMENTAL RESULTS

The constant blockage probes exhibited a blockage effect due to the 
projected area of the probe and its wake as is seen in Fig. 1. In the 
region where the static pressure tapping of a combination probe would be 
placed (about 40 ) the static pressure coefficients fall progressively with 
probe diameter due to the increased acceleration at the same upstream air 
speed as the probe diameter was increased. In this region of the yaw 
characteristic the Reynolds number effect was small over the range of probe
Reynolds numbers covered by the test (Rê  6.1 x 103 to 3.7 x 101*).

As far as the cantilevered probes are concerned the flow was more 
complex and the blockage comprises two effects (Figs. 2a and 2b). One is
that due to the variation of three dimensional flow over the end of the
probe as the insertion was changed. The general result being a depression 
of the pressure coefficient as both the insertion and the blockage was 
increased. This effect is reported by Bryer and Pankhurst [3] as having 
been noticed by Becker [7]. It is a result of considerable practical import 
and hence worthy of repetition.

probes through ± 90°.
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FIGЛ. Pressure Distributions for Constant Blockage Probes. 
( U 0 = 3 3  m / s )  6 .1 х Ю 3=е R e d= s3 .7 x  I04

FIG.2a. Pressure Distributions for Cantilever 
Probeat Different Traverse Positions

FIG.2b. Pressure Distributions for Cantilever 
Probe at Different Traverse Positions.
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For most of the tests the pressure coefficient was reduced and hence 
the blockage effect increased at a given insertion depth as the probe 
diameter was increased.

The comparison between wedge probes and cylinders was of a preliminary 
nature but to date no clear difference between the two has been found.
CONCLUSION

1) The investigation showed that the pressure distribution 
characteristics with yaw of constant blockage cylindrical probes are 
dependent on the probe size and that considerable errors may be obtained 
if this effect is not allowed for.

2) For cantilevered probes there is an effect due to the three 
dimensional flow over the end of the probe as well as the wake blockage 
effect of the constant blockage probes.

3) The tests to date indicate no significant change in blockage 
between cylindrical and wedge probes.
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ENERGY' PROPORTIONS IN CAVITATION WEAR OF MATERIAL
J. Noskieviő

ABSTRACT
Mathematical model of cavitation wear of material enables to 
find the energy proportions in material. Intensity of cavita
tion is consumed for elastic (reversible) effects in material 
and for deformations and crumbling of material (non-reversi- 
ble process).Intensity of cavitation wear of material depends 
on intensity of cavitation and on elastic properties of mate
rial. Intensity of cavitation wear of material is consumed 
for permanent deformations of material and its crumbling and 
is consumed during the extension of the area of material 
damaged by cavitation. Cavitation tests obtain both cavita
tion properties coefficients of material and also the course 
of the three components of the intensity of cavitation wear.

1. MATHEMATICAL MODEL OF CAVITATION WEAR
Test of cavitation wear of material are usually demostrated 
in diagrams m= f (t) . Figure 1 shows two typical casses of 
these courses. If the intensity of cavitation wear is lesser, 
the damage of material grows together with the growing gra
dient of courses (Fig. 1 a). A higher intensity of cavitation

wear brings a quicker cavitation damage of material. The gra
dient of the material damage speed grows more quickly, it 
reaches the peak and falls to the constant value лг. The inf
lexional point on the curve m=f(t) corresponds the maximum 
material damage speed. We may note three stages of develop
ment on the course of cavitation wear of material, as it is
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e.g. in [ 1 ] and in the figure 1 :
a/ Incubation period "a" in which the cavitation wear of ma
terial is negligibly low. In this stage especially plastic 
deformations pass through in the material and the material 
hardens. This area of changes in the material grows in the 
course of time (sometimes even decreases) according to the 
qualities of the material and according to the cavitation in
tensity.
b/ The stage of the developing cavitation wear "b" in which 
some more plastic deformations connected with the material 
hardening appear, but material crumbling has already been 
observable. In the course of time bilateral relation between 
both the effects on material varies. Crumbling of material 
appears more often. Material hardening and material ca
vitation resistance were described in detail in [ 1 ]. 
с/ The stage of the developed cavitation material wear "c" is 
characterized by a constant gradient of material damage. We 
reach the balanced condition in the cavitation wear which 
corresponds to the cavitation intensity and the material pro
perties. A mathematical model with two parameters needed for 
the description of the cavitation material wear was derived 
earlier. It describes the transient phenomenon between two 
balanced conditions of the material:
- before cavitation effect, i.e. in time t* 0 , when the ma
terial is not influenced by cavitation
- a developed cavitation wear stage when the balance between 
the output passed over from the cavitation area to the mate
rial where it is consumed for its destroying with the cons
tant gradient of damage sets in.
Mathematical model of the cavitation material wear is descri
bed in detail in [2]. It is obtained by solving a differen
tial equation dV d*r

7 Г  + 2cx 7Г +/3 ̂  = 1 - (1)
where лг is the instantaneous speed of material damage

( dm )
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oí is coefficient indicating material ability of plastic 
deformation

/3 is coefficient indirectly proportional to material cavi
tation strength

I is intensity of material cavitation wear which is the 
physical meaning the quantity proportional to the energy 
consumed in material for its crumbling and related to 
time unit and surface unit.

Solving the equation (1) is used for rating material cavita
tion tests m = f(t) by means of which parameters <x,/3 of mate
rial cavitation properties are determined with intensity of 
material cavitation damage I [3],[4]. This mathematical model 
can however be used for studying power relations in material 
damaged by cavitation.

2. INTENSITY OF MATERIAL CAVITATION WEAR

Physical meaning of the members on the left side of equation
(l) is the same as that of the right side, i.e. it represents 
the intensity of particular components of material cavitation 
wear. Component lA - /32v represensts intensity of material ca
vitation wear caused by own crumbling. It is the energy nee
ded for the overpowering cavitation strength of material 
which is crumbling; the energy is related to time unit and
cavited surface unit. Next component jtv

V" 2ot dt
gives intensity of material cavitation hardening. It is again 
a unit energy (related to surface unit damaged by cavitation) 
consumed in time unit with plastic deformations of material.

dV
The third component Im = dts represents one part of mate
rial cavitation wear intensity needed for the extention of 
cavited material area. The stage of developing cavitation 
wear brings the change of thickness of the material layer 
damaged by cavitation; which is penetrated by the power cau
sing the described changes. The change of the material layer 
damaged by cavitation evokes the need of power which is given
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by component I m • It is in substance the criterion of pla
stic déformations speed extention in material. So the equa
tion (1) may be transcribed as :

I + I M  = I ( 2 )m Ct Л J
In non-dimensional form :

_k + Í l + = 1 or i + i ♦ i . 1I I I  "> «. • (3)
where i  i  J*" I ’ V  * I > V  I
are proportional intensities of cavitation wear. The expre
ssions for proportional intensities of cavitation wear are 
derived from the mathematical model : (d = = / 3 t  )
-1 < cf< 1 , (off 0 ) ; со=\ГГТг

i m ^ “^(cosoa* - sin cj't j ; iÄ= 2 |y  e'rf<l:sin сог ; = 1 - e '^  si nejt + cos con:

< f > i  j d “0 =  / > * - Г

^  = j t f  K e4*-e' ); V = 7 Г Т  (e~ -e<1’ {*= 1" (<V * 'e' ^ )

d-./ ° (4)
im = е'г(1 -*t) V = 2^e 1̂ = 1-e"r(l + *)
cf = 0
im =cos<t 1л = о 1^=1-cost

The rate of single components^, ia , varies in time, as 
it is shown in fig. 2 (d“= 0,5 ; 1 ; 10 ). In the beginning the ma
terial damage is negligibly low and so in time t=0 is = 0 .
In the developed stage (right from point P) the whole power 
is consumed for material crumbling and so in time t i tp is 
i = 1 . Equation (3) may also be rated from the course of
cavitation test m = f ( t )  .

Hardening of material and cavited material area extention pre
vail in incubation period which is goven by the course of 
quantities t , im . Their rate reduces in the course of the 
second stage to the detriment of crumbling rate growing.
Intensity of material cavitation wear varies in the course
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of cavitation test. It proves the results of material cavita
tion rated by means of two parameter mathematical model. Time 
course of cavitation wear intensity may be indicated also by
the proportional quantity t= ~r~ , where I is intensity ofi j  s
material cavitation wear in^the developed stage, i. e. in 
time t — tp  .  Then - & , and from equation (1)
r = '
The course of proportional intensity and material cavitation 
wear is in figure 3. In incubation period plastic material is 
given a power multiplexy higher than that in the developed 
stage of cavitation wear. Material is hardened by cavitation 
effect, it receives less power and loses ability of plastic 
deformations.
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All the hitherto accounts of power proportions in cavited ma
terial were derived with the presumption of constant cavita
tion intensity. With vibratory facility e.g. the constant ca
vitation intensity is ensured by constant oscillation freque
ncy, constant amplitude and constant properties of caviting 
liquid. It must be noted that the third stage of the develo
ped material cavitation wear is typical for its linear course 
of damage, if the shape of the cavited surface of the model 
doesn't change essentially, e. g. by making a collar on cavi
tation specimen in a long-termed test. Diagram in figure 4 
gives a survey of power proportions in the course of material 
cavitation test. Cavitation intensity IK is constant at the 
same time. Then one part of I is given to material and is 
consumed in non-reversible processes, which is the earlier 
described intensity of material cavitation wear. The second 
part represents intensity Ip , consumed in elastic deformations 
of material which are reversible processes. Therefore there 
is the proportion between cavitation intensity IK and cavita
tion wear intensity I : IK = I + Ip (5)
Analogously there is the proportion for the developed stage 
of cavitation wear : IK = Is* Ips (6)
Cavitation intensity IK depends e. g. on wave intensity Iv 
(with vibratory facility), where: [ 5]

I¥ = у  (■> a col A2 = 29t̂ > a f2A2 ,
where

is density of liquid, a is sound speed in liquid,
со = 2 ,jrf is circular frequency, f is oscillation frequency,
A is oscillation amplitude of specimen.
Number of results of the rated cavitation tests brought the 
proportion for intensity of material cavitation wear I

m

Is = Q/3S
Various materials with various cavitation intensities had 
their exponent in the scale from m = 2,38 to4,35, coefficient 
from a = 0.0032A to 1,837. Intensity for elastic material deforma
tions Ipmay be expressed e. g. by static tensile strength 
limit á , e. g. Ip~ <=>’. With regard to dynamic character of ca
vitation effect and material fatigue the power dependence
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is given: Ip = b e."
There was done the proportion for steel-cast iron, cast-iron 
and bronze (cavitation test introduced in the report D8 at 
the conference in Bangalore, India, in 1967, whose author is 
prof. Varga): = Q /З^85 ♦ b <'7692 (8)
Usage of the described method for the study of power propor
tions during cavitation test of aluminium is given in diag
rams in figure 5. Indication of quantities used in equations 
corresponds to the indication of quantities in diagrams accor
ding to the following table.

i n a d i a g r a m n d l C a ^ 1 0 n  IM IA IB I А В M/MP T/TP NI V/.VS

quantity indication «■ /3 m t >) ̂  nr
in equations V Vi 1 ^  ß̂  rnp tp -^ 7  /rs

Cavitation test was made with vibratory facility with osci
llating specimen. At the same time a still (non-oscillating 
specimen), also aluminium, whose diagram is in figure 6, was 
subjected to cavitation effects. If we compare the diagrams 
the influence of the additional tension in specimen, which is 
caused by its oscillating, is apparent. Cavitation strenght 
considerably lowers.
3. CONCLUSION
Analysis of power proportions in material cavitation wear 
enables to evaluate cavitation properties of materials as 
for their cavitation resistance. A higher part of power for 
hardening and extention of the area of uspetting prolongs the 
firet stage, i. e. incubation period, and retards development 
of wear. Application of mathematical model of cavitation wear 
enables to determine cavitation properties of material and 
find power proportions in material damaged by cavitation in 
usually performed cavitation tests.

I
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D E T E R M I N A T I O N  O F  T H E  T H E O R E T I C A L  C H A R A C T E R I S T I C S  O F  M I X E D - F L O W
P U M P S

A .  N y í r i  a n d  L. B a r a n y i  

S U M M A R Y

A  p r o c e d u r e  is p r e s e n t e d  to d e t e r m i n e  t h e  t h e o r e t i c a l  
c h a r a c t e r i s t i c s  o f  a c a s c a d e  o f  b l a d e s  o n  a r b i t r a r y  s u r f a c e  
o f  r e v o l u t i o n  w i t h  v a r i a b l e  c h a n n e l  w i d t h  in a p u m p  i m p e l l e r  
b y  t r a c i n g  b a c k  t h e  s o l u t i o n  t o  a c i r c u l a r  c a s c a d e .

T h e  t h e o r e t i c a l  c h a r a c t e r i s t i c s  o f  a p u m p  h a n d l i n g  i n 
c o m p r e s s i b l e  i n v i s c i d  f l u i d  c a n  be g e n e r a l l y  d e t e r m i n e d  

t h r o u g h  s o l v i n g  t h e  d i r e c t  p r o b l e m  o f  a c a s c a d e  [ l ] . F o r  t h e  
c a s e  o f  a r a d i a l  t r o u g h - f l o w  p u m p  w i t h  t h i n  b l a d e s  h a v i n g  a 
c e r t a i n  c o u r s e  o f  c h a n n e l  w i d t h  t h e  t a s k  h a s  b e e n  s o l v e d  b y  
M u r a t a  a n d  h i s  c o - a u t h o r s  [2]. T h e  r e s u l t s  o f  t h e  l a t t e r  a r e  
p l o t t e d  o n  d i a g r a m s  w h i c h  c a n  be a p p l i e d  if t h e  i n a c c u r a c y  
i n t r i n s i c  to t h e  w a y  t h e  d a t a  a r e  g i v e n  is a d m i s s i b l e .

A  p r o c e d u r e  w i l l  be s h o w n  i n  o r d e r  to e x t e n d  t h e  s c o p e  
o f  t h e  m e t h o d  w o r k e d  o u t  f o r  r a d i a l  i m p e l l e r  t o  t h e  g e n e r a l  
c a s e  o f  a c a s c a d e  o f  b l a d e s  in a p u m p  o n  a r b i t r a r y  s u r f a c e  o f  
r e v o l u t i o n  h a v i n g  t h e  s a m e  w i d t h  d i s t r i b u t i o n  a s  t h a t  o f  t h e  
r a d i a l  o n e .

F i g . l

T h e  l o g a r i t h m i c  s p i r a l  s h a p e d  t h i n  b l a d e  c l o s i n g  t h e  a n g l e  
Л w i t h  t h e  r a d i a l  d i r e c t i o n  i s  s h o w n  o n  F i g . l a .  G e n e r a l l y  t h e
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c a s c a d e  o f  b l a d e s  a r e  o n  a s u r f a c e  o f  r e v o l u t i o n  (F) t h e  m e 
r i d i o n a l  c u r v e  o f  w h i c h  is g i v e n  b y  t h e  f u n c t i o n  6' = 6" (r)
/ s e e  F i g . l b / .  T h e  c h a n n e l  w i d t h  v a r i e s  f r o m  b ^  to b ^  in b o t h  
c a s e s .  T h e  t a s k  is to f i n d  t h e  a n g l e  a n d  p r o p o r t i o n  p r e s e r v i n g  
t r a n s f o r m a t i o n  b e t w e e n  t h e  t w o  s u r f a c e s  s e c u r i n g  t h e  s a m e  
v e l o c i t y  p o t e n t i a l  i n  t h e  s a m e  w a y  a s  t h e  c o n f o r m a l  m a p p i n g  
b e t w e e n  t w o  c o m p l e x  p l a n e s .

T h e  a b o v e  c o n d i t i o n s  a r e  d e s c r i b e d  b y  t h e  f o l l o w i n g  e q u a t i o n s  
u s i n g  t h e  n o t a t i o n s  d r a w n  o n  F i g . 2

fon« = ̂ = - M e  , dl=M. (P ) cIIr  (1)Ü6 dR /
w h e r e  t h e  f u n c t i o n  ji(P) is to d e p e n d  s o l e l y  o n  p o i n t  P. It is 
e a s y  to v e r i f y  t h a t  the m a p p i n g  f u n c t i o n  c a n  b e  c h o s e n  a s  f o l 
l o w s :

R = Ri e*p| / T^j > e = <P j (2)

a n d  o n  t h i s  b a s i s  t h e  c o n n e c t i o n  b e t w e e n  t h e  v e l o c i t y  c o n  t h e  
s u r f a c e  (F) a n d  t h e  v e l o c i t y  c o n  t h e  r a d i a l  p l a n e  is o b t a i n -  
e d  a s  b e l o w

С Г — C R  R  ®
T h e  i n f i n i t e l y  t h i n  l o g a r i t h m i c  s h a p e d  b l a d e s  o f  a n g l e  A a n d  
n u m b e r  N w i l l  c o r r e s p o n d  to t h e  c u r v e  c l o s i n g  t h e  c o n s t a n t
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a n g l e  Л w i t h  t h e  m e r i d i o n a l  d i r e c t i o n  o n  t h e  s u r f a c e  o f  r e 
v o l u t i o n  (F) w i t h  t h e  s a m e  n u m b e r  o f  b l a d e s  N. In o r d e r  to 
d e f i n e  o n  b o t h  s u r f a c e s  d i m e n s i o n l e s s  q u a n t i t i e s  w i t h  t h e  
s a m e  v a l u e s  w e  c a n  c h o o s e  w i t h o u t  l o s i n g  t h e  g e n e r a l i t y  t h a t  

t h e  o u t e r  d i a m e t e r s  a r e  e q u a l  i . e .  r2 =R2 .

T h e  t h e o r e t i c a l  c h a r a c t e r i s t i c s  o f  a c i r c u l a r  c a s c a d e  
w h e n  n o  p r e w h i r l  e x i s t s  c a n  b e  d e t e r m i n e d  b y  M u r a t a ’s d i a g r a m s  
/ t o  be f o u n d  h e r e  a l s o / .  T h e  e q u a t i o n  o f  t h e  t h e o r e t i c a l  c h a r 
a c t e r i s t i c s  is

¥»(*)-К W
w h e r e  V is t h e  p r e s s u r e  n u m b e r  e x p r e s s e d  b y  t h e  s p e c i f i c  e n 
e r g y  У a n d  t h e  p e r i p h e r a l  v e l o c i t y  u2 b e l o n g i n g  t o  t h e  r a d i u s  R2

H i * -  (5)
a n d  Ф is t h e  f l o w  n u m b e r  d e f i n e d  b y  t h e  v o l u m e  r a t e  o f  f l o w  Q 
a s  f o l l o w s

<f =----5--  (6)r 2JrR2 b2 u2

T h e  v a l u e s  f o r  V0 a n d  km i n  E q u .  (4) a r e  to b e  i n t e r p o l a t e d  
f r o m  t h e  d i a g r a m s .  T h e  p r e s s u r e  n u m b e r  Vs b e l o n g i n g  to t h e  
s h o c k l e s s  e n t r y  is to be t a k e n  f r o m  t h e r e  t o o ;  w i t h  t h a t  Vs

t h e  c o r r e s p o n d i n g  f l o w  n u m b e r  <f>s c a n  b e  d e t e r m i n e d

$s=km cotanЛ (-Í ~ Y ~ j  ' ^

T h e s e  q u a n t i t i e s  c a n  b e  c a l c u l a t e d  in t h e  s a m e  w a y  f o r  t h e  
c a s c a d e  o n  t h e  s u r f a c e  (F) if w e  c o m p u t e  t h e  v a l u e  o f  R ]_/R 2 
u p o n  E q u  . (2) l i k e

gl
-Rd-= e -a‘ w h e r e  а<-=/ т ^  ' (8)
2 о

In t h e  c l a s s i c a l  s t r e a m  f i l a m e n t  t h e o r y  t h e  r e l a t i v e  
s t r e a m l i n e s  in t h e  i m p e l l e r  a r e  c o n s i d e r e d  to be c o n g r u e n t  
w i t h  t h e  b l a d e  s h a p e .  In t h i s  c a s e  w h e n  t h e r e  is n o  p r e w h i r l  
t h e  r e l a t i o n s h i p  b e t w e e n  t h e  p r e s s u r e  a n d  f l o w  n u m b e r s  is w e l l  
k n o w n : fa\
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T h e  v a l u e s  b e l o n g i n g  to t h e  s h o c k l e s s  e n t r y  a r e

*.--(тк)г1ъс°ш * ' ■ № )
N o w  t h e  v a l u e  o f  t h e  s l o p e  f a c t o r  c a n  b e  c a l c u l a t e d

j . tu#..) af] , ,

4 ’ -(£ -/£ ]
T h e  s l o p e  f a c t o r  c a n  be d e f i n e d  w i t h  t h e  v a l u e s  b e l o n g i n g  to 
t h e  s h o c k l e s s  e n t r y  o f  t h e  t h e o r e t i c a l  c h a r a c t e r i s t i c s  b y

P U & )  ■ ( j
T h e s e  l a s t  t w o  v a l u e s  a r e  c l o s e  w h e n  t h e  c a s c a d e  is d e n s e .

1
T h e  p r e v i o u s  e x p r e s s i o n s  m a y  b e  s u f f i c i e n t  a p p r o x i m a 

t i o n s  if t h e  b l a d e  a n g l e  is n o t  c o n s t a n t  o n  t h e  s u r f a c e  (F).
W e  c a n  t a k e  t h e  a n g l e  o f  t h e  l o g a r i t h m i c  s p i r a l  f i t t e d  o n  t h e  
l e a d i n g  a n d  t r a i l i n g  e d g e s  o f  t h e  b l a d e  b y

tan Я = "oT (i3)
w h e r e  fL is t h e  s p a n  a n g l e  o f  a b l a d e  o n  i t s  a x i a l  v i e w  
/ F i g . 1 /.

T h e  d e t e r m i n a t i o n  o f  t h e  t h e o r e t i c a l  c h a r a c t e r i s t i c s  o u t 
l i n e d  a b o v e  m a y  b e  a g o o d  a s s i s t a n c e  in d e s i g n i n g  i m p e l l e r  
b l a d i n g  in  t h e  s i m p l e  c l a s s i c a l  w a y .

R E F E R E N C E S

[1] N Y Í R I , A . :  D e t e r m i n a t i o n  o f  t h e  T h e o r e t i c a l  C h a r a c t e r i s t i c s
o f  H y d r a u l i c  M a c h i n e s ,  b a s e d  o n  P o t e n t i a l  T h e o r y .  A c t a  
T e c h n .  A c a d .  S e i .  H u n g .  6 9  / 1 9 7 о /  2 4 3 - 2 7 3 .

[2] M U R A T A , S . - O G A W A , T . - G O T O H , M . : O n  t h e  F l o w  in a C e n t r i f u g a l
I m p e l l e r  / 2 n d  R e p o r t ,  E f f e c t s  o f  c h a n g e  in I m p e l l e r  
W i d t h / .  B u l letin o f  t h e  3 S M E ,  V o l . 2 1 ,  N o . 1 5 1 .  / 1 9 7 8 /  

9 0 - 9 7 .
[3 ] H O F F M E I S T E R , M . : Z A M M , B a n d  4 o , H e f t  6 / 1 9 6 o - 4 /  T - 1 3 5
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D r .  A n d r á s  N Y Í R I
H e a d  o f  t h e  H y d r a u l i c  D e p .  G a n z - M á v a g  B u d a p e s t  
H - 1 9 6 7  B u d a p e s t ,  K ö n y v e s  K á l m á n  k r t .  7 6 .
P r o f ,  at t h e  T e c h n i c a l  U n i v e r s i t y  f o r  H e a v y  I n d u s t r y ,  
M i s k o l c

D r .  L á s z l ó  B a R A N Y I  l e c t u r e r
D e p a r t m e n t  o f  F l u i d  M e c h a n i c s  a n d  H e a t  E n g i n e e r i n g  

T e c h n i c a l  U n i v e r s i t y  f o r  H e a v y  I n d u s t r y  
H - 3 5 1 5  M i s k o l c - E g y e t e m v á r o s ,  H u n g a r y



N U M E R I C A L  M E T H O D  F O R  C A L C U L A T I N G  T H E  F L O W  A R O U N D  A  C A S C A D E
O F  A E R O F O I L S

A .  N y í r i  a n d  L. B a r a n y i  

S U M M A R Y

A  F O R T R A N  1 9 o o  c o m p u t e r  p r o g r a m  h a s  b e e n  w r i t t e n  t h a t  
g i v e s  t h e  s o l u t i o n  o f  t h e  2 - D  i n c o m p r e s s i b l e ,  i n v i s c i d  f l o w  
p r o b l e m  f o r  a r o t a t i n g  c a s c a d e  o f  b l a d e s  o n  t h e  m e a n  s u r f a c e  
o f  a s t r e a m  c h a n n e l  w i t h  c o n s t a n t  w i d t h .  T h e  p r o g r a m  is b a s e d  
o n  a k n o w n  s o l u t i o n  o f  t h e  t a s k .  T h e  p a p e r  i n c l u d e s  t h e  e q u a 
t i o n s  to be  s o l v e d ,  t h e  a p p l i e d  n u m e r i c a l  m e t h o d s ,  t h e  f l o w  
c h a r t  o f  t h e  c o m p u t e r  p r o g r a m  a n d  s a m p l e  c a l c u l a t i o n s  in c o m 
p a r i s o n  w i t h  e x p e r i m e n t a l  t e s t  a n d  c l a s s i c a l  s o l u t i o n s .

1. D E S C R I P T I O N  O F  M E T H O D  A N D  B A S I C  E Q U A T I O N S

T h e r e  a r e  a f e w  s o l u t i o n s  to d e t e r m i n e  t h e  s t r e a m  p a t t e r n  
a r o u n d  a c a s c a d e  o f  f o i l s  o n  a s u r f a c e  o f  r e v o l u t i o n  a s s u m i n g  
f r i c t i o n l e s s  f l u i d  [l] ,[4] ,[7], [lo] . M o r e  k n o w n  p a p e r s  a r e  f o r  
s t r a i g h t  c a s c a d e s  to b e  s t u d i e d  w h e n  p r e p a r i n g  a c o m p u t e r  
p r o g r a m  f o r  t h e  m o r e  g e n e r a l  c a s e  [5], [6],[9] .

A  f u l l  d e v e l o p m e n t  o f  t h e  b a s i c  t h e o r y  is d e s c r i b e d  in [7 ]. 
F o r  t h e  t i m e  b e i n g  w e  t a k e  t h e  s p e c i a l  c a s e  w h e n  t h e  c h a n n e l  
w i d t h  is  c o n s t a n t .  In t h e  p a p e r  m e n t i o n e d  t h e  a r c  l e n g t h  c o o r 
d i n a t e  is u s e d ,  w h i c h  is to be t r a n s f o r m e d  to a p o l a r  c o o r d i 
n a t e  s y s t e m  b y

^̂ -ds=w(4>)ld'P m

/ s e e  F i g . l / .  W i t h  t h i s  t h e  i n t e g r a l  e q u a t i o n  c o n c e r n i n g  t h e  
r e l a t i v e  v e l o c i t y  W(*p) to b e  s o l v e d  is a s  f o l l o w s :

+  =F(f) (2)
0

w h e r e  t h e  k e r n e l  f u n c t i o n  is

cos/? op) -X(<P')J-C0S-*A [iÄ W -yw J

T h e  l i m i t  v a l u e  o f  t h i s  f u n c t i o n  w h e n  f — » V i s

У  (<р, Фкт X  (у, ф  т - . .  . -h 4- у W • Wr-V X (9)-t-y2(4>) Т
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F i g  .1

I n t r o d u c i n g  t h e  t r a p e z o i d a l  i n t e g r a t i o n  w i t h  N 1  p i v o t a l  points 
/ e v e n  n u m b e r /  E q u . ( 2 )  b e c o m e s

m
Z I Klj wj =F1( f a n  К., -t F2i + ío (Fxu  +f3h) [ í = 1 , 2 , - , N 1 ) (7 )

6 2 4

T h e  r i g h t - h a n d  s i d e  o f  E q u . ( 2 )  c a n  b e  c o m p o s e d  o f  t h r e e  parts

FM=F1(if) tanXi t F2(v) + oj[FjoM+Fji(f)] Ф
w h e  re

F< M = 2  Ú M  i F 2 ( V ) = 2 x (Y) ;
23Г

Ш(6)
J 0

[ ^ W < № ) - y W ^ ] 5 i n / ) ^ [ y ( y ) - yfyi| t  [ y ( r ) ú m x m ú W ) \s in  Z f \u № - № ' \  

cosh *pjx№)-x CP')] -  cos 2Л. [y(<p)-y(V’)]

S i n c e  Gfa.f) h a s  a f i r s t  o r d e r  s i n g u l a r i t y  a t  Ч5' = 4* , t h e  
C a u c h y ' s  p r i n c i p a l  v a l u e  o f  t h e  i n t e g r a l  in m u s t  be
t a k e n .  N o t e  t h a t  if t h e  c a s c a d e  is e i t h e r  s t a t i o n a r y  o r  a x i a l  
t h e  l a s t  t e r m  in E q u . ( 5 )  v a n i s h e s .  In t h e  f i r s t  c a s e  со = 0 
a n d  in t h e  s e c o n d  o n e  t h e  s u m  in b r a c k e t s  b e c o m e s  z e r o .  In 
b o t h  c a s e s  t h e  c o m p u t a t i o n a l  w o r k  is b e i n g  r e d u c e d  to t h a t  o f  
a s t r a i g h t  c a s c a d e .



F i g . 2

T a k i n g  i n t o  c o n s i d e r a t i o n  t h e  r e s u l t s  i n  p a p e r  [б] t h e
s u m  o f  e a c h  c o l u m n  o f  m a t r i x  K. . is z e r o .  T h u s  t h e  s y s t e m  o fij
l i n e a r  a l g e b r a i c  e q u a t i o n s  (7) is i n d e t e r m i n a t e .  A p p l y i n g  t h e  
K u t t a - D o u k o w s k i  c o n d i t i o n  in t h e  f o r m  b e l o w

WM = -ocW1 (ц)
-  w h e r e  <x =  1 - t h e  s y s t e m  (7) b e c o m e s  d e t e r m i n a t e :

625

w h e  re

félj =  ■ • -,N1) i (8)

w;=w(Vj); Fi-F(fc) j %-b~0,5)jpj- > (9)
Л  f  j = 2JT/N1 a n d  \л/(<р) is c o n s i d e r e d  to be c o n s t a n t  o v e r  a (Afj) 
i n t e r v a l .  T h e  c h o i c e  o f  s u c h  a d i s t r i b u t i o n  o f  t h e  p i v o t a l  
p o i n t s  r e s u l t s  i n  a p r o p e r  d e n s i t y  in t h e  v i c i n i t y  o f  t h e  
e d g e s  / F i g . 2 / .  T h e  k e r n e l  f u n c t i o n  (3) is v e r y  s t e e p  w h e n  t h e  
s u m  o f  i a n d  j is n e a r  to N 1  i . e .  t h e  p o i n t s  a r e  o n  t h e  o p p o 
s i t e  s i d e  o f  t h e  p r o f i l e .  T h e  p r o b l e m  a r i s i n g  d u e  to t h e  
s t e e p n e s s  o f  is o v e r c o m e  b y  a p p l y i n g  E q u . ( 8 )  o t h e r w i s e

Kij =  -jyj M(>ph fj) + Sij (10)
b y  w h i c h  s u f f i c i e n t  a c c u r a c y  i s  a t t a i n e d .  U s i n g  E q u .  (lo) o n l y  
w o u l d  l e a d  to  a p o o r  s o l u t i o n  p a r t i c u l a r l y  i n  t h e  c a s e  o f  
t h i n  f o i l s .



. J

М-1 ,
ZZKtjwj^R (1 = 1,2,- ,N1-1) (12)
J=1

w h e r e
K;j = K i j - K w i S j i  ( i , j = 1 , 2 ,  ■' ,N 1 -1 )  (13)

T h e  m e a n i n g  o f  c o n d i t i o n  (11) i s  t h a t  t h e  s t a g n a t i o n  p o i n t  is 
n e a r  to t h e  t r a i l i n g  e d g e .  W e  n o t e  t h a t  t h e  m a t r i x  i s  a
w e l l  c o n d i t i o n e d  o n e .

T h e  s y s t e m  o f  e q u a t i o n s  (12) is to be s o l v e d  w i t h  t h r e e  

d i f f e r e n t  R H S  / s e e  E q u . ( 7 ) / .  T h e  t r a n s f o r m e d  v e l o c i t y  c a n  be 
w r i t t e n  at t h e  i n c i d e n c e  a n d  a n g u l a r  v e l o c i t y  со a s  f o l l o w s :

W/ = wtí tan + w2i + о  w3i (14-)
w h e r e  w - ^ ,  w ^ ^  a r e  t h e  t h r e e  d i f f e r e n t  s o l u t i o n s  o f  E q u .
(12). U s i n g  t r a n s f o r m a t i o n  (1) t h e  c o n t o u r  v e l o c i t y  a s  a f u n c 
t i o n  o f  a r c  l e n g t h  is

a n d  o n  t h e  s u r f a c e  o f  r e v o l u t i o n  is:

W p t s  ri VV)X
f u r t h e r m o r e  t h e  p r e s s u r e  c o e f f i c i e n t  o n  t h e  s a m e  s u r f a c e  is:

« i m - m 2 • <*>

T h e  d i m e n s i o n l e s s  c i r c u l a t i o n  o f  t h e  a b s o l u t e  v e l o c i t y  is

Ы Г  K< tan + + (Кз - (18)

w h e  re

?тг N1 N1
K^ = i N T ^ Wl'2i a n d  • (19)

1 = 1 '3 N1 /=1
In c a s e  o f  a n  a x i a l  c a s c a d e

K 3 = 0  a n d  =  (20)
Гг К

w h i l e  u 2 y  = 0  s t a n d s  f o r  a s t a t i o n a r y  c a s c a d e .
B y  u s i n g  t h e  w e l l  k n o w n  r e l a t i o n s h i p  b e t w e e n  t h e  c i r c u l a t i o n  

a n d  t h e  p r e s s u r e  n u m b e r  Ц a n d  f l o w  n u m b e r  Ф t h e  t h e o r e t i c a l
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c h a r a c t e r i s t i c s  o f  a p u m p  is;

4 p = 2 ( K 2- K i c o t a n o c фр + 2  2 +  и /  -  K 3 ( 21 )

a n d  t h o s e  o f  a t u r b i n e

VT= 2 ( K 2 +  К1 c o ta n  о <<)Фг + 2  ~K< +(K3 -  • ( 2 2 )
T h e  o u t l e t  a n g l e  % 2 / F i g . l /  f o r  a p u m p  is g i v e n  b y  t h e  r e l a 

t i o n

t a n  X 2 =  1 -  K< ч - К з - г с /  ^ -  +  f a  -  1)cotan<x< - K 2 ( 2 3 )
a n d  f o r  a t u r b i n e

ta n Y 2 =  K 3 - ( 1+K3- k / ) ( ^  +  (1 ~ K i)co ta n c< i -  Kz • (2 4 )

T h i s  m e t h o d  o f  s o l u t i o n  a n d  t h e  c o m p u t e r  p r o g r a m  c a n  
a l s o  b e  u s e d  to d e t e r m i n e  t h e  f l o w  a r o u n d  a s i n g l e  f o i l  if w e

4
p u t  t/i— -oo / i n  p r a c t i c e  t// S  lo /.

F u r t h e r  d e v e l o p m e n t  o f  t h i s  m e t h o d  is in p r o g r e s s  f o r  t h e  
c a s c a d e  f l o w  w i t h  v a r i a b l e  s t r e a m  s h e e t  t h i c k n e s s .

2.  N U M E R I C A L  A N A L Y S I S

S i x  a r e a s  o f  n u m e r i c a l  a n a l y s i s  a r e  r e q u i r e d  in t h e  s o l u 
t i o n  o f  t h i s  p r o b l e m .

a /  D a t a  s m o o t h i n g
A s  s h o w n  b y  p r e v i o u s  w o r k e r s  a n y  s m a l l  p e r t u r b a t i o n s  in 

t h e  p r o f i l e  d a t a  d u e  to i n a c c u r a c y  m u s t  b e  r e m o v e d  b e f o r e  
e n t e r i n g  t h e  d i f f e r e n t i a t i n g  p r o c e d u r e  b e c a u s e  d i f f e r e n t i a 
t i o n  a m p l i f i e s  e r r o r s ,  l e a d i n g  to p o o r  s o l u t i o n .  T h e  p o w e r f u l  
m e t h o d  in [8] is u s e d  i n  w h i c h  m e t h o d  t h e  g r a d u a t e d  v a l u e s  
o b t a i n e d  m i n i m i z e  b o t h  t h e i r  r - t h  d i f f e r e n c e s  a n d  t h e i r  d e v i a 
t i o n s  f r o m  t h e  v a l u e s  to be s m o o t h e d  s i m u l t a n e o u s l y .  In t h e  
p r o g r a m  r = 3.

b /  N u m e _ r i c a l  d^i_ff£ren_t i a /  jLon
T o  o b t a i n  d e r i v a t i v e s  f o r  v a l u e s  g i v e n  a t  e q u i d i s t a n t  

p o i n t s  t h e  f i v e  p o i n t  f o r m u l a  is u s e d :
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с /  E v a l u a t i n g  t h e  C a u c h y ' s  £ r i n c i £ a l  v a l u e  fo_r_£he i n t ^e£ral
v , ДХ

l° +i< (25)
v AX

, 2 w h e  re

x-6 x + ~ p

I0 =  [ - ^ d x '  +  ,0 J x -х’ J X - X 'х - й £  x + £
O O  с  2П-*"/

T h e  l a t t e r  e x p r e s s i o n  is o b t a i n e d  b y  e x p a n d i n g  f (x’) i n t o  
T a y l o r  s e r i e s  a r o u n d  x a n d  p e r f o r m i n g  t h e  i n t e g r a l  in (25) 

o v e r  t h e  i n t e r v a l  [x-£,x+f] ( б < д х / 2 ;  s m a l l  p o s i t i v e  n u m b e r ) .
T h e  i n t e g r a t i o n  s e t s  u p  f r o m  t h e  e n d p o i n t s  o f  i n t e r v a l [ x - A x / 2 ,  
x + A x / 2 ]  a n d  t e n d s  t o w a r d s  t h e  p o l e  u n t i l  t h e  c o n d i t i o n

|2£ffx)|<£
is s a t i s f i e d ,  w h e r e  E is t h e  e r r o r  b o u n d .  A s  a r e s u l t  w e  
h a v e

lSsIo~2£f'(x) ■

d /  I n t e r p o  la t_io n
- N e w t o n ' s  g e n e r a l  i n t e r p o l a t i o n  f o r m u l a  / d i v i d e d  d i f -  

fe r e n c e s /
- H e r m i t e  i n t e r p o l a t i o n

e /  N u m e £ i £ a l i _int_e£ration
- T h e  r e c t a n g l e  r u l e
- S i m p s o n ' s  r u l e
- R o m b e r g ’s m e t h o d

f /  S o l v i n g  _the s e t  £  f _ l i n e a  r; e q u a t i o n s
A  s u b r o u t i n e  w h i c h  p r o v i d e s  i t e r a t i v e  i m p r o v e m e n t  o f  

s o l u t i o n  is u s e d  a v a i l a b l e  at t h e  D e p . o f  C o m p u t i n g  T e c h n i 
q u e s  at  t h e  T e c h n i c a l  U n i v e r s i t y  in M i s k o l c .

6 0 h f k ' - f M - f M  -  +  •
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3. F L O W  C H A R T  O F  C O M P U T E R  P R O G R A M

^  s t a r t )
V I ^

R E A D  C A S C A D E  G E O M E T R Y

M A P  T H E  C I R C U L A R  C A S C A D E  T O  A  S T R A I G H T  O N E  

I N T E R P O L A T E  A T  P I V O T A L  P O I N T S  (x,y,r)

D E R I V A T E  A N D  S M O O T H  A T  P I V O T A L  P O I N T S  ( x , y , r , x , y , r , x , y )
- I ..

S E T  U P  M A T R I X
,__________ I __________________
R E D U C E  M A T R I X  (K U T T A - O O U K O W S K I  C O N D I T I O N )

C A L C U L A T E  R H S  O F  L I N E A R  S Y S T E M  
( E V A L U A T I O N  O F  T H E  C A U C H Y ' S  P R I N C I P A L  V A L U E )

S O L V E  T H E  T H R E E  B A S I C  S Y S T E M S
___________  1 _____________
C A L C U L A T E  P R O F I L E  V E L O C I T I E S ,  P R E S S U R E  C O E F F I C I E N T S  A N D

C A S C A D E  P A R A M E T E R S  

(  S T O P

4. S A M P L E  C A L C U L A T I O N S

T h e  c o m p u t e r  p r o g r a m  h a s  b e e n  t e s t e d  a g a i n s t  a s e r i e s  o f  
a x i a l  t u r b i n e  c a s c a d e s  w h e r e  t e s t  r e s u l t s  a r e  a v a i l a b l e  [3], 
a n d  a n u m b e r  o f  a n a l y t i c  s o l u t i o n s  r e l a t i n g  to s i n g l e  f o i l s .  
T h e  a g r e e m e n t  b e t w e e n  t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  / o r  
a n a l y t i c /  d i s t r i b u t i o n s  is q u i t e  s a t i s f a c t o r y .  D u e  to l a c k  
o f  s p a c e  o n l y  t w o  e x a m p l e s  a r e  s h o w n  / s e e  F i g . 3 ,  F i g . 4 / .
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N O T A T I O N

A  A r e a  o f  a f o i l ' s  a x i a l  p r o j e c t i o np a x  r J
c P r e s s u r e  c o e f f i c i e n t
P

c A b s o l u t e  v e l o c i t y
IfiTiT’) K e r n e l  f u n c t i o n
1<1,1<2»1<з D i m e n s i o n l e s s  c o n s t a n t s  / c a s c a d e  p a r a m e t e r s /
/ C h o r d  l e n g t h
N N u m b e r  o f  b l a d e s
N 1  N u m b e r  o f  p i v o t a l  p o i n t s
p P r e s s u r e
r R a d i u s
s A r c  l e n g t h
t C a s c a d e  b l a d e  p i t c h  in t h e  m a p p e d  p l a n e
x , y  D i m e n s i o n l e s s  c o - o r d i n a t e s  i n  t h e  m a p p e d  p l a n e
x , y , , .  D e r i v a t i v e s  w i t h  r e s p e c t  to f 
u P e r i p h e r a l  v e l o c i t y
w  R e l a t i v e  v e l o c i t y
a  T r a i l i n g  e d g e  l o a d i n g  c o e f f i c i e n t
cx^ U p s t r e a m  a n g l e  o f  t h e  a b s o l u t e  v e l o c i t y
Sr. . K r o n e c k e r  d e l t a0 ij

^ S t a g g e r  a n g l e
g F l u i d  d e n s i t y
6" A r c  l e n g t h  c o - o r d i n a t e  o n  t h e  s u r f a c e  o f  r e v o l u t i o n
<p P o l a r  a n g l e
ф  F l o w  n u m b e r
Z  A n g l e  i n c l u d e d  b y  a d i r e c t i o n  w i t h  t h e  x - a x i s
^  P r e s s u r e  n u m b e r
со A n g u l a r  v e l o c i t y

S u b s c r i p t s

i , j  L o c a t i o n s  in a p r o f i l e  c o n t o u r
P P u m p
R O n  t h e  s u r f a c e  o f  r e v o l u t i o n
T  T u r b i n e
x , y  C o m p o n e n t s  in t h e  c o r r e s p o n d i n g  c o - o r d i n a t e  diectLons

оо I n f i n i t y
1,2 U p s t r e a m  a n d  d o w n s t r e a m ,  r e s p e c t i v e l y
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EXPERIMENTAL STUDY OF SOME DYNAMIC CHARACTERISTICS OF A 
LOW-SPEED FRANCIS TURBINE
V.S.Obretenov and V.M.Kichev

I. INTRODUCTION
The operation of water turbines can be considered a steady 
process in a sense that it is cyclically repeated at least at 
every second revolution of the impeller. This basic cycle, how 
ever, is accompanied by a number of non-stationary phenomena 
occurring at the hydrodynamic grates as well as in the turbine 
as a whole. With the non-steady operating conditions of the 
turbine, some quantitative and qualitative changes in the 
stream parameters take place; the hydrodynamic forces that 
appear give rise to some dynamic stresses. Since these pheno
mena depend on the geometry of the stream part, they can be 
controlled to a certain extent. This makes it necessary to car 
ry out complex investigations of the non-steady and quasi-stea 
dy processes of water turbines.
This paper presents the results of the experimental investiga
tions made on a Francis turbine model with a very low speed: 
n g = 73 min .
II. EXPERIMENTAL SET AND GENERAL DISCUSSION OF TESTS
Tests have been carried out on an universal turbine stand at 
the Hydraulic Turbo-machines Laboratory, at the Higher Insti
tute of Mechanical and Electrical Engineering, Sofia, under a 
head H = 6,5 - 16 n ^ O .  F i g . 1 shows the model block diagram of 
the stand. The model turbine has a vertical shaft, the volute 
chamber has an angle of range 5° = 345°, the guide vanes are 
asymmetrical with a positive curvature, the diffuser is crank
like with a hight of h = 2,33 D ^ . Two impellers have been 
tested /P073-0 and P073-A1/ with a diameter D^ = 0,4 m.
The guide vanes position is controlled by a transducer for 
linear displacement 1, of the type 7DCPT-1000 Hewlett Packard, 
mounted to the lever of the controlling mechanism. The diffe
rent time of closing /opening/ of the guide vanes is achieved 
by changing the supply voltage of the controlling mechanism.
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The pressure at the case inlet, and after the impeller, is me a
sured respectively by the membrane 2 and the bellows 3 pressure 
transducers which are of the induction type. The turbine shaft 
torque is measured by means of a force transducer 4 attached to 
the hydraulic brake stator. Discharge is measured by an origi
nal discharge-meter 5 which is with an elastically supported 
lokal resistance [11. The frequency of the turbine rotation is 
measured by an induction transducer 6.
The signals of the primary transducers are supplied to two me a
suring amplifiers 7 of the type UM 131, and after passing thro
ugh auxilliary adjusting stages 9 and 10 of the type 8MW-1 and 
AS 101/102, they show on the screen of an oscilloscope 8 of the 
type USG-101 and can be simultaneously recorded on a loop oscil 
lograph 11 of the type 8LS-1.

III. RESULTS OF THE INVESTIGATIONS
1. Investigating the measured values at various closing times 
of guide vanes.
Tests have been performed by a P073-A1 impeller. The latter 
has been worked out after a numerical experiment done by a 
digital computer [2] and it represents an improved version of 
the basic P073-0 impeller, by means of which similar tests had 
been carried out.
Fig.2 shows records of the measured values at a linear closing 
/T$= 8 s and T s = 5,5 s/. From the oscillogram given it can be 
seen that there is a certain delay in discharge variation with 
respect to guide vanes closing. Along with it, a pressure in
crease at the volute chamber inlet is observed which is accoun
ted for by the closed circuit operation of the stand. Due to 
this, the shaft moment also keeps relatively constant for the 
great part of the closing time and it decreases fast to 0 only 
at the end of the run. The frequency of rotating decreases to 0 
simultaneuosly with the guide vanes closing, due to the consi
derable resisting moment of the hydraulic brake.
The pressure variation after the impeller has a clearly expres
sed minimum in the region of the rated opening aQ = a0 /a0n = 1 •
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This can be also seen from the plotted generalized graphic 
relation Fig. 3 which represents the change of the double amp
litude 2Ä = 2A /H in a function of the closing time T =T /T

£ p s s s П
and the relative opening of guide vanes I Q . By this relation, 
the closing time of guide vanes can be determined when the pre
ssure variation after the impeller is at its minimum. The con
clusions made can be referred to the original machine supposing 
the similarity criteria are observed.
2. Investigating the Pressure Variation after the Impeller un
der Steady Operating Conditions.
Investigations have been carried out at various openings of 
guide vanes /aQ = var./ and shaft loads /  n4' = var, aQ = const/ 
for the two impellers. Figs.4a - 4c present oscillograms refer
ring to three types of operating conditions of the P073-0 im
peller (a total of 84 operating conditions have been tesred).
The oscillogram processing shows that they are characterized 
by a normal /Gauss/ distribution of the double amplitude 2A.
This is illustrated on Fig.4a by the plotted histogram of the 
empirical distribution of A and the theoretical curve of the 
normal distribution describing them.
The obtained-data processing enabled the plotting of the cha
racteristics shown on Figs.5 and 6, which express the relation

2Ä = f (V , Y , a0 ) /1/
for the two impellers. The comparative analysis of the two cha
racteristics is good reason to come to the following conclu - 
sion s:
- the pressure variation in the investigated section is of a 
relatively small amplitude; with the P073-A1 impeller, they are 
lower for the whole range of tested operating conditions.
- with the P073-A1 impeller the minimum value of 2A coinsides 
exactly with the maximum value of efficiency / ¥„ = 0,275;
У'п = 4,8/, while with the P073-0 impeller a considerable dis
placement is observed with respect to the pressure c o e f f ic ie nt # 
Besides, the gradient of 2A noticeably increases with openings 
aQ < ao n - This is characteristic feature of medium and high-
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speed Francis turbines, as well [3,4,5]. Apart from the ampli
tude, a point of interest is the determination of the variation 
frequency after the impeller and in the diffuser. In these 
cases, the well-known Rheingans formula /6 / is most frequent
ly applied, and it is:

f = n/60 к /2/
having in mind that for Francis turbines к = 3,6.
Pazi's investigations /6/ enabled him to recommend some expre
ssions for determinating the frequency and amplitude of pressu
re variation in the diffuser, and they also account for the 
turbine operating conditions:

f = (0 ,56 + 0 ,60) ( 1 - -P f  ff,«--  ) -p- /3/

A = (0 ,65 +-0,85) ( 1 - -П Г  fLQii2 /4/
П1 G/m 9

In his study, Y.Hosoi [4J pays attention to the influence of the 
Cu2 circumference component distribution on the frequency of 
pressure variation at the diffuser wall. As a result of this 
study, he offers the following equation for determining f:

f = k. ( -!i f —  - A  ctV 2  Cm2a /5/
' 02 60 л

where the ^ c o r r e c t i o n  coefficient accounts for the meridian 
stream deviation at the impeller output from the conditions of 
a purely axial discharge /Cu2 = 0/.
One of the tasks of the investigations carried out by us was 
to determine the applicability of the relations given above /2/- 
/5/ to low-speed Francis turbines. For this purpose, the values 
of non-dimensional frequency criterion ф  [4] have been determi
ned : Ф = f.D2/ Y W  /6/
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by the values of f obtained from Eqs. /2/,/4/ and /5/ or experi 
mentally measured. The results of the experimental tests on the 
speed field in the model turbine stream part were used to ob
tain the values of f by E q . /5/ £2] . The results obtained have 
been systematized and are given in a graph on Fig.7 (Jl=f(Qi)j 
Pi = n^n and on Fig .8 (J)=f (n{); aQ = aQ n . The analysis of
these results shows that there is a satisfactory coincidence 
between the theoretically and experimentally determined values 
of Ф  only in the region of the rated operating conditions, 
while with Q, < 0 , 6  QJ„ the values of f /respectively ф  / obtain- 
ned from /3/ and /5/ considerably differ from those measured. 
These differences are still greater with but it should
be born in mind that with- the normal operation of the turbines, 
the deviations of n, with respect to their rated values are not 
so great. Comparatively speaking, the best coincidence in almost 
the whole range of tested operating conditions has been found
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when formula /2/ is used. Equation /3/ leads to a very good 
coincidence, especially with the rated operating conditions.
The analysis of the amplitude characteristics 2Ä = f( У , ?  )
and the values obtained by Eq./4/ shows a lack of convergence 
even with the rated operating conditions, due to which its app
lication to low-speed Francis turbines cannot be recommended.

IV. CONCLUSIONS
Some more important results obtained by the present investiga
tion are the following:
Astudy was made of the influence of the guide vanes closing 
time /linear closing/ on the variation of discharge, the pres
sure at the turbine inlet and after the impeller, the shaft m o 
ment and frequency of rotation concerning low-speed Francis tur
bines. A study was made of the amplitude and frequency of pres
sure variation after the impeller under various operating con
ditions of the turbine. The results of these investigations are 
good reason to recommend the Rheingans and Hosoi's formulas 
for the frequency of pressure variarion in low-speed Francis 
turbines. The results of the investigations confirm the predic
ted better characteristics of the P073-A1 impeller, estimated 
after an extensive numerical experiment performed by means of 
a digital computer.

SYMBOLS
1/2 "5/4ns - n.p .H - specific frequency of rotation 

H = head ml^O 
P = power kW
n = frequency of rotation m i n ’ 1 
A = amplitude of pressure variation 
T $ = closing time of guide vanes 
aQ = opening of guide vanes
V’i = ^ 2 ^ 2  = 8Q/juOD* discharge coefficient
%  = 2gH/U, = 8gH/cо2!)* pressure coefficient

c 3Q - discharge m /s
D 2 - diameter of the impeller output
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Ű 1 - diameter of the impeller inlet
Cn^.Cu,, - meridian and periphery component of the speed of the 

impeller output
g - accei1eration due to gravity 
ß - angle of vane outputn; = n D, / утг
q ; = Q/в, v f

SUBSCRIPTS

m - optimum value when aQ = const
n - value at rated operating conditions
a - value of the mean point of the impeller output edge
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LAWS OF MOVEMENT OF MAGNETIC PROPELLED FEEDING PUMPS
by

ANDRÁS ODROBINA

In chemistry, pharmaceutical-, paint-, and food indust
ry have been increasing number of feeding pumps signifi
cantly. At a part of machnines same type, piston or membrán 
are propelled by electromagnet. Our work an attempt to write 
laws of movement of moving elements of these machnines.

Operating principle of machine
On Figure 1 is shown the scheme of magnetic propelled

pump.

At centrollable time intervals given stated time strain by 
electronic governor unit (1 ) to the magnet coil (2 I . As a 
result, the moving part of the machine (3) moves from the 
start point to the end point and after strains stopping co
me back to the start point, as a result of the membrán ( k) 
wich is functioning as a spring. The pressure valve (5) and 
the suction valve (6) are opening and closing as a result
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of colume’s change caused by membrán.

SYMBOLS
Sign Denomination Unit of measure

ment 
2A^ Surface of membrán m

Surface of valve sitting m^
К Outline of valve m

Moving part’s volume kg
M Valve volume kg

Spring constant of membrán N/m
C Spring constant of valve N/m
S 3C Elasticity of cylinder Pa/nrsCm Constant of magnet N/m

Fg Prestretch of valve spring N
F^ Prestretch of membrán N
Fm Starting power of magnet N
Pn Pressure of pressure line Pa
P^ Pressure in cylinder P
S^ Length of stroke m
V Velocity of membrán m/s

ОA^ Acceleration of membrán m/s
h Rise of valve m
V Velocity of valve m/s
S 2 d Acceleration of valve m/s
S 3^ Density of liquid kg/nr
P Viscosity of liquid m /s
M- Throwflowing factor
T_ Time of strain sв
F Power of magnet N

3V Volume of cylinder space m

Equations of the laws of movement
These equations are concerning for one pressure stroke. 

Under the switching-time pulling-pressure is the function of 
the stroke written by the following equation:

F  = F m  * C m .  S d  N
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Following equation expresses equilibrium of powers affecting
to the valve-body, divided by valve mass.

d 2h  _ ( P n - P h ) A s  _ C s . h  F s  j m  j 5
d t 2 ~ m s  m s  m s  ("s"2/

Finally can be written equation between the pressure of 
cylinder space and its elastic volume changing:

tfPn = Cg É l  6
dt dt

645

Equilibrium of the powers affecting to moving part, divided 
by the moving part’s mass:

d 2S d  _  F  C d .S d  F d P h .A d I m j 2
d t 2 m d  m d  md m d ' s 2 '

Volume changing velocity of elastic fluid, closed in the
elastic cylinder-space:

S lY  -  A d  -FÍld —A s  - ^ A — U M K.h i/Ä . ( P n - P h j Í— ] 3
d t  d t  d t V 5> \ s  j

yti as a thow flowing factor is the function of Reynolds
number. Reynolds number concerned to valve-gap may be writ-
ten: „ a l ] /  4  ( P n - P h )  -hRe = ---u
yU-Re function concerned to small valves commended by 
different articles and based on our measuring is shown on 
Figure 2.
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A n a l o g  s w i t c h i n g  s c h e m a  

Fig- 3



O'-к



Analog seitching schema of the solution of 1-6 equations is 
shown on Figure 3. Laws of moving identified by analog 
schema was determined by help of a FORTRAN program functio
ning in the same way that the scheme.
On Figure ^ are shown laws of moving of machine working 
with a membrán of ^0 mm distance and with valves of 12 mm, 
the valves are spring-loaded.
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F U N C T I O N  O F  T H E  A E R O D Y N A M I C  B L A D E  L O A D I N G  
A S  T H E  C R I T E R I O N  T O  T H E  D E S I G N  
O F  T H E  C E N T R I F U G A L  I M P E L L E R

Joachim J. Otte

S U M M A R Y
T h e  general outline of function of the aerodynamic blade cascade 

loading of centrifugal impeller w a s  considered as a criterion of its 
rational designing. It w a s  proved that the distribution of function of 
aerodynamic load along the radius has significant influence on the 
efficiency and performance characteristics of impellers.

I N T R O D U C T I O N
T h e  classical methods of designing centrifugal impellers of fans, 

pumps and compressors are fundamentally based on the accumulated 
empirical material and principally resolve themselves into calculating 
geometry in inlet and outlet section of a row of blades. T h e  very 
blade on the other hand, is formed after circular arc. This form, 
however, has no rational justification as far as aerodynamics of flow 
is concerned. Also in a number of cases the divergence from circular 
form does not even influence the valuation of the producibility of 
impellers.

At that very moment the problem of defining criteria arises which 
would in a synthetic w a y  characterize the flow and which could, in a 
suitable form for the constructors, be applied to evaluate the geometry 
of blade cascade. T h e  presented general outline of function of the 
aerodynamic blade loa.d.ing of centrifugal impeller according to the 
definition

(!) 
f *?w

serves as a suggestion of such a criterion.
T h e  dimensionless function ifl= f(r) is defined as a ratio of the 

static pressure difference ap on both sides of a blade to the dynamic 
pressure of stream filament in a section with the radius r (fig. l). 
T h e  values expresed in a n  function, i.e. the mean relative velocity
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"w" and the static pressure difference "др", are the most important 
parameters characterizing the flow in the rotating vane passage. T h e  
values "w" and " p", i.e. also the function л л, can be calculated by 
means of various methods. Below a relatively simple algorithm of the 
calculations of л rt function, is presented.

T H E  A L G O R I T H M  O F  T H E  C A L C U L A T I O N S  
O F  A E R O D Y N A M I C  L O A D  F U N C T I O N S

T h e  initial equation is Euler’s equation of motion

de 1—  = - ^  gradp, (2)

which for peripheral direction can be written in the form

d(rc )c — — Ü- = - i 2J2 (3tr dr ' '

Passing on to difference approximation of the above differential 
equation, one obtains

„ у . d(rc )_ I ~ i £E = c ___ü_ (4)S Э<р • % r dr m  v >

T h e  "m" index denotes that a given value is calculated in the middle 
of the vane passage.
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Taking into consideration that the finite result of the angular pitch 
comprises the vane passage i.e. that

2пТ4 < f = ~  (5)

and taking no account of the "m" index, one finally obtains

2ПТ d<rCu )
Ap = ~  cr — 5 T ~

In the above formula the following values appear:
^ - mass density
z - number of blades
T - tangential blockage factor, defined as

(7 )

where g is angular blade thickness on the radius "r",
c^ - tangential celocity which is calculated from the formula

cu = u " crctSj3, (8)

c^ - radial velocity which is calculated from the equation of 
stream continuity.

T h e  introduced notion of function of the aerodynamic blade loading 
refers fundamentally to stream filament the width of which 

•ab = ib(r) and then the equation of continuity has the form:

m  = 2nrT%c^&b (9)

Por single curvature blades the calculations can be carried out 
for the stream comprising the whole width of the impeller. T h e n  the 
equation of continuity is applied in the following form:

m  = 2тсгТ^Ьсг (9a)
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T h e  mean relative velocity V  which is indispensable to calculate ДП 
function according to the formula (l), is calculated from the self- 
-ewident dependence

w  = c Jsinß (10 )

T h e  assignment of the distribution of the mean flow angle J3 = J3(r) 
requires certain assumptions. T h u s  it is suggested here to distinguish 
three zones (fig. l) in which the angle of the stream j3 will be 
described by the dependencies resulting from various premises. In the 
middle zone the angle of the stream can be assumed as equal to the 
vane angle, where-as in the inlet and outlet zones, the angle of the 
stream will be the resultant of the reaction of the blades and of the 
flow conditions at the rotor inlet and outlet. T h e  particular zones are 
separated by r^ radius from which it is assumed that the influence of 
the conditions in the entry to the row decays. T h e  zones are also 
separated by r^ radius which is the so-called STANITZ-radius [1] .
T h e  r radius can be approximately defined by means of the following 
dependence

rp = ri(1 + z sin2^i) C1 1 )

where ^  is the vane angle in the inlet.
Finally in the specified three zones as far as the distribution of mean 
flow angle J3= p(r) is concerned, one can assume the following 
assumptions:

2- for r < rpi ß  = + b^r + car

- for rp < r < rs ; ß = p* (12)

2
- for r > rs ; &2 + *Э2Г + С 2Г
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T h e  coefficients a^, b^, c^, a^, b^, c^ are calculated correspondingly
in virtue of the following conditions: the angle of the stream in the
inlet or outlet, the vane angles in the section with r or r radius,P ^
as well as the derivative values of the vane angle in the same 
sections.
If in the case of the inlet angle of the stream its imposed value
is the kinematics of flow, then in the case of the outlet angle of the 
stream ß^, its value must result from satisfying Kutta-Joukowski 
condition. T h e  value of ß ^ angle is thus defined here by means of 
iteration so as to satisfy the condition dp = 0 in the outlet section. 
T h e  presented algorithm of calculations enables one to ascertain that 
the distribution of the function of the aerodynamic blade loading of 
the centrifugal impeller is dependent on:
- the form of the blade
- the geometry of the impeller in the meridional section
- the number of the blades of the impeller
- the thickness of the blades
- the working point of the impeller.

E X A M P L E S  O P  T H E  A P P L I C A T I O N  O P  T H E  F U N C T I O N  
O P  T H E  A E R O D Y N A M I C  L O A D I N G

In order to illustrate the influence of the form of the blade on the 
distribution of the aerodynamic loading function, the impeller with the 
blades of the same inlet and outlet angles (p*̂  and p^), w a s  
considered. T h e  first time the blades were formed by the circular 
arc, the second time, however, according to the dependence 
tg p  = a + bSl (where -\) = r/r2 ). T h e  distribution of the vane angles 
w a s  shown in fig. 2 whereas the distribution of the function of the 
aerodynamic blade loading w a s  presented in fig. 3. A s  far as the 
same impellers are concerned, additionally fig. 4 and 5 show the 
formation of л it function in the case of three values of volumetric 
flow coefficient.

T h e  data named in the paper [2] are another example pointing 
to the advisability of the application of the aerodynamic loading 
function in the process of designing. Experimental investigations of 
impellers were carried out in the above mentioned paper. These 
impellers had the same inlet vane angle = 30 and outlet angle
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Fig. 2

Fig. 3
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Fig. 5
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* оß2 = 90 , whereas the distribution of the vane angle along the 
radius trended variously, which w a s  presented in fig. 6. T h e  distri
bution of the aerodynamic loading function calculated for this case, 
w a s  shown in fig. 7, whereas the performance characteristic of 
impellers w a s  named in fig. 8.
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C O N C L U S IO N S

T h e  estimation of the function of aerodynamic loading requires the 
accumulation of the suitable evidence, which is already possible to 
do making use of the results of measurements concerning the 
performance characteristics of various impellers.
T h e  investigations which have been carried out hitherto, have made 
it possible to formulate the following hypotheses:
- there is a boundary, maximum value of дач function of loading, the 

overstepping of which causes a considerable reduction of the 
impeller efficiency: According to preliminary valuations this maximum 
(permissible) value a Tt trends on the level about 3.

- out of two impellers of a similar, maximum aerodynamic loading 
exceeding the boundary value a H  - 3, the impeller giving evidence 
of a lower value of the function of loading in the inlet section will 
be characterized by higher efficiency (see fig. 7 and 8).
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CAVITATION TESTS ON COPPER BERYLLIUM ALLOYS 

U. PIGHINI, G. DI FRANCESCO

SUMMARY
Comparative cavitation tests were performed on Beryllium Copper and Aluimi 

num bronze.
Of Cu-Be alloys, Alloy 25 was chosen since it is the most erosion-resistant 

of this class.
Among the Aluminum bronzes, ASTM 148-9D alloy was chosen, it being one of 

the strongest and most utilized Copper-base materials for turbine and pump im 
pellers. Cavitation and cavitation-corrosion tests were performed by using a 
vibratory device. Rates of mass loss versus time were obtained under various 
conditions. After a first series of tests, a second one on a special Cu-Be aJL 
loy was performed, in order to investigate the influence of Nickel in Beryl
lium Coppers.

The characteristics of the eroded surfaces of test pieces were compared. 
Finally some possible uses of the Cu-Be alloys are listed.

1. INTRODUCTION
On the basis of the study of experimental results [l] , it is possible to cla£ 

sify the metals, which show the best cavitation resistance, in three classes, 
as it is shown in Table 1.

________________________________According to this Table, one can
observe that Copper alloys have aClass Materials good resistance to cavitation его

----------------------------------sion, owning moreover a high strength
excellent Stellites and corrosion resistance and excel
resistance lent manufacturing characteristics .

---------------------------------  For these features the Copper
very good Nickel Alloys alloys have several applications
resistance Titanium Alloys in the manufacturing of turbine and

---------------------------------  pump impellers and of ship propel
good Stainless steels lers.
resistance Copper alloys The alloys, which are more used

---------------------------------- for the above mentioned applica-
Table 1 tions, are the Copper AI luminum a.l

loys with a percentage of Alluminum
between 7% and 12%.

These alloys may contain also Nickel (1% * 7%), Manganese (1% - 14%) and 
Iron (0,5% t 6%), as it is shown in Table 2.

The mechanical strength of these alloys is very high and allow to reach 
very good cavitation erosion resistance, as it is also to be expected from the 
comparatively high values of the CER parameter (i.e.: Cavitation Erosion Re
sistance) introduced in [1,2] and briefly exposed again in the Appendix.
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Type Cu 9 Al 1 Fe Cu 9 A1 2 Mn Cu 9 A1 2 Mn Cu 8 A1 6 Mn Cu 9 A1 3 Fe Cu 10 A1 5 Ni Cul2Mn8Al Cu 11 A1 4 Ni
1 Fe 1 Ni 1 Ni 5 Fe 3 Fe 3 Ni 4 Fe

/STM Standard 1U48-9B —  B148-9A - B148-9F B148-9D
_ Cu 88-92 86-89 84-87 82-85 86-89 77-81 70-77 78-82
e ÄI 8-10.5 8.5-10 8.5-10 7-9 8.5-9.5 8.5-10.5 8-9 10-12
о _________________________.___________________________________________________________________________________

-h 3 Ni - -  1-2 1-2 - 4-6.5 5-4.5 3-5.5Я -и ___________________________________________________________________________________________________________________ _ _ _ _ _ _ _ _ _
•g g, Mn - 1.5-3 1-3 5-6.5 - - 11-14
Ü 8 Fe 0.5-1 .5 - 1-2 - 2-4 4-6 2-4 3-6

~ Tensile
» Strength 50 50 55 52 60 65 70 75

(daN/mm2)« —— —
w Endurance

"it 2 Strength 10® 15 15 16 16 18 19 20 22
'2 £J (daN/пип2) cyclesJÜ a , -------------------------------------------------- ----
0 о Vickers 150 120 130 120 120 200 190 200
“ Hardness

CAVITATION
CER EROSION 12 10 11 11 15 24 28 33
(daN/mm2)2 RESISTANCE

Marine Marine Marine Marine Marine Turbine Marine Turbine
propellers propellers propellers propellers impellers propellers impellers

Applications Propellers Pump Pump Pump Pump Pump Pump
impellers impellers impellers impellers impellers impellers

Table 2

Nevertheless in the field of Copper alloys there are other alloys i.e. the 
Copper Beryllium alloys which have an higher mechanical strength. Among sevê  
ral alloys, the Alloy 25 is the most important for mechanical uses, as it at: 
tains the highest strength and hardness of any Copper base alloy. In the full 
age hardened condition, tensile strength can exceed 140 daN/mm2 and hardness 
can go up to VHN 400.

The chemical composition and mechanical features of this alloy are shown 
in Table 3, respectively in half age hardened condition (Va HT) and in full 
age hardened condition (HT). Cavitation tests on Cu-Ве alloys are just scarce. 
----------------- ------------------  Some tests are exposed inalloy 25 alloy 25 -.aiiov type ------ :----------- 3,4,5,6,7 1 , but their resultsAlloy yp b l £  Hard (l/; H) F u U  „ara (H) 1 J----------------------------------- - are deemed not complete and

ASTM Standard BJ94 В196 В197-----------------------------------  exhaustive.
Cu 97.8

* ----------------------------- For this reason the authors
“  Be 1.8s ------------------------------decided to examine again the

и 'i Со 0.34£ j --------------------- ------- problem, going deeper into the
•и о Si 0 051 & __ ___________________________ study of these materials, also
6 8 zn o.oi . . . . . , .,___________________________________  in the consideration of the en

Tensile -. л j .
strength ,25 n o  couraging results already at-
(daN/mm2) tained in previous tests [8].i» aiü £  Endurance

§ Jj Strength 108 26 2S
о о* (daN/пип2) cycles2 £ -----------------------------

VickerE! 342 368
Hardness

CER Cavitation
(daN/mm2) Erosion 35 45

Resistance

Table 3

Alloy no 1 2 3 4 5 6 7 8
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Fig. Fig. 2
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2. EXPERIMENTAL TESTS (1. SERIES)
A first series of cavitation tests was performed on the Alloy 25, with test, 

pieces in the two metallurgical conditions i.e. V2 HT and HT.
Comparative tests were performed on one of the strongest Cu-Al alloys, i.e. 

ASTM B148-9D, whose features are shown in Table 2 (alloy no. 8).
The erosion tests were performed in a vibratory device, described in a pr£ 

vious paper [9], it having the features shown in Table 4.
The test were performed at

Output power supply 500 W first in distilled water and
-------------------------------------- afterwards in salted water,Frequency 20 kHz .obtained by adding NaCl in H2 0
Double amplitude 127 ym (p.to p.) up to saturation. This expe-
-------------------------------------- dient allowed the authors toTransducer type piezoelectric , . . .realize cavitation corrosion

distilled water tests with the same duration Test liquids , , .. ,salted water of the previous normal cavi-
-------------------------------------- tation tests.Testpiece immersion depth 6mm _ .̂ ^. . . ...The cavitation tests with
Erosion time up to 5 hours testpieces in Cu-Al alloy were
--------------------------------------very difficult, since the speTestpiece diameter 13 mm , . ~cimens broke very frequently.
Temperature of test liquids 20°C ± 0,5°C On the contrary with Bery^
-------------------------------------—  lium Copper, tests were much

Table 4 easier and faster.

3. RESULTS OF THE FIRST SERIES OF TESTS
The results of the first series of tests, performed according to what said 

previously, are shown in Fig. 1 and Fig. 2 and in Table 5.



Maximum Erosion Maximum ErosionMaterial erosion resistance erosion resistance
rate (h/mgs) x 10-3 rate (h/mgs) x 1СП3
(mgs/h) (mgs/h)

Alloy 25 HT 30 33,3 39 25,6
Alloy 25 V2 HT 40 25 50 20

ASTM B148-9D 50 20 50 20

Distilled water Salted water

Table 5
Fig. 1 shows the erosion rates of the three alloys in distilled water.
On considering the inversed of the peak erosion rate as an index of the 

erosion resistance [9], one may see how the Alloy 25 in full age hardered sta 
te is more resistant than the Cu-Al alloy. The behaviour of the Alloy 25 in 
half age hardered state is on the contrary less good and intermediate between 
the former two alloys.

Fig. 2 shows the erosion rates of the three alloys in salted water.
Also in this case the Alloy 25 HT is more resistant than the Copper Alu

minium alloy, but the difference of behaviour is lower than that shows in di
stilled water.

The alloy 25 У г HT has a behaviour very simular to that of Cu-Al alloy.

4. NOTES ON THE EXPERIMENTAL RESULTS
From the comparative tests performed in distilled water and in salted water it

is possible to deduce, clearly, the better 
behaviour of Beryllium Copper HT to cayi 
tation erosion as compared to the Copper 
Aluminium alloy.

The improvement obtained results of 66% 
in distilled water and of 28% in salted 
water, as it is shown in Table 5.

Fig. 3, Fig. 4, Fig. 5 and Fig. 6, show 
respectively the cross section of the teŝ t 
pieces of the Cu-Al alloy and of the Al
loy 25 HT after erosion in distilled water 
and in salted water.

It is possible to observe the different 
configurations.

While the Copper Aluminium testpiece 
shows few deep and wide pits, Beryllium 
Copper shows several small and shallow pits, 
with a more uniform erosion.Fig. 3
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Fig. 4 Fig. 5
5. EXPERIMENTAL TESTS (2. SERIES)

On the basis of the results deducted 
from the 1. series of tests, the authors 
decided to go on with a further investi
gation on the Cu-Be alloys.

Alloy 25 was modified increasing its 
percentage of Beryllium and adding some 
Nickel with the purpose of increasing the 
hardness, the strength and the tenacity 
of the alloy.

This material was prepared on purpose 
for the present study; its chemical com
position and mechanical features are shown 
in Table 6.

The experimental tests were performed 
as previously explained for the other al̂
loys.

The test results are shown in Fig. 7 
for the tests in distilled water, in Fig. 8 for the tests in salted water and 
in Table 7.

The results of the former tests are indicated in the same figures with 
short dashes lines in order to have a direct comparison.

From these figures one can observe that the new alloy has a behaviour sî 
milar to that of the normal Alloy 25 HT.

In distilled water there is a little increase in erosion rate of about 3%, 
while in salted water there is on the contrary a decrease of about 7%.

The configurations of the surfaces of the testpieces, made with Alloy 25 
Ni HT are shown in Fig. 9 for the tests in distilled water and in Fig. 10 for
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Alloy type Alloy 25 Ni HT

Cu 97.43
Be 1.90

£  Ni 0.25
0 Co 0.22

fH - P -----------------------
g и Zn 0.05■H 0 _______________________S Ü<u В Fe 0.05д 0и и -----------------------Al 0.05

Si 0.05
Tensile
Strength 130

M (daN/mm2) ,(0 о _______________________
•rí 4J Endurancec Vi^ ^ Strength 28
Ф 2 (daN/mm2) (108 cycles)а л _______________________

Vickers 391Hardness
CER Cavitation
(daN/mm2) Erosion 48

Resistance
Table 6

Fig. 7

Fig. 8

I
Distilled water Salted water

Maximum Erosion Maximum Erosion
erosion resistance erosion resistanceMaterial ,rate (h/mgs) x 10 rate (h/mgs) x 10
(mgs/h) (mgs/h)

Alloy 25 Ni HT 31 32.2 36 27.7

Table 7
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the tests in salted water.
The aspect of the erosion profiles is similar to that shown in Fig. 4 and 

Fig. 6 respectively, relative to Alloy 25 HT.

Fig. 9 Fig. 10

6. DISCUSSION OF RESULTS
From the comparative tests performed in distilled water and in salted water, 

it is possible to deduce the better behaviour of the Cu-Be alloy to cavitation 
erosion as compared to Cu-Al alloy, taken as the reference alloy.

The improvement is more evident in distilled water than in salted water.
Moreover one can pointed out that the erosion surface of the testpieces 

in Alloy 25 HT is more favourable than that of testpieces in Aluminium Copper, 
either in distilled water or in salted water. In fact the Cu-Be alloy shows a 
surface with more numerous and smaller holes as compared to Cu-Al alloy. The 
authors deem that the Cu-Be alloys could sometimes advantageously replace the 
Cu-Al alloys, because with them one could have longer working duration for 
the elements manufactured with these materials, such as pump and turbine impel
lers, ship propellers, hydrofoils for speed boats.

Moreover the better surface allows an higher efficiency of the impellers 
and propellers and a higher lift of the hydrofoils.

From the resistance point of view the patter of pits that appear in Beryl^ 
lium Copper is less dangerous. In fact in case of little thicknesses, this 
patter allows to lower the piercing effect of erosion and limits the initiation 
of fatigue cracks.

Beryllium Copper has a tensile strength nearly double in comparison to 
Copper Aluminium alloys. Consequently it is possible to use machine elements 
with smaller thickness and therefore with less weight, even with the higher 
specific gravity of Beryllium Copper.

The only difficulty that exists in the use of these alloys is the higher
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cost of the materials as compared to Cu-Al alloys, the ratio having a value 
of about 3:1.

On considering the higher resistance of the Cu-Be alloys, which would al 
low a lower weight of the machine elements, such ratio might fall to 2:1.

The longer duration and the better surface finish of the elements in Copper 
Beryllium can shift the cost problems to the second place.

Moreover the use of the Cu-Be alloys could be also important for the re
placement of more expensive alloys such as Titanium alloys and Nickel alloys, 
at least in some applications.

The modification of the Alloy 25 with an higher content of Beryllium and 
the addition of Nickel did not cause a clear improvement in the behaviour of 
the alloy. The authors deem that the percentage of Nickel would be higher in 
order to confer to the alloy a better tenacity, this features being considered 
very useful for the resistance to cavitation erosion.

7. CONCLUSIONS
The following conclusions have been drawn at the end of the present re

search:
a. Beryllium Copper, in the full heat treated condition, proves to be more 

resistant to cavitation erosion than Copper Aluminium alloys.
b. The superiority is inquestionable in distilled water, but less clear in 

corrosion environment. This behaviour shows that the Cu-Be alloys seem to 
resist to corrosion less than the Cu-Al alloys.

c. The pits that derive from erosion are smaller and shallower in Cu-Be alloys 
than in Cu-Al alloys. This is undoubtedly a remarkable advantage, since, 
mass loss being equal, the solid-liquid contact is better for Cu-Be alloys.

d. The Cu-Be alloys are twice as resistant as Cu-Al alloys. This characteristic 
enable us to foresee that the machine elements in Cu-Be alloys may have a 
reduced weight and therefore a limited cost increase as compared to Cu-Al 
alloys.

e. The good behaviour of the Cu-Be alloys may allow the replacement with these 
alloys of some more expensive alloys such as Titanium base and Nickel base 
alloys.

f. It seems advisable to go on with the tests on Cu-Be alloys, with an higher 
percentage of Nickel in order to increase the tenacity and the corrosion 
resistance of the alloys.

APPENDIX
In reference [2] the CER parameter was defined in the following form:

1 (ki-k2-ES)2CER = —  ---------- X (ko *VHN)2 E
where: klf k3 = oversize coefficients of ES and of VHN, respectively, which
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take account of the work-hardening effect of material 
ES*k2 = ——- , which takes account of the effect of environment on the Eo endurance strength

ES •= endurance strength of materials in a given environment (e.g. = 
= sea water)

ES = endurance strength of materials, in air 
E = modulus of elasticity 
VHN = vickers hardness.

The value of CER is proportional to the cavitation erosion resistance of 
metals as it is shown in Table 8.

CAVITATION
EROSION examples CER Values
RESISTANCE (kg/mm2)

Stellites 
Tantalum AlloysVery high >100Titanium Alloys
Nickel Alloys

, . , Stainless Steelshigh ,,, 10-100Copper Alloys*
Steelsgood 1 i  10Copper Alloys* **

fair Copper, Copper Alloys*** Q i •
Aluminium Alloys

scarce Aluminium 0,01 1 0.1
no resistance lead, tin < 0.01

Table 8 * high resistance
** medium resistance
*** low resistance

ACKNOWLEDGEMENTS
The authors wish to express their thanks to the Metallindustria of Corma 

no (Milano, Italy) for the partial financial support of the work.
Thanks are also due particularly to Mr. Tirelli for the technical infor

mations given on the Cu-Be alloys.
REFERENCES
[l] Pighini, U.: "Contribution to the study of metal resistance to cavitation 

erosion", Proc. of the 5th conference on Fluid Machinery, 2, Akadémiai 
Kiadó', Budapest, pp. 821-832, 1975.

666



[2] Pighini, U. et al.: "A new parameter for a rapid evaluation of metal re
sistance to cavitation attack", Proc. of the 6th conference on Fluid Ma
chinery, 2, Akadémiai Kiadó', Budapest, pp. 8,46-856, 1979.

[3] Stewart, W.C. and Williams, W.L.: "Investigation of materials for marine 
propellers", Proc. Amer. Soc. Test. Mat., 46, pp. 836-845, 1946.

[4] Richards, J.T. Proc. of the 9th Annual Conference, National Association 
of Corrosion Engineers, Chicago, 1953.

[5] Hohman, A.E. and Kennedy W.L. Materials Protection, 2,pp. 398-402, 1963.
[6] Warkentin, H.S. and Hohman, A.E.: "Which materials for Hydrofoils?" Mat£ 

rials in Design Engineering, 4, pp. 88-90, 1963.
[7] Lichtman, J.Z. and Weingram, E.R. Proc. of the A.S.M.E. Symposium on Ca

vitation Research Facilities and Techniques A.S.M.E., New York, pp. 185- 
-196, 1964.

[8] Pighini, U. et al.: "Resistance to cavitation erosion of Berillium Copper" , 
Proc. of the Can Cam 79: 7th Canadian Congress of Applied Mechanics, She£ 
brooke, Quebec, Canada, 20t*1 May -1st June, 1979.

[9] Pighini, U. et al.: "Cavitation test with the vibratory method", Proc. of 
the A.TE.NA. Seminar on Ship Propulsion, Rome, pp. 157-189, 1971 (in ita 
lian).

Prof. Ing. Umberto Pighini 
Prof. Ing. Giulio Di Francesco
Department of Mechanical and aeronautical 
Engineering - Section of Machine Design - 
University of Rome
Via Eudossiana, 18 - Ö0184 Rome (ITALY)

667



THE SIMULATION OP THE INFLUENCE OP PUMP ROTATION CONTROL 
ON THE TRANSIENT PHENOMENA IN LARGE-AREA IRRIGATION SYSTEMS.

Karol Erikkel

Summary
The prevailing trend in the present is to irrigate the 

largest possible areas using a single pumping station. The ex
tension of irrigated surface (20 knr and more) entails an in
crease in power consumption used in order to secure the requi
red pressuré and flow rate. With respect to the possibilities 
of electric motor control, the control of the hydrodynamic 
pump rotations seems to provide a progressive and technologi
cally feasible answer.

The present paper deals with the possibility of digital 
simulation of unsteady flow of fluids in large-area irrigation 
systems using a pump with regulator. The simulation described 
below, enables also to assess the influence of the regulator 
type and to determine the time constants.

1. Introduction
The unsteady unidimensional, continuous, isothermal flow 

of a Newtonian fluid can be described by means of Euler move
ment equation [1] :

and continuity equation (in an adjusted form) [Г s
Эр d p  г д е  r

(2)
The canonical form of partial differential equations (1,2) 
will bei J v

C±CL

±af^,aat +га*й+га ы с'|с| = 0 <J)
The solution of (j) using the method of characteristics [2] 
and under the assumption that a»  c; A x  = const, and that 
the flow takes place in the automodelling area[A (ße)7 
for K+ , or K_ characteristics gives (Fig.l). J
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Pig. 1
The solution according to (4) can be applied to the entire pi
peline network £ 3]. The solution yields the time dependency 
between pressuresJand flow rates (or velocities) in any given 
calculation point of pipeline network [3] , [4J .
2. Description of the Control Process

The high-pressure irrigation system can include - in ad
dition to the pipeline network - also a hydrodynamic pump with 
regulator. The specific feature of irrigation system control 
consists in the fact that in view of large irrigated areas, the 
feedback can include only the electric motor + pump and a rela
tively short section of the pipeline (Pig.2).

The control process is as follows! The required pressure 
is preset on the regulator. This pressure is identical with 
that at the point of reading when the system of irrigation 
works under a steady mode. Due to the influence of a distur
bance variable, the irrigation system should pass from such 
steady state into another steady state, characterized by a 
different flow rate, but the pressure corresponding to the 
desired value.

The disturbance variable can be represented by the para
meter of irrigation detail, changed number of intakes, etc.
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DESIRED

The digital simulation can be also used to test the pro
perties of theoretically composed regulator.
Let us consider the connection of the regulator according to
Fig.3:

Pig. 3

Let the input variable for the regulator be X = X(t) and 
output variable U = U(t).

When considering the regulator with the delay of the first 
order of magnitude and time constant T. , then the differential 
equation of such regulator will^bes

( 5 )
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When p(t) is the actual pressure read off at the intake point 
(Fig.2)» then in view of the linear approximation when using 
the method of characteristics [2] the pressure p(t) can be ap
proximated over the examined time interval A t  = t. , - t̂  
in a linear modes 1+1 1

p(t) = a.t + b a,b = const. (6)
Input variable for the regulator will be:

X(t) = p - p(t) = p - a.t - b (7)
Substituting (7) into (5) we obtain:

V  f + D - - - f? - v a)+V  - V *  - V b1 1 1  (8)
The solution of equation (8) is:

и - с'г Г - г ^ 2+4< ' ¥ ' 4 - |<Р'а г |''а ) + ̂ ' Р - Гр'а - <9)
-^.b-Jp+Tj.kp.a- bf-a.
where:

z

c=-(Vi°- TD-a-Kp-b ~|--p +TvKp.a -
The equation (9 ) can be used to read the deviation of voltage 
which brings about the change in the rotations of electric 
motor.

3. The Dynamic Behaviour of the Aggregate Motor + Pump 

The moment of the electric motor is assumed to be

сю,
"bsre! _ и л  . M  P

?m'U7 Тс’“3
After the adjustment of (10) and differentiation:

U . L M______ P. At (11)
kir.n.V-ymj
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The simultaneous solution of the equation of characteristics 
of K_ (4) with characteristics of the pump (14) yields the 
flow~rate in the junction "lg"!

Q  __ -Кг-lKl-ÍK, ,
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Rotations in the time t^+1 will be

ПЫ  = ni + An (12)

For the output according to the affinity!

Pressure of the pump from p-Q characteristics!
2 2Яги,c ~ + C.Qlti (1 4)

A,B,C are constants which characterize the type of the pump. 
Equations (11), (12), (13) and (14) describe the dynamic beha
viour of the pump following the controlling intervention.

4. The Solution of the Pipeline Section "A"
The pipeline section "A" is connecting the pump with the 

pipeline network (Fig.2). In the junction "lx"» the pipeline 
is connected with the pump which constitutes a marginal condi
tion. At this point, only the K_ characteristics are known 
(Fig.4).



where: , . i ,
^ [ A . - v . - p , , * - | - Q í,2- 0 - o ^ 5-|Qw |)

, /„ \ (16)

The density considered in the equations (14), (15) and (16) 
was Q = £ .S.c
The pressure in the junction "l-" and time i+1 will be then 
determined from (14). c

Under an unsteady flow of the fluid, oscillation of pres
sures occurs at the intake point of pipeline section "A" (Pig.2). 
The principle of the regulator operation is such that the regu
lator reacts even to small changes in pressure. In view of the 
fact that the time constant of the motor+pump aggregate is 
substantially higher than the period of pressure pulsations, 
it is not desirable for the regulator to respond also to rela
tively small amplitudes of pressure oscillations. We can as
sume the insensitivity of the regulator to have the form:

I f w F K f t .  lfian (17)
where pN is the smallest change in pressure to which the re
gulator'1 should react.

5» The Adjustment of the Regulator Constants

The digital simulation of the process of control serves 
also as a kind of prediction as to what constants should be 
preset on the regulator so as to achieve an optimum control.
Por an approximative solution of regulator constants, guide
lines for experimental regulator setting, formulated by Zie
gler and Michols [5] » can be used:
When Kpjj is the critical intensification of P member, then

К = 0.5 Kpjr in the case of P regulator

К = 0.45 Kpg- » Tj = 0.8 TK for PI regulator.
Kp = 0.6 Kp^j Tj = 0.5 TK ; Tp = 0.12 Tg in the case of Р Й

regulator. Ту- is the period of vibration under a critical 
intensification.

6. Possibilities of Alternative Regulator Connections

The mathematical model of the process of control was derived 
for the structure of regulator described in Pig.J.
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The programme for a digital simulation of the process of 
control is suitable also for different regulator structures. 
Individual members, however, must be autonomous, i.e. the 
change in the intensification of F-member does not entail any 
change in the time constants Tj, T^.
Such structures can be found in regulators according to Fig.5 .

Fig. 5

7. Some Results of the Simulation
7 .1  Simple Pipeline Section

The irrigation system consists of one pipeline, one pump 
with regulator (Fig.6).
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If Q is the steady-state flow rate and after resetting the 
irrigation detail to a lower intake , the pressure af
ter the stabilization will have a higher value (Fig.7). If the 
P regulator is used, after the period of controlling operation, 
the pressure will settle down to its original value, naturally, 
with a permanent control deviation (Fig.7).

7.2 Irrigation System with a Complex Pipeline Network
In the case of a large-area irrigation system (Fig.8) , 

when the seal is closed at the predetermined point, the regu
lator will change pump rotations so as to attain the required 
pressure level after a temporary pressure increase (Fig.9).

Ő. Conclusion
Results reached during the solution of specific tasks have 

indicated that the digital simulation of unsteady fluid flow 
in a complex large-surface pipeline network of the irrigation 
system constitutes a rapid and economical method for the "pre
diction” of the properties of an irrigation system. Complemen-
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ted with a simulation of the process of control, it enables 
to calculate several alternatives in a relatively short time 
for use in the designing activities.

Some symbols!
a - speed of pressure wave propa- A - friction factor 

gátion - density
c - fluid flow speed 5l,TD ’̂ I “ time constants
d - pipeline diameter KÍ - intensification
h - geodetic elevation Q r  - mass flow rate
g - gravitational acceleration P - power demand
2 - pressure J - moment of inertia
p - required value of pressure U - voltage
t - time
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A THEORETICAL PROCESS TO DRAW AXIAL FLOW PUMPS CHARACTERISTICS,
IN ORDER TO ESTIMATE PREVENTIVELY THEIR "OFF-DESIGN" PERFORMANCE.

Vittorio QUAGGIOTTI 
Jacopo MAZZORIN

Machine Institute 
University of PADUA

ABSTRACT
A theoretical process to draw axial flow pumps characteristics, in order 

to estimate preventively their "off-design" performance, has been devised by 
means of two particular congruency conditions.

The first one singles out the velocity vector triangles in each cylindri 
cal section, where the axial velocity component obviously changes as capaci
ty changes and otherwise the tangential one wouldn't be determinable: it 
comes out by equalizing two different forms of the airfoil lift coefficient, 
as function of the attack angle or as function of the flow relative velocity.

The second one leads to connect the tangential velocity component distri 
bution, on the radial direction, with the same distribution of axial veloci
ty component, which has quite to be expected not constant even if design has 
been referred to the "free-vortex" criterion and then itself, as well as head, 
has to be regarded as constant in that nominal state.

To this end, a particular preliminary assumption is suggested, which 
leads, with good approximation, to a simplified arrangement of flow and lets 
to write a differential equation, then solved by numerical methods.
SYMBOLS CONNECTIONS
c absolute velocity , subscript a - axial
w relative velocity subscript r - radial
u peripherical velocity subscript u - peripherical
Ш  angular velocity subscript 1 - runner inlet
p pressure subscript 2 - runner outlet
p density subscript n - nominal state
Cp lift coefficient subscript i - internal, that is hub,
t/1 vane solidity that is ratio of cylindrical section

the vane spacing to the vane subscript e - esternal, that is tip,
chord length, or, more simply, cylindrical section,
the "spacing-chord" ratio.
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INTRODUCTION
A hydraulic machine is often requested to satisfy particular requirements 

also off-design.
It means that design, which first object is just the nominal state, must 

be secondly revised in order to get precise peculiarities for the whole per- 
f ormanc e s curve.

In such cases a method to estimate and draw it in advance can be a very 
suitable way to orientate properly any subsequent perfecting.

This problem, referring to the axial flow pumps, is the subject of the 
present memory, which precisely suggests a theoretical method for the previ
sion of their characteristics.

When completed the design of the pump, one knows the nominal velocity 
vectors triangles on each cylindrical section and the various parameters char
acterizing the correspondent airfoils. As capacity changes, of course the 
whole fluid-dynamical distribution of stream changes. In particular, besides 
the obvious variation of the deviations Acu produced by the vane system, and 
just cause of them, it will presumably take place also a variation of the 
axial velocity component distribution on the radial direction, which has quite 
to be expected not constant even if design has been referred to the "free- 
vortex" criterion.

The close and mutual interconnection between the radial distributions of 
ДСц and Cg induces, not to introduce rough approximations (like to admit ca 
always uniform and then immediately evaluable), to single out two independent 
congruency conditions between those quantities. One must be stated in order • 
to estimate the local action of each airfoil, which geometrical configuration 
is known, is invariable and then will produce a well definite peripherical 
deviation for each possible valve of ca; the other to take into account, as 
much as possible, also the dynamical equilibrium described by the equations 
of motion.

Leaving the last one completely out of consideration, by assuming 
Эса/Эг=0 in all work condition, seems to be, as above said, too simplicistic.

On the other hand, the only strict application of the laws of motion re
quires particular boundary conditions, in order to make determinate the prob
lem, anyway leads to numerical complications as to preclude any pratical 
utilization. This survey will necessarily involve a certain approximation, 
but will lead to a mathematical model close to the actual flow.
EQUATIONS OF MOTION - PRELIMINARY ASSUMPTIONS

For simplicity we'll consider only the most common case where the pre
distributing blades are strictly axial and symmetric.

In consequence the whole deviation Дсц produced by the runner will be, 
in the following pages, the only tangential component c ^  downstream the run
ner itself. If the viscous effect are neglected and if one assume the flow, 
as is usual, to be axialsymmetric and stationary (this is certainly valid 
with good approximation outside the rotating vane system), the equations of 
motion for an incompressible fluid, in cylindrical coordinates, can be written
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as follows
Эр Сц Эс Эсг
—  - г. —  г (1.1)
Эг Р [ г " Са За "  Сг Эг 

Э(гси) Э(гсц )

C r  ~ 3 Í  +  С а  “ 1 7 “  =  °  ( К 2 )

Эр Г Эса Эса ‘
а- = Р " сг ~ Г ~  ~ са "Ч-  О.З)da г эг d э а

In a cross-section 0-0 (see fig.1) far upstream the runner,where flow 
is undisturbed, the radial gradient of pressure will evidently be zero.

0 1 2  3

fig. 1

Hence, by referring the eq. (1.1) to the cross-sections 2-2 and 0-0, one 
easily obtain

Эр2 Эр0 Эр2 Г Сц2 Эсг2 Эсг2
17 " 17 = 17 = Р Т ” " са21Г “ Сг2 Т Г  (1,4)

Now, if we refer the motion to a rotating system of coordinates, we can 
state that the energy along a relative stream-line is constant and write the 
equation of Bernulli, between the same sections 2-2 and 0-0 , as follows
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г 2 2 2 2
w0 W2 U2 u0 /4 сл

P2 ' P0 = P -- 2--- + 2 °-5)

namely

caO ca2 cr2 cu2 (1.6)
P2 _ P0 = P -----2---2 Г  + U2 Cu2

and then, considering that Эсао/Эг=0

Зр2 Эр0 Эр2 Г Эся2 Эсг2 Эси2 3 ( r c u2) '

Эг Эг Эг ^ Эг Сг2 Эг °и2 Эг Ш Эг (1 .7 )

By comparing this equation with the eq. (1.4), one obtains

I Эсг2 Эса2\ cu2 3cu2 9(rcu9}
c ~ “r------r—  r ---  + c„9 ~t----w ----5--- (1.8)a2 1 Эа Эг I г ц2 Эг Эг

Now one can regard as negligible the term ca2(3 °r 2/3a), within a suffi
ciently good approximation. In fact we must think that the radial component 
Cj. of the velocity can reach, in any case, but very small values, together, 
evidently, with its own change along the axial direction.

That's why the contribution of the aforesaid term to the radial gradient 
of pressure is certainly very small, at least if compared with the other terms 
of the eq. (1.4) (in particular with the first one).

The eq. (1.8), with Эс^/Эа^, then becomes

Эса2 cu2 3cu2 3(rcu2}
c . — —  = - --- - c 0 — —  + to — „—  ■■ (1.9)a2 Эг r u2 Эг 3f

which is a fairly credible description of the connection between the radial 
distribution of ca and that of Сц in the cross-section 2-2 downstream the 
runner. It's a relation which keeps valid also with changing of capacity and 
which must be consequently respected in all the work conditions.

681



I 1

No similar indication is given by the equation of motion with regard to 
the section 1-1. However some axiomatical considerations lead to think that 
the adjustment of the stream-lines, from the undisturbed situation of the 
section 0-0 to that imposed by the runner in the section 2-2, must take 
place in a gradual way, affecting a portion of the inlet pipe before the run
ner considerably longer than that occupied by the runner itself.

Hence, also considering the small axial extent of the runner, it seems 
reasonable to think, as most probable, that the radial differentiation of c& 
takes place almost completely upstream the section 1-1 (as shown by the stream 
surface "a" in fig.2) rather than downstream the same (stream-surface "b" in 
fig.2) and cdi is consequently little different from ca2.

0 1 2  3

These considerations may find a theoretical explanation in the eq. (1.2) 
which, at least from a qualitative point of view, allows to state that the 
flow downstream the runner is nearly cylindrical, by showing that the ratio 
сг2/%2 i-s i-n апУ case very small.

In fact, the function of the rotating vane system is to produce a devia
tion сц2 inside the stream, whereas that of the stationary one is to annul it 
again in order to turn its kinetic energy into pressure energy.

Hence, the curve representing the axial distribution of the сц component, 
in a generic cylindrical section, must have a point of maximum within the 
space between the runner and the diffuser. And all these points, for each 
radius, occur surely very close to cross section 2-2, so we can think that 
in the whole same section the gradient Эс^/Эа is very little then negligible.

So the eq. (1.2), written as follows for such section,

3cu2
J z L  = _ r
ca2 3(rcu2>

3Í
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shows that, when Э(гси2)/Эг is not also very little and comparable with nu
merator г(Эси2/Эа), the ratio at the left-hand is always very small.

Otherwise very low values of 3(rcu2)/3r can exist only in nominal condi
tions when design has been referred to the "free-vortex" criterion.

Hence, if we consider that such conditions are in any case characterized 
by very small radial differentiation of ca and consequently of we
can maintain that in any work condition ca  ̂keeps close to c^-

Then our proposal, as a simplifying hypothesis providing for the problem 
a positive solution, is to approximate the actual flow with a flow distribut 
ed on stream-surfaces like that indicated with "c" in fig.2 for which it's 
really c r1=cr2=0 and cal=ca2.

Such assumption make the problem susceptible of a "nearly two-dimensional" 
outlet which brings the model much nearer the actual flow than any other 
simplified hypothesis and which allows to use, for the following investiga
tion about the local action of the various airfoils, all the theoretical and 
experimental informations given by the technical specialistic literature 
which, as is known, presuppose that the axial component of velocity is the 
same at the inlet and outlet of cascade.
LOCAL ACTION OF AIRFOIL

In the following fig. 3 the generic velocity vectors triangles concerning 
the nominal state (in a generic cylindrical section) are drown with "contin
uous line". The zero-lift direction (which is a peculiar characteristic of 
the airfoil in cascade and then invariable as capacity changes, also if the 
vanes overlap) is drawn with "point and line".

For another generic value of ca (tr^ 
angles drawn with "dashed-line") one can 
always write for the lift coefficient, 
according with Kutta-Joukowski theory,

Cp= £ 2тт к sen i (2.1)

where 5 is a reducing coefficient which 
values the boundary layer effects.

Experimental data show that £ is gen
erally included within the range 0.85 т 
0.9. So it will be

Cp=(5.35 I 5.65) < sen i (2.2)

where, according to Weinig's diagram ex
tended to cambered airfoils (by considering them as flat plates with the in
clination of the zero-lift direction),the cascade coefficient К is a function 
only of the spacing-chord ratio t/1 and of the angle y=ßm+i and, consequently, 
is constant as ca changes.

683



cu2
C = 2 --  t/1 (2.3)P w

00

Then, by comparing with eq. (2.2), one obtains 
w sen i = у  c „ (2.4)со u2

where

p = (0,3510,37) 1/к t/1 = constant.

But fig.3 itself shows that
—  /— Cu2 \ŵ sen i = AB =I CD - " I sen у (2.5)

where _ / Ca\ I е a \
CD=u 1---= u 1-------  (2.6)\ EF J \ utgy /

Hence / ca \ seny
pc „= u - — — sen у - c _ — —  (2.7)u2 I tgy I u2 2

The foregoing eq.(2.7) has to be valid also in the nominal state.
So .1 / can \ servYp = ---  u----sen у ----- —  (2.8)cu2n \ CSY / 2
By substituting this equation in the eq. (2.7), one finds

cu2 /  c a n \  senY / Ca \  se"Y
------- u -------- sen у -  c n — —  = i u ------------- sen у -  c ,  —-—  > (2 .9 )
c u2n \  t g i  j u2 2 \  tgy ) u2 2

namely / utgy - ca \
c = c , ------—  (2.10)u2 u2n у utgy - can j

or finally / г -c \/ can ca \c „= c.l9 --—— —  + 1 (2.11)u2 u2n\ utgy-can J
which is a simple linear relation, describing the second congruency condition 
between сц 2 and ca, and gives, together with eq. (1.9), a univocal solution 
to the problem.
METHODS OF SOLUTION

By considering a discrete number of cylindrical sections, the eq. (2.11) 
can be represented in a graph c^ against ca by a sheaf of straight lines, 
with "r" as a parameter, as shown, for instance, in fig.4.

B u t,  n o t o r i o u s l y ,  i t  i s  a l s o

684



Ca . Д ca= шгДси2 + ш cu2 Ar - cu2 A cu2 - ĉ 2 —  (3.0
If a starting value is assumed for |ca|1 at the hub radius r£, one can 

obtain, by using the eq. (2.10 written for r^, also the corresponding value 
of |cu2 I , namely the point Pa (see fig.4).

By starting from P-[ and solving simultaneously the two equations

K I 1 ) lc a11 -  Ica11_| “ Icu211 ”  К г Г ]  • [ w r i - l ^ l 1 + u | cu2 t ^ ( r i - r i ) - | c  2I1L J L J L J ri

(3.2)
Г lcanl1_Ica11

lCu2llHcu2J 1 ---------—  ♦ 1
L ШГ1 tg ■Yl-kanl

it's possible to find |cu2|1 and |ca|', namely the point P^. Then, if P̂  is 
assumed as the new starting point and the eqs. (3.2) are written again for 
the radii r̂  and r̂ , one can locate the point P2.

By continuing in succession with this procedure till the tip radius r , 
one draws point by point the curve Pa~ p and obtain the radial distributions 
of cu2 and of ca taking place when |c |t has the assumed starting value.

Once these distributions are known, it's possible to execute numerically 
the following integrations

e |ca|J+ |ca|J 1 rj + rj.,
Q =/ ca 2тг r dr iV 2n Дг 2_ -------------  • -------  (3.3)
'ri J=1 2 2
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, f ® c I IJ I IJ—1
gh 1 / и V  Кг1 + Кг1 rJ + rJ*>--- t,---- / wr cu2 dr v ---- • йг ) -------------  • ----- - • (3.4)
4 re-4 J re‘r i J-1 2 2i

where "j" stands for the radius index and Л for the hydraulic efficiency, 
which may be expressed, as a function of capacity, by means of a suitable 
parabolic relation outcoming from experience.

Such capacity and head concerne, of.course, that stream arrangement which 
is connected with a definite value |ca | of velocity at the hub and then 
singles out just a point of machine characteristic.

To a different value of | ca | -1- it will correspond a different stream ar
rangement which is described by another curve (P^-P^, for istance, in fig.4, 
referring to a high capacity, or PV - P”, referring to a low capacity).

This curve, by means of eqs. (3.3) and (3.4), will provide another couple 
of values for capacity and head, that is to say just another point of char
acteristic. If one.follows again and again the foregoing procedure, by chang 
ing everytime |ca | with values initially close to the nominal one and then 
more and more distant, he can get the whole performances curve of machine.

Of course the above procedure has not to be regarded quite as a graphic 
one, necessarily involving the manual drawing of curves P^ - Pg (which are 
here acting merely as descriptive examples): indeed, by means of appropriate 
numerical methods, one can get the characteristic itself directly plotted by 
a computer, simply referring to the following data 
Qn > ^n > ri» te у z 9 Yf» Y^> Y2 »••••••• *Yg 9
where z means the number of cylindrical section taken into account.

Such numerical methods as well as their experimental application and 
checking will be the object of further research work.
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THEORETICAL APPROACH TO THE RELATION BETWEEN CAVITY LENGTH AND 
NPSH IN AN IMPELLER PUMP OF GIVEN HEAD-NPSH GRAPH UNDER PULSA
TILE CAVITATION 
by
Raabe, J.

Introduction into the Problem.- An impeller pump of given ro
tor design is considered, whose head versus NPSH characteristic 
(see graph in fig. 1) is known from measurements.
Industrial pumps are used to work 
along the descending branch of this 
characteristic, so as to have a cer
tain head drop AH (about 1 % to 3 % 
in proposition to the head H).
In the present case a working regi
me is considered about a point P Fig. 1: Head versus NPSH 
on the H(NPSH) curve with a certain slope tan?- = dH/dNPSH and a 
certain radius of curvature R (see graph in fig. 1).
During stroboscobic observation of the impeller eye through an 
observation window in the draft, a certain maximum length 1 of 
cavity is observed on the suction face of the rotor vane, on 
the zone most susceptible to cavitation, situated close to the 
shroud, as shown in fig. 2.
In the majority of cases, which is also as
sumed here, the preliminarily quasi-steady 
appearing cavity is in reality a pulsatile 
cavity.
As shown in fig. 3, such a cavity consists Fig. 2: Impeller
of a quick sequence of wall attached cavi- eye
ties with the time period T. They originate at the time t = 0 
on the critical station A close to the leading edge of the ro
tor vane, then grow streamwisely with its rear, whilst a re-en
trant jet from there between cavity and wall of vane face cuts 
the wall-attached head of cavity from the wall.
This occurs after a time elapsed t = T. Then the cavity is 
washed away and collapses finally. Simultanously, at the in
stant the first cavity separates from wall, a new cavity origi-
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nates on the critical point A of that profile
contour (in the case considered that at the
suction face of impeller vane).
In the following it is assumed that the period
T of this pulsating cavity is known from model
tests (perhaps through observation by means of
a rotoscope). Hence the Strouhal number due to
the observed maximum cavity length 1 and them
known relative velocity w^ at the rotor inlet,

Sr = 1 /(Tw.), 1)in JL

is assumed to be a constant parameter due to '  I 4
the performance point considered. Fig. 3: Pulsati-
The cavity is assumed to be filled essential- le Cavity 
ly with saturated steam of the working liquid. In agreement 
with recently made tests on wall-attached cavities by Lush and 
Peters [ 2 ]  it is assumed, that the growth of the length 1 of 
cavity obeys the corresponding law of a vapourous bubble versus 
time. Thus

1 = к •■/!?, 2)

in which a is the known thermal diffusivity of the liquid and к 
a certain figure.
Finally it is assumed, that the time averaged pressure distri
bution along the profil of the vane considered is known for the 
neighbourhood of the critical working point considered. This 
distribution may be determined by the pressure number due to 
the critical point defined by

A,= 2(p± - p c r ) / ( p w ^ ) ,  3)

in which p^ and w^ respectively are the pressure and relative 
velocity at the outermost station 1 before the impeller inlet, 
Pcr the critical pressure, p the liquid density.
The problem arising from these facts and important for the
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operation of the pumps is characterized by the following quest
ion :
"What maximum of time averaged cavity length 1 (this is the 
value the unarmed eye can observe stroboscobically) can be as
signed to a certain NPSH value?"
And hence:
"What change of head drop AH has to be assigned (coordinated)
to a certain observed change of maximum time averaged cavity
length A 1 ?"m

Additional Assumptions.- The head of the re-entrant jet has at 
an instant of time t elapsed since the origin of the cavity a 
distance lg from the rear of the cavity (see fig. 4) given by

lg = vt, 4)

in which V is the mean velocity of the jet relative to the rear 
of the cavity. This velocity v is assumed to 
originate from the pressure difference between 
the pressure pR on the liquid slightly down
stream of the rear of cavity and the constant 
critical pressure pcr in the interior of the Fig. 4: Cavity 
cavity, which is close to the pressure of the saturated vapour 
due to the liquid. Hence

v = V2(PH - PCr)/P- 5)

Imagine the distribution of the time averaged pressure on the 
cavitation vane face to follow the line "a" íopp fíc M  in the 
case of non-cavitating flow.
In case of cavitation the branch of the 
graph "a" is converted into "b", namely 
a p = pcr = constant line, see fig. 5.
The pressure on the station Hm due to
the maximum cavity length may be ocp̂ , Fig. 5: Pressure Dis- 
in which oc is a known figure due to the tribution
pressure distribution. Hence from 5) the maximum velocity of
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the re-entrant jet

vm = VsCPj^ - Pcr - Рх (1 - оt ) ] / p \  6)

A comparison with 3) shows immediately

vm - Vxw2 - 2(1 - ot)Pl/p'. 7)

As well known [3] for the here considered whirl-free admission 
(c  ̂= 0) of an impeller, the NPSH value of a pump can be split 
into a first term due to the rotor and a second term due to the 
suction pipe according to

NPSH.= Aw2/(2g) + (1 + ?)c^1/(2g), 8)

where £ is the loss coefficient due to the suction pipe, c j 
the meridional velocity at station 1, w.̂  the relative velocity 
at station 1, which follows from the given flow Q and the vane 
angle and the blade tip speed u.̂ at station 1. Substituting 
A-w2 in 7) by 8) yields

vm = 2gNPSH - (1 + Ocjjjj - 2(1 - oC) p 1 /p. 9)

Finally after the time t = T elapsed the re-entrant jet reaches
its maximum length 1 .m

Solutin of the Problem.- From 2), 4), 9) results

T = ak2/ [2gNPSH - (1 + - 2рг(1 - u)/ß, 10)

and

i = к •■/üt'. IDm т
2 211) gives к = lm/(aT). Putting this into 10) results in

T = lm/V2gNPSH - (1 + ?)c21 - 2px(l - 0c)/p. 12)
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With T from 12) in 11) yields

lm = ak2/V2gNPSH - (1 + - 2Pl(l - оt ) / p ,  13)

at which the coefficient к follows from certain observed values 
lm , a, t assigned to eych other by 11). 13) hints on the fact 
that the cavity length increases with decreasing NPSH. 
Differentiation of 13) gives

2 О Я /9
A lm = - gak 4NPSH/[2gNPSH - (1 + ?)c^ - 2P;l(l - oc)/p]° ,

14)
which reflects that dlm > 0 corresponds to zJNPSH < О in agree
ment with experience [1].
In general the problem is of interest, how much may 1 increase 
if only a certain corresponding head drop дН is admitted. For 
this purpose the given H(NPSH) graph of the pump in the neigh
bourhood of the operating point P is considered in fig. 6.
In a first order approximation 
dNPSH depends on the head drop 
by means of the local slope by

*HPSH1.approx. - *Hcot^
15)

In a second order approximation 
the change 4NPSH depends also 
on the local radius of curvature 
R of the graph by

ÜNPSHj.opp(.

4NPSH0 _____  = A H c o t y  + Fig. 6: H(NPSH) graph in thez < 3 ppr OX • '————
+ 4H^/(sin^j"2R). 16) neighbourhood of P

Obviously

R = A E / ( A y s i x \ y )  . 17)

Hence
4NPSH2approx = A E c o t y ( l  + A y / sin2^). 18)
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Introducing this in 14) yields

Д1 / А Н = - gak2cot^(l + A y / s i . n 2 y ) /[2gNPSH - (1 + ?)c2, - m о /о ni±
- 2px(l - oc) / p ]  /  = C. 19)

In the following the dependence of C on design parameters such
as type number (specific speed) n', suction head h„, head H isq о
considered. For this purpose in the appendix it is shown that C 
results from

C = - gak2cot^(l + А у / sin2y')rfq>la (1 - N2)(?/{(gH)3/2n^2 • 
•[2(rc<pla(l - N3)£)2/3/S4/3 - «-(1 + ?)(^ф1а)2 -
- 2(1 - оО(7Гф1а(1 - N2)?)2/3/n^4/3(PA/(pgH) - hg/H)]372} ,

20)о /Л
at which n' = CJ-7rQ7(gH)'3 is the dimensionless specific speed 
(type number), co the angular velocity, S = co-/Q7(gNPSH)';s the 
suction specific speed,  ̂= ст]Уст1а > cml the mean meridional 
velocity at the impeller eye, cm^a the meridional velocity 
close to the shroud, the hub to tip diameter ratio at the 
impeller eye, рд the atmospheric pressure, hg the suction head 
of the pump, £ the suction pipe loss coefficient, q>la = cm^a/ 
/u^a the flow coefficient at impeller eye close to the shroud. 
With a load degree defined by

q -  Q / Q o p , 2 1 )

at which Q is the flow at bep, the flow coefficient for an op
arbitrary point can be defined by

»la = »laop4’ 22)

at which Ф1аор is nearly constant. Inserting 22) in 20), the 
relation 20) reads

A l m / A H  = -  gak2cot^(l + A y / s i n 2 y ) AQ/[(gH)372n^2 [Â  -
- 06A2q473 - (1 - c6)A3/n^4/3(pA/(pgH) - hg/H)]372}, 23)
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at which

A0 - " W 1 - "?>*- 24)
A1 ' 2<,I*laopa  ‘ 4 > V 2 / 3 / S , / 3 , 25)
A2 ■ t ^ L o p ' 1 + t>- 26)
A3 - 2<*ilaop(l - *?>í>2/3. 27)

Since S, Ф^ЯОр 1 К j may be assumed to change very little in 
an impeller pump, the following conclusions can be drawn from 
23):
For a certain H(NPSH) characteristic with known values у and A y  
in the critical zone and an experimentally known parameter к 
(obviously due to a certain Strouhal number, see l) and accord
ing to 11)) the increase of maximum cavity length Alm strobos- 
cobically observed due to a certain head drop ЛН is the larger

1) the flatter the H(NPSH) curve is,
2) the smaller the type number n^ is,
3) the larger the pressure рд on the level of the suction 

vessel is in proportion to the head,
4) the smaller the suction head is in relation to the head,
5) the smaller the head is,
6) the larger the thermal diffusivity a of the liquid is,
7) the larger the change of the slope A y  in the critical 

regime is,
8) the larger in relation to p^ the time averaged pressure 

ocpj at the rear of the cavity is,
9) the larger the load degree q is,
10) the larger the suction specific speed is.

APPENDIX

Proof for the conversion of the parameter C (see 19) and 20): 
Introducing the ratio of mean meridional velocity in the impel
ler eye (1) to the value at the shroud (la)  ̂= cm^/cmja anc*
the flow coefficient q>, = c , /u, , the denominator D of C can4la mla la’be transformed into
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D = u^a [2gNPSH/u^a - (1 + ? H 2<j>ia - 2Pl(l - a)/(pu^a)]3/2.
a)

ula can be expressed by the known blade tip speed coefficient 
kula at the impeller eye by means of

ula = kula‘ V~2gH. b)

The type number n^ depends on unit speed n ^  and unit flow Q1]L 
by

nq = nll-V^7* c)

Moreover

nll = kula'2 V 2 'D/Dla> d)

and

«11 - */4 4<Dla/D)2(l - **).. ^  konla, e>

at which kcmla is the coefficient of the meridional velocity 
kcmla = Cmia/,V2gH, the hub to tip ratio of impeller eye. 
Inserting e) and d) in c) yields

*»la - п ^ /3»-а1/3|-1/32-1/2„-1/3(1 - N3,-I/3. f)

Inserting f) in b) gives

3 ~-l ..2\ -1 r nv3/2 ,2 4Ula “ П  4 a *  (1 “ Nl) (®H) n ’ . g)

Definition of the suction specific speed S = Co • VoVCgNPSH)3^4 
and ula = Dia/2 results in

2gNPSH/u2a = 8w4/3Q2/3/(S4/3D2aco2) . h)

With Q = rc/4 ^ c mlaD2a(l _ N2) and <pla = cmla/ula
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о „neu / 2 „2/3 2/3 ,, „2..2/3.2/3 ,„4/3 ,,2gNPSH/ula = 2 n  ф1а (1 - N^)  ̂ /S i)

Assuming (see fig. 5) the pressure plg close to that at station 
1 (p^) the energy theorem yields

P1 “ pla “ PA - PghS “ pcml(1 + ?)/2’ J)

at which Рд is the pressure on the level of suction vessel, ? 
the suction pipe loss number, hg the suction head. Hence D in 
a) with g), i), j) reads

_ W-1 -1 fc-l,, „2.-1. „.3/2 ,2 г- 2/3 2/3,, „2.2/3D = П q>la (1 - Nj_) (gH) n- [ 2 tc cj>la (1 - Nj)
. i2/3/s4/3 - «(1 ♦ m 24  - 2(1 -
• (1 - N2)2/3n ^ 4/3(pA/(pBH> - bs/H)]3/2. k)

REFERENCES

1. Knapp, R./Daily, J./Hammitt, F.: Cavitation. McGraw-Hill, 
1970.

2. Lush, P./Peters, P.: Visualisation of the Cavitating Flow 
in a Venturi-Type Duct Using High Speed Cine Photography. 
Proceedings of the 11th IAHR Symposium, Amsterdam, 1982.

3. Raabe, J.: Hydraulische Maschinen und Anlagen. Teil 2: Was
serturbinen. VDI, 1970.

695



i—L.

LONG-TERM PREDICTIVE CAPABILITY OF EROSION MODELS
P. Veerabhadra Rao and Donald H. Buckley

ABSTRACT
This paper reports a brief overview of long-term cavitation 

and liquid impingement erosion and modeling methods proposed by 
different investigators, including the curve-fit approach re
cently suggested from this laboratory. A table is prepared to 
highlight the number of variables necessary for each model in 
order to compute the erosion-versus-time curves. A power law 
relation based on the average erosion rate is suggested which 
may solve several modeling problems.
INTRODUCTION

Long-term prediction of erosion due to cavitation and 
liquid impingement has become very important in view of severe 
erosion problems associated with hydraulic turbines and pumps 
due to cavitation, with aircraft surfaces due to rain drops, 
and with steam turbine blades due to impingement of condensed 
droplets. Extended periods of reliable operation in all situa
tions reemphasized the necessity for erosion-free performance 
or the alleviation of erosion. In most cases complete elimina
tion of erosion is not possible. Hence, it is necessary to 
establish the total erosion of a material for prolonged opera
tion so that the particular component may be changed, or so 
that highly resistant materials may be used to increase component life.

Although Honegger [1] was the first investigator to notice 
the effect of exposure time on erosion rate, Fyall et a^ [2] in 
1957, Hobbs [3] in 1962, and Thiruvengadam [4] in tFe early 
1960's clearly observed the influence of time on instantaneous 
erosion rate. Investigations by Thiruvengadam and Preiser [5], 
Plesset and Devine [6], Heymann [7], and Tichler and de Gee [8] 
have become classic studies. There have been, however, several 
discrepancies in the agreement of the type of erosion-rate- 
versus-time curves. Using shapes of curves obtained earlier, 
many models and formulations have been presented by different 
investigators for the long-term prediction of cavitation and 
liquid impingement erosion [7 to 13]. The details of the models 
are reviewed and presented in [14]. Table 1 presents models 
proposed and the number of variables necessary to predict 
erosion using these models [13, 14].

^Curves reported in [5] contain incubation, acceleration, 
deceleration, and steady-state zones; in [6] incubation, accel
eration, steady-state, and deceleration zones; in [7] peak 
erosion and deceleration zones or acceleration zone and several 
cycles of peaks of erosion rate; and in [8] incubation, accel
eration, first steady-state, deceleration and second steady- 
state periods.
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Table 1. - Predictive models, formulations, and parameters for computation of cavitation and
liquid-impingement erosion vs. time curves [13]

Investigator Type of erosion3 Parameters needed for computation Investigator Type of erosion3 Parameters needed for computation
Thiruvengadam CAV (nomogram) (I) erosion intensity Tichler and CAV (1) Incubation time, tQ
[18] (2) strain energy de Gee [8] (2) Resistance against cavitation erosion

under hydrodynamic conditions, as occur
Heymann [7] CAV and LI (1) Nominal mean lifetime for original in magnetostrictive oscillator Rq

surface (3) Mean depth of erosion at which effect
{elementary (2) Standard deviation for original surface of crater formation becomes manifest, гь
model) (3) Nominal mean lifetime for substructure (4) Proportionality constant, symbolizing

(4) Standard deviation for substructure increase in mean depth of erosion that
would be necessary to form number

LI (elaborated (1) Delay time during which no failure of craters per unit area in final
occurs steady-state period, ic

model) (2) Mean of log-normal distribution on (3) Ratio of rate of erosion in the final
logarithmic time scale steady-state period to rate of erosion

(3) Standard deviation of log-normal in first steady-state period, фоо
distribution on logarithmic time scale

Perelman and LI (1) work done on microplastic deformations
Thiruvengadam LI and CAV (1) Magnitude of instantaneous erosion Denisov [16] per cycle of load, due to the energy
[9] rate at first peak, Imax capacity of microvolumes of the material

(2) Time to attain first peak instantaneous (2) energy expended on fatigue fracture
erosion rate, tm (3) influence of the surface form

(3) Attenuation exponent, n (4) kinetic energy of a stream of droplets
(4) Weibull shape parameter, a (5) energy in a stream of droplets absorbed

during the incubation period
Hoff and LI (rain (1) Maximum rate of erosion, emax (6) specific energy of fracture determined
Langbein erosion) (2) Incubation period (intercept on time from macroscopic fracture tests
[10] axis from straight line portion of (7) energy absorbed by the material

erosion vs. time curve), t during initial deformation
Heymann [11] CAV and LI (1) Mean depth of erosion at tangent point, Thiruvengadam CAV and LI (1) erosion intensity

УХ [20] (nomogram) (2) erosion strength
(2) Average erosion rate at tangent point,

Rf Lichtarowicz LI (graph) (1) cumulative peak erosion rate
(3) Exponential constant, В [19] (2) time to reach cumulative peak

erosion rate
LI (1) Cumulative mean depth of erosion or

material loss at tangent point, yx Noskievic CAV (1) Cavitation property of material, ß
(2) Normal component of impact velocity, [12] (2) Cavitation strength of material

V0 or inner friction of material
(3) Volume of liquid impinging per unit during plastic deformation, a

area per unit time, Ua (3) Cavitation damage rate in developed
(4) Generalized nondimensional erosion period of cavitation attack, vs

resistance parameter. N€
--------------- --------------------------------------------------------------- Rao and Young CAV and LI (1) Peak cumulative average erosion rate

[13] (2) Time to attain peak cumulative average
£  erosion rate
C A V :  cavitation erosion. P> incubation period
LI: liquid impingement erosion—  cylindrical/ -------- ------------------------------------

spherical drop or jet impact including 
jet with cavitation inducer.
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1 1

LONG-TERM PREDICTION MODELS
t

Equations or models for the prediction of erosion rate with 
respect to time have been proposed by Heymann [7, 11], Tichler 
and de Gee [8], Thiruvendagam [9], Hoff and Langbein [10], 
Noskievic [12], Engel [15], Perelman and Denisov [16], and 
McGuiness and Thiruvengadam [17]. Others [18, 19] have pre
sented nomograms and graphs. A brief description of the impor
tant contributions of these models is outlined below in order 
to explain the current status of erosion-rate-versus-time pre
dictions for long-term exposures.
Heymann's models
Elementary model. Heymann [7] developed an elementary statis
tical erosion-rate-versus-time model for liquid impingement and 
cavitation erosion conditions of different materials wherein 
fatigue is the predominant failure mechanism. The model re
quires four parameters to obtain instantaneous erosion-rate- 
versus-time curves (Table 1). The fit of experimental data in 
certain real situations is very convincing with the use of nor
mal distributions truncated and normalized over a finite time 
span.
Elaborate model. Heymann's elaborated model [7] pe.rmits the 
specification of a different distribution function for each 
level below the original surface and of two different functions 
for the original surface. In this model the log-normal distri
bution is adopted. The inclusion of the median lifetime for 
the unaffected surface has significantly improved the 
predictions.
Curve fit approach. Heymann [11] suggested a simple and 
straightforward curve-fit approach using tangent (cumulative 
average) rate of erosion and tangent mean cumulative depth of 
erosion (volume loss) to predict the erosion rate which follows 
the peak erosion rate (Fig. 1). Equations suggested for the 
calculation of normalized average erosion rate (R/RqO and for 
time (t ) to reach a mean erosion rate require three and four 
parameters, respectively, to compute the erosion-versus-time 
history (Table 1). For particular liquid impingement and cav
itation erosion data sets, this approach appeared promising [11].

T E S T  D U R A T IO N , O R  M A S S  OF 
L IQ U ID  IM P IN G E D  PE R  U N IT  

A R E A
Fig. 1.- Typical cumulative 

erosion vs. time curve, de
fining terms used and equa
tions suggested [11].

0 1 2  3 4 5 6 7
R ELA TIV E T IM E , т

Fig. 2.- Theoretical prediction 
of the effect of time on inten
sity of erosion when n = 2 [9]
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Thiruvengadam's nomogram and theory of erosion
Strain energy. Using a strain energy (the area of a stress- 
strain curve is a measure of this energy per unit volume) 
concept, a nomogram was developed based on cavitation erosion 
data [20]. This nomogram has been used by design engineers to 
predict life of materials with a knowledge of erosion intensity 
and strain energy. Unfortunately, strain energy is a good pre
dictor only for highly ductile materials.
Concept of erosion strength and theory of erosion. In view of 
the limitations of strain energy, Thiruvengadam later developed 
the concept of erosion strength (tbe energy-absorbing capacity 
of the material per unit volume under the action of erosive 
forces or the ratio of energy absorbed by the material eroded 
to the volume of material eroded). Using this concept a theory 
of erosion [9] was developed to predict nonlinear effects of 
time on erosion rate, to quantitatively arrive at meaningful 
correlations in the laboratory, and to extrapolate to field 
prototypes. Figure 2 presents theoretical prediction curves of 
relative intensity (or relative erosion rate) versus relative 
time for an attenuation exponent n = 2. The final equation 
used is also presented in Fig. 2. This theory needs four para
meters to compute the erosion-rate-versus-time curve (Table 1). 
Thiruvengadam also modified his nomogram using the concept of 
erosion strength instead of strain energy. For design engi
neers, this nomogram may possibly be useful for the rough esti
mation of erosion rate under cavitation and liquid impingement 
erosion conditions.
Hoff and Langbein equation

A simple exponential equation was proposed by Hoff and 
Langbein [10] incorporating the heterogeneous characteristics 
of impingement drops based on impact statistics. The proposed 
equation (Fig. 3) requires only two parameters in order to com
pute the erosion rate as a function of time (Table 1). It 
should be noted, however, that by introducing a Poisson distri
bution into the method proposed by Heymann [7] or by introducing 
a distribution function into the original method proposed by 
Hoff and Langbein [10], the two methods are quite similar.
Tichler and de Gee model

Tichler and de Gee [8], on the basis of the observation of 
two steady-state periods, have formulated an equation to predict the mean depth of erosion as a function of time. It was assumed 
that the erosion rate is relatively high and the surface is 
attacked uniformly during the first steady-state period. The 
surface is saturated with deep isolated craters and the erosion 
rate is relatively low during the second steady-state period.
The final equation suggested for attenuation and second steady- 
state period and definition of terms used are presented in Fig.4. 
The equation needs five parameters to define the mean depth of 
erosion-rate-versus-time curve (Table 1). A graphical method 
to determine these parameters was presented by the investigators-
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Fig. 4. - Equation and definition of
, . , parameters used by Tichler and de GeeNosк levlc Formulation

Noskievic [12] formulated a mathematical relaxation model 
for the dynamics of cavitation damage of materials using a dif
ferential equation applied to forced oscillations with damping. 
This cavitation erosion model requires three parameters for the 
prediction of an erosion-versus-time-curve (Table 1)., Charts 
are presented for the use of this method (Fig. 5), which sim
plifies the hurdle of going through lengthy equations and cal
culations. The experimental curve of relative cavitation damage 
(v) versus log cavitation exposure time log t has to be com
pared with curves in Fig. 5 by shifting in the direction of the 
log t axis until a curve of approximate match is found. This 
enables one to read out 6 and t , which results in a ß 
value.

Fig. 5. - Relative cavitation damage vs. relative time curves 
[ 12].
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Curve-Fit Approach
Data for a large number of materials tested in both a ro

tating disk device and a magnetostriction oscillator have been 
analyzed in a new manner that presents normalized cumulative 
average erosion rate versus normalized time which brings the 
results to a universal curve fit [13]. With a knowledge of 
four parameters (Table 1), it may be possible to correlate erosion data between the laboratory model and field device.
The agreement of the data analyzed from two previous investiga
tions with entirely different experimental conditions not only 
showed similarities between cavitation and liquid-impingement 
erosion, but also reinforced the possibility of the unified 
nature of erosion. Correction factors for the incubation period 
and intensity of erosion are suggested.
DISCUSSION

Figure 6 presents normalized-average-erosion-rate-versus- 
normalized-time curves for stainless steel tested in a rotating 
disk device [13]. The data are normalized with respect to peak 
erosion rate and the time corresponding to this peak. Various 
models proposed by Thiruvengadam [9], and Heymann [11], Rao and 
Young [13], have also been presented on the curve. The methods 
proposed in [9] and [11] fit the data following the peak erosion 
rate. It is noted, however, that normalized time from 0 to 1 
cannot be represented by any of the equations presented earlier 
except the curve-fit approach developed at this laboratory 
[13]. The methods proposed by Tichler and de Gee [8] and 
Noskievic [12] have not been used, as the data considered for 
the analysis were not exposed too long and their plots represent 
a different dependent parameter. For individual materials, 
good results can be obtained at a single experimental condition 
with these two methods. It must be indicated, however, that 
many calculations are needed with these two methods.

To check the general validity of the models and graphical 
approaches presented earlier, data reported for cavitation 
erosion [21, 22] and liquid impingement [23, 24] were 
analyzed. A typical set of plots are presented in Figs. 7 to 9 
as normalized average erosion rate versus normalized time. It 
is evident that a material tested at a variety of conditions 
cannot be represented by a single method proposed earlier for

Fig. 6. - Normalized ave
rage erosion rate vs. 
normalized time of 
stainless steel.

Fig. 7. - Normalized average 
erosion rate vs. normalized 
time of different materials 
- vibratory cavitation.
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Fig. 8.- Normalized average 
erosion rate vs. normalized 
time of L-605 alloy tested 
in liquid sodium ( data 
source: [22] ).

Fig. 9.- Normalized mean depth 
of penetration rate vs. norma
lized time for different mate
rials - drop impingement (data 
source: [23] ).

long-term predictions. When individual groups of materials are 
considered as in Fig. 9, the methods proposed by Thiruvengadam
[9] and Heymann [11] are good. To show the involvement of cal
culations with equations proposed in Г 81, Table 2 presents parameters necessary to calculate the mean-depth-of-erosion- 
versus-time curve for stainless steel, mild steel, and brass 
[23]. In order to use this method, one must know the two 
steady-state periods. These may, however, not be available for 
most of the materials tested. The curve-fit approach suggested 
by this laboratory [13] produces a large scatter band to cover 
a wide variety of experimental conditions. This method, how
ever, not only calculates erosion rates and times, but also the 
cumulative erosion.To solve some of the disadvantages of each of the modeling 
methods proposed earlier with long-term predictions, a new 
characteristic law of average erosion rate versus cumulative 
erosion is presented.
Table 2. - Parameters necessary for Tichler and de Gee formulation [8]

( data source: [23] )
Parameter Stainless steel Mild steel 60/40 brass 
t0 impacts 252 x 103 85 x Ю 3 189 x 103
Rc 2.32 x 10'3 2.73 x 10"3 4.20 x 10-3
rb, um 328 360 620

5.19 x 10-4 1.46 x 10"3 3.44 x 10'4
♦ “ R«/Rc 0.244 0.536 0.082
a 1.422 ----  0.763
ÍJ 1.813 ----  3.395
r(tg) 369 401 722
rs 392 453 849
$ 75.62 ----  ----

Characteristic of Erosion-Rate-Versus-Cumulative-Erosion Curve
Figure 10 presents a typical plot of cumulative average 

volume loss rate versus volume loss of mild steel tested in a 
rotating disk device. The experimental conditions are: pres
sure, 0.15 MPa (abs); velocity, 37.3 m/s; diameter of the cav-
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D E V IC E : R O T A T IN G  D IS K  
M A T E R IA L : M IL D  ST E E L ,

Fig. 10. -Average erosion rate as function of cumulative erosion-

itation inducer, 25.4 mm; and diameter of the test specimen, 
63.5 mm. It appears that this curve has acceleration, peak 
rate and deceleration zones. The acceleration and deceleration 
zones may be represented by separate power-law relations. The 
equation for the acceleration zone is written as

V/t = AVn (1)
or V = (At)1/(l_n) (2)
where V =  cumulative volume loss, mm^; t = exposure time 
corresponding to V, min; A = coefficient; and n = exponent. 
Differentiation of Eq. (2) with respect to t results in

dV/dt = AVn/(l-n) = V/ (l-n)t (3)
Similarly, the deceleration zone after the peak is represented 
as

V/t = BV'm (4)
or V =  (Bt)1/<1+m) (5)
where В = coefficient; and m = exponent. Differentiation of 
Eq. (5) with respect to t results in

dV/dt = BV/(l+m)t (6)
= ßl/(l+m) t-m(l+m)/(1+m) (7)

The coefficients, exponents (slopes), and correlation coeffi
cients obtained by least-square fit are marked on Fig. 10.
Eqs. (3) and (6) indicate that instantaneous erosion rate dV/dt 
for these two zones is a function of cumulative average erosion 
rate V/t. Further the ratios of these two rates are always 
constant. The intersection point for these two curves may be 
obtained by equating Eqs. (1) and (4), i.e.,
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AVn = B V m (8)
or V =  (B/A)1/(n+m> (9)
The value of V in Eq. (9) corresponds to maxima on average- 
erosion-rate-versus-erosion curve, and values of (V/t)max 
and time corresponding to this peak may be obtained by using 
either Eq. (1) or (4) .

This study establishes that exponents n and m are 
almost equal, and that a power-law relation also exists between 
instantaneous erosion rate and exposure time. The advantage of 
this characteristic relation is that the values of (dV/dt)max 
and time corresponding to this peak may be calculated with a 
few number of experimental points. It is generally observed 
that Eq. (1) terminates at (dV/dt)max and deviates from the 
experimental points. To the knowledge of the present authors, 
this type of power-law relationship has not been reported 
earlier. This relation opens new avenues in erosion scaling 
and modeling efforts.
CONCLUSIONS

A brief overview of long-term cavitation erosion prediction 
equations and their capabilities is presented. Data analysis 
using cavitation and liquid impingement erosion data indicates 
that the normalized curve-fit approach suggested from this 
laboratory affords a better prediction for certain sets of 
data. For individual materials at one experimental condition, 
however, the methods proposed by Thiruvengadam and Heymann are 
good immediately following the peak erosion rate.

A unique power law relationship between average erosion 
rate and cumulative erosion is presented. It is believed that 
this relationship can solve some long-term modeling problems.
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OPTIMISATION OF THE AXIAL FLOW PUPS 

R. REY and R. NOGUERA

I -  INTRODUCTION :

In construction of the axial flow purps, the designer is  required to make, somehow, arbitrary 
selection among different geometric and hydraulic parameters ;  namely, inpeller hub to tip  
diameter ra tio , degree of reaction, type of vortex flow, diffusion fa c to r ,.. .

The work presented here is  based on the functional relations between specific speed, specific 
diameter, inpeller hub to tip  diameter ra tio , and two coefficients depending of the degree of 
reaction. A general method of resolution of the above relations according to each of the 
following c rite r ia  :

a) maxinun hydraulic efficiency
b) mininun noise level
c) maxinun suction capacity (minimum rPSH)

has been established.

From the basic design data of a machine, i .e  head, flow ra te , running speed, having adopted 
the type of vortex flow, the diffusion factor being inposed, and the condition of radial equi
librium respected, th is  method gives directly  :

-  rotor outside diameter
-  hub diameter
-  profile solidity

Furthermore, by employing the NACA 65 a irfo il a certain nxber of relations, concerning the 
blade deflection and profile losses, have permitted to define a t each radius, blade surface 
curvature and stagger angle of the profile.

Four axial machines (2 fans and 2 purps) have been designed and constructed, according to the 
aforementiomed method. The experiments carried out over these machines have sa tisfac to rily  
confirmed the re liab ility  of the method, also four French companies have manifested the ir 
in terest for th is  method.

II  -  GPERALITY CONCERNING PERFECT FLUID FLCM :

The establishment of th is  part is  based on the following assumptions :

-  the in le t stage velocities are axial and uniform (Fig.1)
-  the flow section between hub and periphery is  constant and have a cylindrical configu
ration
-  consistant with a perfect flu id  flow, the boundry layer effect is  neglected.

Under these conditions, the Euler equation gives the head expression a t each radius :

н(Ч = ®
S'
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Figure 1 : Axial velocity distribution and stream tube presentation.

Generally, Cu£ can take the following form : (r) s  k i r  ■+к г  + ©

Remembering that in construction of axial flow purps, the most common type of vortex which 
correspond to a well known hydraulic and geometric properties are :

free vortex flow k-| = 1*2 = 0 
forced vortex flow kj = кз = 0 
constant vortex k-| = kj = 0

The f i r s t  type of generating law is  the most widely used one.

1 -  Radial Equilibrium

For the general case of a vortex, defined in 0 ,  the respect of the radial equilibrium crite 
r ia  (1) in the outlet station  of the rotor inposes a distribution of axial outlet velocity Caj 
(r) given by the relation : _  ,  , , / ГГТ “ “ I

c 0lH  = ц Н + А®
f ( r )  is  a function dependant upon the type of the vortex, i .e .  k-j, k2 ,  кз>

f(rj = - Л  flfi (uí-3|<„)b4 -г Ь М

A is the integration constant which can be calculated from continuity equation.

* £ * * ' < * ( ' ) ■ dr ©
One can see that in the case of free vortex, the function f(r)  cancels and the condition of
radial equilibrium is  sa tisfied  by a uniform axial flow.

2 -  Definition of the Average Radius

The value of the average head, designated by H, is  defined from average power i .e  :

dcjv = C a(r )  d r
o r, _ _

(]v S ТГ (W--RI*) Col ©
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where Ca is the average velocity (perpendicular to the flow area). Also we define the 
average radius to be the radius at which the head, H(r) takes i t s  average value i.eT T :

H f a j - H  ®
The equation 1 and 2 permit to calculate the local head value :

■H(r)= kir-e кз) ®

and the average height is calculated by equation:

—и = L Iн(г) »г Jr ®
Except the case of free vortex, the equation cannot be integrated, we have therefore 
approximated th is  equation by the following relation :

H = А —  Ш r ) . d r ©
fc-KL

afte r sinp lifica tion , the following expression is  obtained :

I  Kfcti1 + k sl  ©
by considering equations 7 and 8 one can write : ^

H a I  [ к / * \ Л ? М 3]  ©
generally, by equating the relations 11 and 12 ,  two distinct values for the average 
radius will be resulted :

4 W

R -  \|i ©
where, the f i r s t  equation corresponds to free  and constant vortex (k-j = 0 in the two 
cases) and the second equation to the vortex for which \<2 -  0 (for example, the case of 
forced vortex).

In spite of th is  difference i t  has been shown that in the great majority of cases ( i .e  
hub/tip ratio of Ri/Re>0.4) the values of R evaluated by 13 and 14 are nearly equal 
(a difference of less than 1%). Therefore, the relation 13 is  chosen for the definition 
of average radius for a ll the types of vortices.

I l l  -  REAL FLUID FLOW

For real fluid the same hypothesis are made as that of perfect one, in th is  case only the 
rotor and sta to r profile losses have been taken into consideration.

Taking into account the radial equilibrium c r ite r ia ,  and as indicated in figure 1, the stream 
tube of constant flow ra te , do not have a cylindrical but a conical behavior.
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Figure 2 : velocity diagram of a compression stage.

In the foregoing analysis the following conditions and notations have been observed for the 
above parameters :

= 0, which corresponds, in the preliminary design stage, to the design point opera
tion.

В  a et £ ) ,  are considered to be constant (in the order of 1 to  2 degree, ref (6))

709

Under these conditions, by spplying the momentum theory to the stream tube of the rotor and 
sta to r blades respectively, the local head for a horizontal stage of constant flow area, will 
be expressed as the following :

fb -.QÍ ©
' P3- ■И- ^which also can be written as : y ® t \Q )

H[r), + -  Sj tj.'i
where, ,  [Ьл ,  ,  о^ы,£з. аге the parameters corresponding to the radius defined in
Figure 2.



Figure 2A : Details of the aerodynamic parameters and the forces exerted on the rotating and 
stationary blades (refering to Fig.2)
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° 4 2£ / C*aÍRJ~ Сяг
Under these conditions, the average head can be expressed by combining the eqiations 7 and 
16 *

ÍÜ H (« )=  ^  +  ©

or, j T -  Cm S  К @

with К destined as :

By considering equation 17 ,  the hydraulic efficiency ,  vhich takes accomt of profile 
losses only, w ill be given by (Ref(2)) :

=  _ ^  ©  
» и -

IV -  FONCTIONAL RELATIONSHIP BETVIEEN THE NON DIMENSIONAL PARAMETERS OF THE MACHINE

As i t  will be shown la te r, two basic equations which relate hub-tip ratio and specific diame
t e r  with the specific speed, can be established.

hub-tip ratio  ©

specific diameter . n „  .  r j)jL -
specific w  ^ 7

_ w *  ®
By inserting the value of H determined fron the equation 18 and by making the following 
hypothesis : _

Cha(ft) — Саг, — л Cq-f (§)
(th is hypothesis will be verified la te r) , one can show that :

л г _  #  (С
К 55 R 1

At the mean rad ius, other parameters wi l l  take p a rticu la r values :
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by taking the value of R as given by equation 13 and by introducing T, one obtains G) :

£ L  =  4T ft-т) t
K3/if/|4T) *

where, the value of hub-tip ratio  as a function of specific speed is given by :

- r  C ___ (25)
~  C +  - П - г  =

where c is  a constant depending only upon the angles at the mean radius o^^and W )

г -  4 T
-------- к 3»

with simii lar reasoning, and by etrploying the same hypothesis, the following relation is  deri
ved :

л = L  ©
V/ТГС

In rea lity , the equation 26 is  the parametric form of the famous s ta tis tic a l expression of 
CORDIER diagram (4), presented in Figure 4.

The Remarks Concerning the Hypothesis :

a) The f i r s t  approximation has permitted to obtain a simplified expression for the average
head. This sim plification has only been used for the estáolishment of the formulas 25 and 
26 . These formulas, Wiile being sufficiently  simple, reveal the overall behavior of the
following phenomena :

The hub-tip ratio and specific diameter decrease when the specific speed increases, th is 
has also been noticed by numerous authors (5) and used by the constructors.

Wien i t  is desired to иве the correct definition of the mean radius estdolished in 5 ,  i t  is  
then necessary to enploy a numerical technique for the establishment of the desired equations 
relating T and JV. to SI .
b) For the most commonly used vortices, the numerical integration of the equation 3 shows 
that the radial distribution of Ca2 (r) is  nearly linear, (Figure 3 ).
Therefore, i t  is  concluded that :

C a M  —  Q i  —

from figure 2 i t  can be seen that :
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Figure 3 : axial velocity variation a t the rotor ou tle t, for different types of vortex flow.

V -  DIMENSIONING OF A COMPRESSION STAGE

Generally, the construction of the machines is  based on tne expected values of the parameters- 
:head, flow ra te , rotational speed (nearly the same as the synchronous speed) a t the design 
point.

The principal dimensions of the machine, namely, Ri and Re are computed fron 25 and 26 ,  
these values w ill be used for the continuation of the analysis when the values of (c?t, 3**,] 
are chosen.

Now, we are going to see that a particular choice of the above angles, w ill essentially  confer 
to  the machine specific properties, and th is  depending on our desire to have the mahine pos
sessed, each of the following characteristics :

-  maximum hydraulic efficiency,
-  minimum size ,
-  minimum amount of pressure fluctuation (low noise level, in the case the fans),
-  maximum suction capacity (minimum NPSH).

As i t  w ill be shown la te r, certain of the above favourable conditions cannot be simultaneously 
sa tisfied , and sometimes they are even incorrpatible.

Also, i t  is  worth noting that the choice of ( ° t m , l e a d s  to a definition for the degree of 
reaction a t the mean radius : ä  к  т 1CT ss jt P*1 ^+ to. Ьы
We are going to  study each of the favourable cases in the following : 

a) Maximum Hydraulic Efficieny

The definition of hydraulic efficiency isn iv en  by the equation 20 . By taking the derivitive 
of th is  equation, the optimal values o f c a n  be determined.

By assuming that S \  and £ j,are small with respect to «iw, arri ßw ,, and knowing that they are 
approximately equal, then the op tim isation  re la tio n  is  obtained as follows 
: О  afte r simplification and rearragement one obtains 27 :

ri- ' 0)
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Also, from figure 4, i t  is  seen that the equation 27 results in a pompe which is  evidently 
smaller than those desigied according to the s ta tis t ic a l diagram of CORDIER. This is  in agre
ement with the general tendency of the .axial ftow purps' constructors, namely, the M=SH being 
the fundamental parameter, for a given the is usually chosen greater than that furni
shed by 27 r

Inversely, one can s t i l l  decrease the size by decreasing the value of with respect to  the 
value obtained from 27 .

The limits indicated of figure 4, concerning the values o f ^  (from 14л to  22)) corresponds to 
the u tilisa tio n  of the NACA 65 a irfo il series (7).

c -  Low Level of Pressure Fluctuation

This study is based on the Lowson method (8) which lead to a formula for acoustic energy of 
the pressure fluctuations. This energy is  also related to the frequency of the rotor blades

“ Ч т - + * м " 2 ) ©
Со : the velocity of sound in the flu id , 
m : harmonic nuiber 
h : a constant (h 2 for m = 1)
T-|, N-| : components of the resultant aerodynamic forces over the rotor bladings (figure 2A)

I f  one is interested in the particular case, where m = 1, by expressing T-| and as a func
tion  of H, qv;assigning the angles at the mean radius, afte r a relatively lorg_development 
procedure one obtain : щ  =  ^  ^  (.'A + t g f * )  ©

Therefore, the noise level will be as much lower as :

-  Q .  will be decreased, large Z,
-  & will be small, _
-  for a given ^ t h e  best value o f ^  will be determined b y ___ = 0, which results in :

As one can see, the optimum conditions concerning a low noise level is in contradiction with 
the conditions for optimum efficiency and small size (9).

d -  Low Value of NPSH

The optimisation of the required M>Sh is  based on the classical formulation, i .e .  by introdu
cing local dynamic pressure reduction coefficient.

WSH = £ l +  A  W i e

У
Where, is the rotor in let relative velocity a t the Re radius.

When 0| and Ŵ g are replaced by the ir respective values, and by introducing the Thoma parame
te r  : CT*L VIMH. one obtain the general relation :

•4 ̂  o
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Also, the equation 20 shows that the efficiency w ill be higher as o ^ i s  increased (within 
the Limitation inposed by the canber of the available p ro files, one can take, for exanple, in 
the case of the NACA 65 a irfo il series, a maximum value of 22n -  24n for<££ ). The relation 
27 is used for the optimal choice of jemand jjJV ]

b) Minimun Site

For a given head and flow rate , in order to ctesign the machine according to minimum size cri
te r ia ,  i t  is sufficient to  have .A. minimized (relation 22). As i t  is shown in figure 4 (after 
the relations 25 ard 26 also , by using the optimization equation 27 ) the size of the
machine decreases when :

- S L  is  large, which is evidently consistent with the actual rules of a r t .
-  ^  is  large for a given fixed value of £2  .

As cne can see, the last condition is  in agreement with the conditions of having a hiefi e ff i
ciency.

Figure 4 : The variation of specific diameter and hub/tip ratio  with the specific speed.
(Réf. equation 27)
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Figure 5 : Optirrum choice of the coqple 0Й», jl*0, according to the adopted design c rite r ia .

VI -  Generalisation

The formulas presented throughout th is  paper permit to ccnpletely dimension the stage of an 
axial flow expression machine.
For a given basic design data (H,qv) the type of optimisation (hydraulic efficiency, size, 
noise level, NPSH) being iirposed, the considerations of section V lead to a choice of : 
specific velocity (therefore, rotational speed) large_or small, also the most adapted (or 
e lse , compatible with the employed profile) values of and
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Where c, d and К are functions of oi* and ^wi(as defined previously).
Then, to have the fPSH minimised is equivalent to :

-  using a small value fo rJ 2 ,
-  a large value_fo r< ^, 'ü c r *  n
-  a value for Ж which sa tisfie s  the equation : /r~— •= О

' 0 ftn
This last equality leads to an equation of fourth degree which should be resolved, numerically 
or graphically.

The solutions are presented in figure 5, where, the optimal values of /^corresponding to the 
equations 27 and 30 are figjred.



The relations 25 and 26 permit to compute hub/tip ratio  and specific diameter, then fron 
21 and 22 the hri? and t ip  radius (Ri, Re) can be determined.

Now, depending on the type of selected vortex, the relation 5 permit to calculate the cor
responding values of k-j, k2  and кз.

Thus, one can determine the velocity triangles at each radius. Then, by inposing an ac ce p tile  
value of local diffusion coefficient (10), in the order of 0,4 to 0,5, the cascade solidity 
( l / t )  can be found by the following relations :

sta tor : £  -  | t y » U |

On the other hand, in order to assure the desired fluid deflection a t different radius, the 
general method appeared in (11), (12) and (13) can be readily errployed.

Notations

C : absolute velocity,
Ca : axial velocity,
Cu : tangential component of C,
W : relative velocity, 
l) : tangential velocity,
N : rotational speed,
H : stage head, 
qv : flow rate ,
Re : blade t ip  radius,
Ri : hub radius,
Z : rotating blade nunfaer, 
g : gravitational acceleration, 
p : s ta tic  pressure,
T : hub/tip ra tio , 
r  : radius,
D : coefficient of diffusion, 
w : angular velocity 
e& : absolute flow angle
b  : relative flow angle M b
£  : drag angle b , ^  -  -72—Г .Т  g =.

о mean angle defined as : ®
Ah, : mean angle defined as ; к  l __
J .  : specific diameter 
J L  : specific speed 
p  : fluid density 
Vj": degree of reaction
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STATISTICAL SV ALU AT I ON OP THE INFLUENCE OP TUS CHISP 
DIMENSIONS OF CENTRIFUGAL PUMPS WITH DOUBLE-VANE IMPELLERS 

ON THEIR WORK PARAMETERS

Jerzy ROKITA

SUMMARY

It has been assumed that between the chief dimensions of doub
le-vane impeller pumps and their work parameters there are so
me determinable interdependences. The existing correlations 
have been determined and aveluated. It has been found that on
ly some chief dimensions of the pump affect distinctly its 
work parameters. The possibility has been pointed out of dete
rmining the chief parameters of pumps for preset work parame
ters.

i. INTRODUCTION

Centrifugal pumps with double-vane impellers are used for pum

ping liquids containing solid-body grains. Pfleiderer’s method 
of calculating the chief dimensions of the impellers of centri
fugal pumps cannot be applied in the case of double-vane impe
llers, as the distribution of relative velocities along the 
perimeter of the outside diameter of the impeller is not known 

and theoretically not determinable. The existence of vortices 
and dead spaces in the inter-vane ducts makes it impossible 
also to determine the distribution of the meridional compone
nts of absolute velocity in the discharge section of the impe
ller .

In such a situation the chief dimensions of double-vane im
pellers may be selected basing on empirical relations between

719



the chief dimensions of double-vane impellers and the work pa
rameters of the pumps. It is on such a conception that Stepa- 
noff’s [1J proposition of selecting the chief dimensions of ce

ntrifugal pumps with multi-vane impellers is based.
It has been assumed that between the chief dimensions and 

the work parameters of centrifugal pumps with double-vane impe
llers there are relations which can be determined.

Therefore, a large collection of data was gathered concer

ning Polish-made pumps [2,3] as well as pumps producted in ot
her countries.

2. CHIEF DIMENSIONS OF DOUBLE-VANE IMPELLERS AND DIMENSIONLESS 

DISCRIMINANTS

The geometrical dimensions of impellers considered in the per
formed analysis are:

- diameters dQl d^, d^,

- widths b^, b^,
- vane angles
These dimensions have been presented directly in Fig.l. The 
following dimensionless discriminants were introduced:

- peripheral velocity constant u2

K U2 = frrfr Л/
- meridional velocity constant at the impeller outlet c2ffl

г,- _____ C 2m /„ /c2m - jrrir /2/
- velocity constant in the impeller neck cQ 
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ж~ • w h r  /3/
- kinematic specific speed

“sq = П ^1/2 H~3 A  /4/

The values of the discriminants were calculated for all the 
considered pumps /30 in all/ and analysed. Independent of the 

fact whether the impeller had or had not got lateral rotor- 
disks, the velocities c2m were determined while taking into 
account the discharge area of the pump, expressed hy the formu
láiig - 2 (j 2 j b2> If the impeller had no lateral rotor-disks,

f

the velocity determined in this way is of course only con
ventional.

3. COKRELaTIONS BETWEEN THE DIMENSIONLESS/NON-DIMENSIONAL/
DISC HIMIN ANTS OF THE IMPELLEU AND THE KINEMATIC SPECIFIC 

SPEED

It has been found that there is a distinct correlation between 
the peripheral velocity constant Кц2 and the kinematic specific 
speed n0„ /Fig.2/. The relation К 0-n has been described by 
means of the linear equation

Кц2 = 0,87i + 0,0063 nsq /5/

The maximum deviation does not exceed 4,9 %, and two thirds of 
all the deviations are contained within the limit of 2,5 %, In 
Fig.2 the black dots concern pumps with volutes with increa
sing cross-sections, whereas the white dots concern pumps with 
volutes whose cross-sections are constant. We see that the
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shape of the volute does not affect much the value of the pe
ripheral velocity constant &u2-

A conspicuous correlation exists also between К _ and n^ c2m sq
/Pig. 2/. The relation Kc2fn-nsq is deecri1:)ed by the linear de
pendence

Kc2m = °-002 + °>0016 nsq /6/
The maximum relative deviation amounts to 24 %  but two thirds 
of all the deviations do not exceed 10 %.

Threre is also a correlation /Fig.2/ between the relation 
b 2/d2 and ngf, which is expressed by the following equation:

b2/d2 = 0,061 + 0,004 ngq /7/

In this case, however, larger deviations occur.
Fig.3 presents the values of KcQ, b2/b1, ^  1 and ^ 2 in co~ 

mparison with the value of the kinematic specific speed ngq.
A considerable scatter of results is to be observed particula
rly in the case of the values of KCQ, though this does not af
fect much the work parameters of the pump. The remaining valu
es are contained within the ranges: b2 = (0,90 +■ 0,t5 ) b^; 
ß ± = 13 - 18°, Д, = 28 - 40°. The diameter d^ is contained in 
the range d.^0,75 + 1 )

4. CONFIGURATION OF ТЕЗ PUMP VOLUTE

The volutes of pumps with double-vane impellers have either 
constant or increasing flow sections. The shape of the volute 
does not exert, however, any visible effect on the value of 
the peripheral velocity constant Кц2, because even when the 
volute is spiral-shaped, the volute tongue deviates considera-
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bly from the outer diameter of the impeller. In this way the 
favourable offects of flow section changes are neutralized.

The efficiency of a pump is determined in a large degree by 

the flow capacity of the liquid-discharge system, which again 
is influenced by the cross-section of the diffuser inlet. In 
the case of the analysed pumps the inlet velocity constant of 

the diffuser expressed by the formula

V _ /й /Kc diff " -y 2 "g If /8/

reaches values in the range Kß = 0,15 * 0,25.

5. THE EFFICIENCY OF PUMPS

The efficiency of pumps increases both with the growth of the 
capacity of the pump and with the growth of the kinematic spe
cific speed. The deduced dependence formulates both these ef

fects :
= 0,545 ngq°>12 Q0’07 /9/

3 4(where Q is expressed in m /s ) .
r

The efficiency of pumps with doubl»-vane impellers reaches,pa

rticularly at high capacities, considerable values.

6. RECAPITULATION

The chief dimensions of centrifugal pumps with double-vane im
pellers doubtlessly exert a distinct effect on their work para
meters, though not all the dimensions influence them in an equ

ally conspicuous degree.
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The lifting height of a pump depends mainly on the outer 
diameter of the impeller and on the kinematic specific speed. 
Sven considerable variations of the other dimensions /dQ, d^, 

K K '  do not affect visibly the lifting height, because co
rrelation /5/ is intrinsic in its character.

The capacity of a pump, on the other hand, is determined by 
the impeller widths b^ and b 2> The correlations /6/ and /7/ a- 

re quite evident, relation /6/ being more essential, as it ta
kes into account more effects /blanking off ( screening) of the 
outlet section of the impeller, volumetric efficiency of the 

pump/.
The determined relations make it possible to select sensib

ly the dimensions of pumps with double-vane impellers. It is 
to be expected with good probability that the assumed work pa
rameters of the pump will be achieved. These relations hold
true in a rather large range of n values.sq
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NOMENCLATURE

H - lifting height of the pump
Q - capacity of the pump
n - rotational speed of the pump

g - acceleration of gravity
u2 - peripheral speed at the diameter d2
c ^  - meridional component of absolute velocity at the im

peller outlet

cQ - velocity in the neck of the impeller

cdiff “ velocity at the diffuser inlet 
^  - efficiency of the pump

ROKITA Jerzy, Dr techn.
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44-100 Gliwice, ul. Konarskiego 18 
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PUMPING STATIONS OPERATED BY DROWNED PUMPS WITH SLANTING AXES

by
O. RÖSER

Institute for Hydraulic Planning 

Budapest, HUNGARY

SUMMARY

A prime objective of the technical development of flow-technical machines is the reduction of 
investment costs. This was our goal too in trying to design pumping stations supplied by 
drowned pumps and slanting axes, an arrangement which has been developed recently by a 
number of pump-factories. By investigating possible solutions we arrived to a conclusion that 
investment costs are very favourable if drowned pumps are used and submerged to their site of 
operation via a rail deployed onto the slope of the channel. Based on this arrangement a set of 
experiments has been pursued in Hungary around the beginning of the 80’s. Also some 
permanent pumping stations were constructed in this way. For some elements of this design 
also notices of patent have been forwarded. In this lecture, our experiences in planning, 
construction and operation are presented and discussed.

INTRODUCTION

Planning of pumping stations along river sections or beside reservoirs with heavily fluctuating 
water levels was always one of the most difficult problems. If the pump was below minimum, 
the power-house above maximum (flood) water level the driving axes are very long. To 
eliminate large dimensions and to reduce costs several approaches were recently proposed; one 
fairly often applied method is the use of floating pumping stations. Even today, a number of 
such stations are operated in Hungary.
Some are several decades old. Investment costs of such plants were significantly lower than 
those of the stable stations but their operation was not without trouble. Sometimes navigation 
was disturbed, then the drifting of ice was hindered and also winter harbours were needed. The 
advent of drowned pumps with slanting exes revolutionized the construction of pumping sta
tions operated under heavily fluctuating water levels. This, however, called for a drastic change 
in the basic concepts of construction. No economic advantage would have risen from a 
particular solution where this new type of machine and a traditional type of arrangement of 
the project would have been combined.
If small pumps are needed often they are directly drowned in the river. If the size of a pump is 
large, different complications may arise, especially if the river bank is only moderately sloping. 
To let a pump be drowned in this situation, large cranes, or costly bridge-structures are needed. 
To overcome such difficulties several types of the drowned pump with slanting axis were 
developed. In this arrangement the pump is on wheels, and is let down on a slanting rail to its 
site of operation below the water level. Local transportation is made possible on their own 
wheels, on rails, or on other appropriately constructed trail.
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T A B L E
About Submersible Motor Propeller Pumps 

placed in oblique position

Number Plant Realisation P u m p  Pipe diam eter (mm)

name Degree Year Producer Type Piece H (m) й /p .  ( l /s )  p ressure  protecting

1. Tolnai Holtág in work 1982 EMU KP 334-2 2 13 A70 A00 1 000

2. Vargahossza experiment 1981 Flygt PL 7080 1 6 1 000 -  1 000

3. Biharugra in work 1983 EMU KP 602 2 A 1 A00 800

A. Körosladány preliminary plan 1981 Flygt PL 7080 3 A 1 700 -  1 000

5. Bp.Mozaik и. experiment 1982 Flygt PL 7060 1 A 900 -  800

6. Kanda fok execution plan 1982 EMU KP 33A-2 2 13 A70 A00 1 000



Fig. 1. Pumping Plant " Tolnai Holta'g " with EMU two Stage Submersible Motor 
Propeller Pump placed into a protecting Pipe in oblique position.

Fig. 2. Pumping Plant " Biharugra " with EMU Submersible Motor 
Volute Casing Propeller Pump placed in oblique track.
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EXISTING VANE-TYPE DROWNED PUMPS WITH SLANTING AXES 

Around the beginning of the 80's some pumping stations had been brought into existance in 

Hungary supplied by vane-type drowned pumps with slanting axes. The most important data 
about these stations has been listed in one of the enclosed tables. Some characteristic solutions 
are presented also in figures and by additional short information.
In Fig. 1. a sketch of a pumping station located on the dead Danube branch of Tolna is presen
ted /1/. At this site, a 28° steep rail has been made of steel pipes and was submerged in to the 
slope of the embankment. This solution has meant protection, at the same time, against larger 

floating solids and drifting ice. The pumps are moved inside the pipes on wheels. These wheels 
are made of Danamid plastics and are mounted radially in 90° to each other on the pump-body 
and pressure pipe. In this case, KP 334—2 type drowned, two-phase vane-pumps have been 
installed made by EMU. On this type, similarly to other submerged pumps for water supply, 
the engine is located underneath the pump itself. Pressure pipe can be joint to a pressure stud 
looking upward. By this stud the pump can be let down, is lifted, or held in position during 
operation. Operational water levels were determined on the basis of minimum water stage 
during upfill of the dead branch. This has made possible a bended formation of the lower part 
of the protective pipe, and a placement of it in the river bed without special modification of 
the embankment. On the conic end of the protective pipe a rough grating has been applied. 
Pumps were placed into the protective pipe during fall, 1981. They survived the hard winter 
period without failure. The pumping station was in full operation since spring, 1982. It is 
operated since without any problem.
In Fig.2. the development of the pumping station of Biharugra is presented 121. Here the newly 
installed drowned pumps are mounted on carts and are moved and operated on a slanting rail 
deployed onto the slope of the suction-canal of the existing pumping station. Selection and 
design of these pumps has been influenced significantly by the suction-canal of the existing 
pumping station and by its appr. 1.1m  deep water. Available conditions and limitations were 
tried to be overbridged by the use of a KP 602, EMU made vane-type, scroll-cased, drowned 
pump. The pump-units were deployed according to Fig.2. with horizontal axes, and downward 
turned cranked suction-connes mounted on a cart that was moved on a slanting rail parallel 
to the pressure pipe. Due to the fact that the pumps were not placed into the streaming river 
but in a protected, calm bay, there was no need for special protection, e.g. for a protecting 
pipe mentioned earlier in this lecture.
Operational testing of this novel and revolutionary pumping station was in spring, 1983. Its 
most important results will be presented during the discussions of this Conference.
In Fig.3., one of the construction alternatives of a Flygt made vane-type drowned pump, 
called PL-pump is presented. Such arrangement was recommended by us for the reconstruc
tion of the pumping station of Körösladány and also for other plants. A specific characteristic
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Fig, 3. Plant installation with Ftygt Submersible
Motor Propeller Pump typ "PL" in oblique position.

Fig. L. Detail from former Figure.
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of the PL-type pumps is the location of engines just above the runner. By this arrangement the 
depth of construction could be decreased. The machine itself has been placed originally in a 
protective pipe playing the role of a pressure pipe as well. For the solution of the problems 
arising from this slanting arrangement, exchanging the original vertical axis, a number of 
experiments have been executed recently at Vargahussz and on the Danube shore just beside 
str. Mozaik in Budapest in cooperation with Co. Flygt /4/.

These experiments reaffirmed the usability of our mechanical-structural design worked out to 
make possible this slanting construction. The statment is especially valid as far as the location 
of the heavily loaded wheel (with a very limited space requirement), the design of a suction 
opening without the possibility for the air to enter it, and the conic closing surface for the 
elimination of the damaging effect of the floating load, are concerned. Detailed solutions are 
visible in Fig.4.

CONCLUSIONS

Experiments and operation confirmed that the use of pumps drowned in a river or lake, and 

moved on slanting rails is a viable solution for a technically well-based pumping station. 
Economic evaluation — basically the initial question in this topic — was favourable at our exis
ting plants. A decrease in civil engineering work has shown up 30 to 50 per cent saving of the 
construction costs compared to those of the vertical arrangement. Time of construction has 
been shortened too.

Summation: a reduction in cost and time of construction has led to a cheaper realization of 
pumping stations supplied by the relatively more expensive drowned engines compared to the 
traditional plants. According to our experiments and experiences, the technical solutions of 
the slanting arrangement — discussed in this lecture — can be well used and applied in everyday 
engineering practice.
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. 1

F L O W  T H R O U G H  O P E N I N G S  I N  R O T A T I N G  D I S C S

0 .  R y d l e w i c z

S o m e  c e n t r i f u g a l  p u m p s  ( F i g .  l) r e q u i r e  a x i a l  t h r u s t  
r e d u c t i o n  d e v i c e s  c o n s i s t i n g  o f  s e a l i n g  r i n g s  B S  a n d  b a l a n c 
i n g  h o l e s  B H  in t h e  i m p e l l e r  s h r o u d .  T h i s  p r o d u c e s  t h e  d e s i 
r e d  r e d u c t i o n  i n  t h e  p r e s s u r e  d i f f e r e n c e  a n d  t h e  a x i a l  t h r u s t .  
H o w e v e r  t h e r e  is a l s o  a n o t h e r  e f f e c t ,  d u e  to i n d u c e d  s e c o n d a 
ry f l o w  ''ßS ^BH t h r o u g h  t h e  b a l a n c i n g  h o l e s  r e s u l t i n g  i n  
r e d u c e d  p u m p  f l o w r a t e .

I n  d e s i g n i n g  a n  i m p e l l e r ,  it i s  e s s e n t i a l  t o  m a t c h  b o t h  
t h e  n u m b e r  a n d  b o r e  o f  t h e  b a l a n c i n g  h o l e s  t o  r e d u c e  o f  t h e  
r e c i r c u l a t i n g  f l o w r a t e .
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F o r  t h e  s a m e  c o n d i t i o n s  t h e  r a t e  o f  f l o w  t h r o u g h  b a l a n c i n g  
h o l e s  is  g i v e n  by t h e  e x p r e s s i o n

7 3 7

T h e  p h e n o m e n a  t a k i n g  p l a c e  i n  a p u m p  c a n  b e  s i m u l a t e d  b y  
u s i n g  a f l o w  m o d e l  c o n s i s t i n g  o f  a s p i n n i n g  d i s c  w i t h  h o l e s  
p a r a l l e t  t o  t h e  a x i s  o f  r o t a t i o n  ( F i g .  2 ) .

T h e  f l o w  t h r o u g h  h o l e s  c a n  b e  g i v e n  b y  t h e  e x p r e s s i o n

V = A p v  = A ia V 2 ^jr-

w h e r e  A  - h o l e s  a r e a
jj. - c o e f f i c i e n t  o f  d i s c h a r g e

F o r  f l o w  t h r o u g h  s t a t i c  h o l e s  t h e  v a l u e  o f  c o e f f i c i e n t  ju ia 
a s s u m e d  t o  b e  c o n s t a n t  o v e r  a l a r g e  r a n g e  o f  f l o w s .  F o r  f l o w  
t h r o u g h  o p e n i n g s  ( b a l a n c i n g  h o l e s )  i n  r o t a t i n g  d i s c  t h e  v a l u e  
o f  p.BH i s  n o t  c o n s t a n t  a n d  s h o u l d  be f i x e d  by v a r i o u s  c o n 
d i t i o n s  o f  f l o w .

T h e  l a b o r a t o r y  t e s t s  a r e  p e r f o r m e d  b y  u s i n g  t h e  m o d e l  i m 
p e l l e r  w i t h  b a l a n c i n g  h o l e s  ( F i g .  3 a )  a n d  w i t h o u t  h o l e s  
( F i g .  3 b )



by i ̂ P02) i (л Рог)пV = V - VVBH 4 I L л

T h e  e x p e r i m e n t a l  d a t a  c o l l e c t e d  f o r  s u c h  c o n f i g u r a t i o n  s h o w ,  
t h a t  c o e f f i c i e n t  p.BH is n o t  c o n s t a n t  a n d  d e p e n d s  a m o n g s t  o t 
h e r  f a c t o r s  o n  r o t a t i o n a l  s p e e d  n  ( F i g .  4 ) .

Fig. 4
For tested model this dependence can be expressed in the form 
of an empirical relationship.
1 ŝ t fо rm

~.... . 1_________
H bh . 1016X5 + 1,7

у  _ R e  = v  =
vRe>'2 V У ?
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F i g .  5

2 - n d  f o r m

T h e  c o e f f i c i e n t  j_l b h  i e  a a l g e b r a i c  s u m  o f  a c o e f f i c i e n t  

(Квн)п-о s t a t i c  h o l e s  a n d  a d d e n d  d e p e n d e n t  o n  t h e o r e t i c a l  
s p e e d  o f  f l o w  у a n d  p e r i p h e r a l  s p e e d  o f  h o l e s  u  •

Р е н "  ( H m L o  “ 0,23(£)’ • 1,7 

l p J n . o " 0 . 5<i и - л
T h e  e x p r e s s i o n s  a r e  e x a c t  f o r  t h e  t e s t e d  m o d e l .
M o r e  u n i v e r s a l  r e l a t i o n s h i p  c a n  b e  r e a c h  a s  a r e s u l t  o f  e suc
c e s s i v e  r e s e a r c h .
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A - area 
d,D- diameter 
n - rotating speed 
Др - pressure difference 
Re - Reynolds number 
u - peripheral speed
V - theorelical speed
V - rate of flow
p - coefficient of charge 
P - liquid density
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Index
0, 1, 2 - control point
1, II - l~st, 2-nd form of model
BH - balancing hole
BS - back sealing
FS - front sealing
L - leakage
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PI - 90 - 924 tódi - Poland
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ANALYSIS OF THE BOUNDARY LAYER DEVELOPMENT IN A CENTRIFUGAL 
PUMP IMPELLER
Antonio Satta, Marina Ubaldi, Pietro Zunino 
Istituto di Macchine, Universitä di Genova

Abstract
The results of a boundary layer calculation on the internal sur 
faces of a centrifugal pump impeller are presented.
The analysis is based on an integral three dimensional boundary 
layer model which incorporates all the effects of the centrifu
gal forces,due to the curvatures of the coordinate lines, and of the 
Coriolis forces.
The boundary layer integral parameters are then used to calcu
late the flow losses on the blades and on the end wall surfaces 
of the impeller.
1. Introduction
The evaluation of the losses in the flow elements of the turbo
machines is often obtained with the aid of empirical correla
tions. They can offer reliable predictions only for machines 
similar to those which have been utilized to calibrate the expe 
rimental coefficients and give few informations to improve the- 
performances of the analyzed flow element.
Only a physical model able to interpret the complex development 
of the viscous flow allows to know the distribution of the flow 
losses in the elements of a turbomachine and to optimize the 
aerodinamic profiles.
This paper proposes a method for the calculation of the flow 
losses in centrifugal pump impellers, based on an integral boun 
dary layer model which is simple enough for industrial applica
tions .
2. Basic equations
The incompressible three dimensional boundary layer on curved 
and rotating surfaces can be analyzed by means of the integral 
momentum equations, the entrainment equation or the kinetic 
energy equation for three dimensional flows, written in an ortho 
gonal curvilinear coordinate system, constituted by the external 
streamline, the normal and the straight line perpendicular to 
the surface.
Hub and shroud boundary layer. - The three dimensional behaviour 
of the end wall boundary layer on a shrouded pump impeller is 
caused by the deficit of the components tangent to the surface 
of the centrifugal and Coriolis forces.
For the case of the wall boundary layer of a low specific speed 
impeller the effects of the forces normal to the wall on the 
turbulence production and on the momentum balance can be neglec 
ted. Then the following system formed by the two integral momen 
tum equations and by the entrainment equation is adopted:
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- К 1 2 <0 В „ + eBs> ;  K 2 1 <0S S  - V >  - 2 Ér 6n - - ¥  ■ 0 111

J2 ^  <De 0ns> * ^  fe «1 0„n> * K12(0.s ' 0n„> " 2K21 0ns +
e e

+ (K12 + 2 6s - ° ~ ¥ m = 0 (2)

3 ( 6 - 6 * )  1 3U 3 6 *

- ä F ^ -  + <6 - 6 s> (V V T  - K 21> - э Т Г  - c e  =  0 (3)e

If the streamwise flow and the cross flow are described by the 
power law and the Mager profile, the system of the partial dif
ferential equations (1), (2), (3) is hyperbolic C13 with two real 
characteristics which in each point are close to the external 
and the wall streamlines, in agreement with the physical pro
blem C21. The system is integrated with a finite difference ex
plicit procedure, verifying the Courant-Friedrichs-Lewy stabi
lity condition in each point.
The domain of integration on the surface of the hub or Of the 
shroud is limited sidewise by two contiguous blades and by the 
stagnation streamlines. Upstream it is closed by a circumferen
ce arc with known turbulent axisymmetrical boundary layer and 
downstream by the normal to the streamlines which passes through 
the point on the pressure side at the trailing edge.
Boundary conditions along the boundary crossed by the flow en
tering the integration region are supplied for the three princiL 
pal unknowns 0 SS, H-|2 < m. In agreement with the hypotesis of 
Moore C31, zero cross flow is supposed on the pressure side 
wall and along the upstream boundary.
Once the valués of 0SS, H-j 2 and m are known, all the parameters 
of the three dimensional boundary layer can be evaluated toge
ther with the mass flow rate, the streamwise momentum and kine
tic energy carried by the cross flow out of the pressure side 
corners and into the suction side corners.
Blade boundary layer. - In the case of low specific speed impel_ 
lers, the blade boundary layer can be considered two dimensio
nal. It can be calculated by means of the following momentum 
and kinetic energy equations:

2̂ ti <°« 0ss> + O; 51Г Ss + 3  fe 0sn> - K21 0ss * W
e e
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(5)7  fi <”| 5"s' + 7  Is C„> - K21 C  - CDS (5>
Ue e
The three dimensional effects of the tangential components of 
the centrifugal forces due to the K-| 2 curvature and of the Co
riolis forces due to the C03 component on the initial part of 
the blade are neglected. On the contrary, the influence of the 
secondary flows out of the pressure side and into the suction 
side is taken into account by means of the terms Э(Û  0sn)/3n 
and Э(u| б|^)/Эп. The influence of the normal components of cen 
trifugal and Coriolis forces on the turbulence production has 
been introduced in the integral model by adding a correction 
term to the dissipation coefficient Ср,. in the kinetic energy 
integral equation. This term is a function of H-| 2 and of the 
mean Richardson numbers of curvature Ric and rotation RiR C4D.
3. Results of the boundary layer calculation
The above model has been applied to a low specific speed impel
ler, which is an experimental and theoretical test case of a 
work group of the "Société Hydrotéchnique de France". The geome 
trical data are quoted in П5d: from this reference the meridio 
nal section and the design operating point data of this pump,- 
shown in fig. 1, have been derived. The inviscid velocity di
stributions have been obtained by a quasi-three dimensional cal culation [6 ].

M E R I D I O N A L  S E C T I O N  eX^ernal and wallstreamlines are shown m
fig. 2 and 3 on the fron 
tal views of the blade 
channels at the hub and 
at the shroud. The three 
dimensional boundary 
layer development is de
scribed in fig. 4 and 5 
by means of the distri
butions of the integral 
parameters H-j 2, 0SS and 
of the angle of the wall 
streamline e0 for the ex 
ternal streamline a, c, 
e on hub and shroud.

D E S I G N  O P E R A T I N G  P O I N T :  0 = 0 . 1 1 2  m 3 , s  ^ o w ^ a í s e d ^ j  t h e ^
c o  = 1 2  5 . 7  r a d / s  component, is 1 imitated 

by the adverse effect of 
the curvature K-| 2 and by fig. 1 the low thickness inte
gral parameters of the

boundary layer. The positive velocity gradients on a large part 
of the channel lower the shape factor H-] 2 to values near to re- 
laminarization.
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- - - - - - - E X T E R N A L  S T R E A M L I N E S  H U B
- - - - - -  W A L L  S T R E A M L I  N E S

- - - - - - - E X T E R N A L  S T R E A M L I N E S  SHROUD
- - - - - -  W A L L  S T R E A M L I N E S

On the shroud the 
streamline divergence 
and the presence of 
the cross flow limi
tate the growth of 
the shroud boundary 
layer in spite of the 
strong negative velo
city gradients on a 
large part of the 
channel.
Because of the posit^ 
ve velocity gradient 
a completely two di
mensional calculation 
on the blade suction 
side (fig. 6) pre
dicts a thin boundary 
layer with low values 
for the H<| 2 shape fac 
tor. The stabilizing 
effect of the Coriolis 
force, although limi- 
tated by the adverse 
effect of the curva
ture Ki 3 , results in 
an increased value 
for H.j 2 and a decrea
se of CfS. The stream 
line convergence 
and the secondary 
flows enter ing the 
blade region act to 
thicken the boundary 
layer. Besides the se 
condary flows cause 
a further decrease of 
CfS and a small de
crease of H-|2*

Because of negative velocity gradients a completely two dimen
sional calculation on the blade pressure side (fig. 7) predicts 
boundary layer separation. The secondary flow out of the pres
sure side and especially the destabilizing effect of the Corio
lis force act to decrease the boundary layer thickness integral 
parameters and bring the boundary layer far from separation.
4. Flow losses evaluation
The losses on the end wall and blade surfaces of the impeller 
can be evaluated as a drop of the relative total pressure of 
the combined inviscid-boundary layer flow as regards the invi
se id flow.
In each meridional station the power lpsses ЛЁ, due to the 
three dimensional boundary layer development on the axisimme-
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f ig. 4 fig. 5

trie rotating surfaces of hub and shroud,can be expressed in 
function of the integral parameters:

é + 2-rr/N
дЁ = N p/2 J- U g С(б**+б**) cos ß+ (6**+6**) sinß]Rd<|> (6)

In the same way the power losses on the suction and pressure 
sides of the blades can be obtained by the expression:



fig. 6

AÉ = (p/2) N h 6**s (7)

The distribution of the boundary layer losses on the hub,shroud, 
suction and pressure side surfaces are shown in fig. 8 in func
tion of the mean meridional coordinate. The power losses have 
been divided by the theoretical power calculated by the chan
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fig. 7
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ge of the moment of momentum 
of the inviscid flow from the 
inlet to the impeller outlet.
The mixing losses in the wa
kes behind the blades are cal 
culated by means of the ex
pression proposed by Scholz 
C7] for axial cascades: under 
the hypotesis of instanta
neous mixing at the impeller 
exit, it is valid also for ro 
tating radial cascades. The 
value obtained is

ДЁ . / É = 0,3%.mix t

5. Conclusions
A method for the calculation of unseparated boundary layer and 
flow losses in centrifugal impellers has been presented. The re 
suits of its application to a shrouded pump impeller with backs; 
wept blades evidence the importance of all the effects introdu
ced in the integral model.
Improvements to the procedure could be obtained by evaluating 
the influence of the boundary layer blockage on the inviscid 
calculation. The boundary conditions imposed for the hub and 
shroud boundary layer calculation and the validity of the velo 
city profiles for the analysed flows should be experimentally 
verified.
Nomenclature
CDs, C_, C^s Streamwise dissipation coefficient, entrain

ment coefficient and skin friction coeffi
cient

E Power
h Blade height
H12 = 5s/0ss Shape factor
K.. Curvatures of the coordinate lines13
1 Meridional coordinatem
m = tan e Cross flow parameterо
N Blade number
Q Volumetric flow rate
R, z, ф Cylindrical coordinates
s, n, у Orthogonal curvilinear coordinates
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U Free stream velocitye
u, V ,  w Local velocity components in s, n, у direc

tions
ß Angle between the streamwise velocity and

the meridional direction
6 Boundary layer thickness

f  6 rs
6 * = - 1/U / V dy; <5* = 1/U / (U - u)dy Displacementn e J  о s J о thicknesses

. ** . Лт3 C & 3 , .** . ,.T3 f  2 . Kinetic energy
nn e J  ns e о thicknesses

6 s* = 1/Ue f v(Ue ' u2)d^; 6ss = 1/Ue f u(Ue " u2) dy
e Angle of the limiting wall streamline with

respect to the free stream velocity

e_n = -1/U2 f v2dy; 0 = - 1/U2 f u V dy; Momentum
e J  о ns e J  о thicknesses

9sn = 1/üe /  v(Ue - u)dy; 6 ss = 1/U2 ^  u(Ue -u)dy
p Density
ш Angular velocity

, oj2 # “ 3 Angular velocity components in s, n, у di
rections



A DIFFUSION FACTOR CORRELATION FOR THE PREDICTION OF THE REVERSE FLOW 
ONSET AT THE CENTRIFUGAL PUMP INLET
B. Schiavello

SUMMARY
This paper deals with the reverse flow onset phenomenon at the centrifugal pump inlet. The triggering mechanism is produced mainly by 
the relative flow in the impeller. The inlet reverse flow onset capacity 
can be detected by means of both ’’direct methods", which use flow 
traverses or wall pressure measurements, and "not-direct methods", which 
are based on the incipient cavitation detection. Also, the problem of 
predicting the inlet reverse flow onset is discussed. It is shown that on 
the basis of a systematic experimental data set a correlation derived 
from the Diffusion Factor in the impeller relative flow appears to be the 
most effective.

1. INTRODUCTION
When centrifugal pumps operate at part flows, a highly unsteady flow 
suddendly appears, at a certain capacity, in the suction pipe. As soon as 
capacity is slightly decreased, a steady annular swirling reverse flow 
arises at the pipe wall. The velocity pattern shows near the wall a 
reversed axial component, which is named "reverse flow", and a tangential 
component, which is named "prerotation’’. The capacity at which the 
reverse flow appears at the leading edge of the impeller blade tip 
section is defined as "critical capacity", Qcr/QN* At smaller capacities, 
the swirling reverse flow pattern develops more and more and changes the 
level of noise and vibrations, as well as pressure, torque and thrusts’ 
pulsations.
An extensive literature review on the reverse flow and prerotation 
phenomena is presented in [ 1 } and [ 2 ] .
The influence of the impeller and volute geometry, inlet guide vanes and 
suction throttling devices has already been partially investigated. 
However, such investigations were not systematic. Often more than one 
influencing parameter was modified thus introducing compensating effects. 
Although no theory has been formulated which adequately relates the 
reverse flow onset to the pump design parameters, the impeller design 
appears to be very crucial. 2

2. TRIGGER MECHANISM OF THE INLET REVERSE FLOW
When the pump capacity is decreased, the incidence of the flow at the 
impeller inlet, especially at the tip blade section, increases. A high 
relative velocity and a subsequent rapid pressure recovery is generated 
on the blade suction side. This was clearly detected in centrifugal pumps 
by [ 3 ] through visualizations under stroboscopic light of the impeller 
flow at the condition of cavitation inception. Fig. 1 shows the curve of 
NPSHi (Net Positive Suction Head at incipient cavitation) against the 
pump capacity. At NPSHi-peak capacity a developing cavitation was
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localized at the impeller tip 
blade leading edge, on the
suction side, denoting high local 
relative velocity. The NPSHi-peak 
capacity was just before the 
reverse flow onset critical
capacity.
As it is well documented in 
literature the curve in Fig. 1 is 
also typical of mixed- and 
axial-flow impellers and
inducers. Furthermore some flow 
visualizations display a
separation at or near the 
impeller blade leading edge.
Therefore a general common 
mechanism can be supposed. When 
capacity is decreased, the 
incoming flow reaches a highpositive incidence, which causes a high blade loading on the
suction side of the tip blade at 
or near the leading edge.
At a certain capacity the 
limiting stalling incidence is 
reached and local separation starts. As the flow rate is furtherly 
reduced and the back pressure increased, a reverse flow arises 
immediately for centrifugal impellers, with a delay for mixed- and 
axial-flow rotors. The prerotation arising immediately after is forced by 
the reverse flow through shear stresses.
According to the experiments [ 4 ] the reverse flow is practically 
eliminated by throttling the impeller eye in such a way to maintain 
shockless flow conditions at any capacity. Then, clear emphasis is given 
to the crucial role of the inlet relative flow incidence angle i.

3. TEST MODELS
A research program on the reverse flow was started in order to obtain 
quantitative information. As a first step four impellers of same specific 
speed Nq = 37.2 have been investigated: a reference one (A) and three
variants (Al, A2, A3). The basic approach in designing the impeller
variants followed two main assumptions:
1. Constant matching capacity between impeller and volute in order to 

exclude the volute influence.
2. Impeller design which greatly differs from one to the other for one 

parameter or design criterium at time.
The impeller В (Nq = 32) was tested in the same volute.
A second series of configurations (C,C1,B1) were also tested in order to 
extend the investigation to higher Nq: A3.6 (Bl) and A8.2 (C,C1).
The leading criteria in selecting and designing the impeller variants are 
described in [ 1 ] , [ 5 ] . It was assumed that the reverse flow is
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Fio. 2

strictly related to the 
boundary layer separation on 
the blade suction side at tip 
near the leading edge. A 
qualitative analysis of the 
physics of the tip streamtube 
(Fig. 2) suggestedf1 ]that:
a) The centrifugal force 

field, dFcf (Eqn Al), has 
no influence on the 
boundary layer separa
tion. Infact, the adverse 
pressure gradient, which 
is generated by the 
centrifugal forces, is 
the same, at a given 
radius, in the boundary 
layer region and in the 
main stream.

b) The influence of the Co
riolis force, dFQ (Eqn 
A2) , on the separation of the boundary layer on the blade suction 
side is secondary. Such influence is partially compensated by the 
streamlines curvature effect in the relative flow for highly 
backward curved vanes, since they are typical of the centrifugal 
pump impellers. Moreover, the Reynolds effect (inertia force effect) 
is prevailing on the Coriolis force influence (rotation effect), 
when the kinematic viscosity of the fluid, f.i. water, and the 
rotation speed are low, as typically for the pumps.

c) The aerodynamic forces field, dF̂ n and dFas (Eqn A3), arising from 
the diffusion and streamline curvature effects in the relative flow, 
influence very critically the boundary layer separation. Infact, it 
is clearly shown in all the types of impellers, i.e. centrifugal-, 
mixed- and axial-flow, by the link between the NPSHi,SS peak and 
Qcc/Qh (Fig. 1 )d) The three-dimensional flow effects on the boundary layer behaviour, 
as either the main stream diffusion ratio of the secondary flows, 
arising from the removal of end wall boundary layer and from the 
aerodynamic blade loading distribution along the blade span, appear 
to be crucial on the reverse flow critical capacity.

Special attention was given to the effects of 1) the mainstream 
diffusion ratio (variant Al) in the relative flow and 2) the aerodynamic 
blade loading level and spanwise distribution from hub to tip. Since 
such phenomena control both the secondary flows’ level and the migration 
of boundary layer (low energy fluid) from hub to tip, they strongly 
affect the susceptibility to separation of the impeller shroud-blade 
suction side corner boundary layer. The variant A2 was designed with reduced and equalized aerodynamic lift coefficient. This design concept 
was furtherly and drastically forced in the variant A3 and, especially, 
Cl.
Detailed information on the test models geometry are given in
И  . Ы .

753



4. CRITICAL CAPACITY DETECTION METHODS
The critical capacity Q c r / Q n follows the affinity laws. This can be 
measured by means of several techniques [ 6 ] on:
a) Model tests in laboratory.
b) Full scale machines in situ.
4.1 Direct Methods
The reverse flow appears 
suddendly in the impeller 
suction pipe at the outer 
wall. It generates a sudden gg  
change of both the velocity 
and pressure fields, which 
have become fully three- 
dimensional, when they were g ß  
one-dimensional for Q > Qc r  .
The "direct-methods" consist 
of detecting such sudden 
change of the flow parameters, g ,

A. Flow visualizations [ 3 j
B. Flow traverses. The test

facility and experimental 
procedures for traversing 
with 5-hole probes the flow 
field in the pump suction 
pipe both at nominal and 
part flow rates are descri
bed in detail in [ 1 [ 2 "].
At a certain capacity, 
lower than the nominal one, 
it can be seen that Cx = 0  
at the outer wall in the 
test section (Fig. 3a).
This capacity is function 
of the axial distance x/D̂ yj 
(hyd: hydraulic) between 
the test section and the 
impeller tip blade leading 
edge. According to [ 1 ] the critical capacity, Qcr/Qn> Is obtained by 
extrapolating the experimental plot Q c r , x /Qn = f(x/Dbyd) f°r x/D̂ yJ = 0 
(Fig. 3b).
The same criterium can be applied to the velocity swirling component
(Си > 0) as well as to the total pressure (P > P . ).suction

C. Oscillating vanes ( 7 ]
D. Wall static pressure. When the reverse swirling flow reaches a test 

section, the pipe outer wall static pressure suddenly increases. The 
critical capacity is obtained by applying the extrapolation criterium 
described in 4.1.В.
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5.2 Not-Directs Methods
The not-direct methods are based on the 
liaison between the reverse flow onset 
and the peak of the incipient cavitation 
curve. The development and collapse of 
the cavitation bubbles cause, at given 
capacity, the variation of:
A) Energy (Head) Level (Fig. 4-A)
B) Sound Pressure Level (SPL) or 

Noise Level (A SPL = SPL-SPLREp;
REF = no cavitation) (Fig. 4-B)

C) Suction Pressure Fluctuations (Fig.4-C)
D) Volute Pressure Fluctuations (Fig.4-D)
E) Pump Casing Axial Vibrations (Fig.4-E)
F) Shaft Torque Fluctuations (Fig.4-F)
All these methods, which have been applied 
to a mixed-flow pump model (Nq = 92.5), 
are described in ( 8 ] . Fig. 4 gives an 
example (Q/Q̂  =0.79). It should be pointed 
out that some scattering was caused by a 
flow recirculation at impeller discharge
present at as well. For the noise curve 
no evident discontinuity was observed. A 
conventional value SPL = 5dB (Eqn A4) was 
chosen for comparison of noise level 
against the capacity. The detailed flow 
surveys, such as wall pressure measure
ments and flow traverses according 4.1.В 
and 4.1.D were also performed. All methods 
show a peak of Ti in the range Q/Q н = 
0.67t0.79 and a large increase of Ti. 
towards shut off. The different values of 
the critical capacity are collected in 
Table 1. It is clear that the not-direct 
methods A, C, D, E are in good agreement 
(with Tí/Tn *“ Q/Qn curves having very 
similar shape) also compared with direct 
methods В and C.

Table 1
Method Ti.,cr/TtN Qcr /Qn

Flow traverse (4.1.B) - 0.71
Wall pressure (4.1.D) - 0.71
Energy Level (5.1.A) - 0.70
Noise (5.1.B) 1.5 (1.4) 0.79(0.67)
Suction Pressure ,  ̂ лFluet. (5.1.C) 1 -3 (b2) °-70(0-79)
Volute Pressure „ „Fluct. fS.l.D) U 2  (1~D) E) F) * * 1) °-7°C°-79)
Axial Vibrations „ _ л
C5.1.E)______________ Ь 8  ° - 7 0
Torque Fluet. (5-l.F) 1.1 (1.0) 0.79 (1.0)
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The elaborated set of experimental data concerns velocity traverses and 
wall pressure measurements at the impeller inlet and exit sections for 
several capacities [ 1 "] , 2 J , ( 5 ] .
The critical capacity Qcr/QN reached considerably different values for 
the tested configurations: 0 .45̂ 0.95.
The tests clearly pointed out ( 6 ] , [ 9 ] that there is no univocal link
Qcr/QN = f(Nq)According to I 9 J, the onset 
of the reverse flow cannot 
be related either to the 
pressure peak forced by the 
volute at the impeller exit 
or to the overall (centri
fugal and aerodynamic) 
pressure average increase 
through the impeller. But, when the centrifugal forces pressure gradient isexcluded by considering
exclusively the "reduced 
static pressure", h^ (Eqn 
A5), a relationship between
the aerodynamic pressure (Cla £ ) T J e s  ^ S F , r l C rincrease and the reverse г / . 1flow onset is evident and |̂ Cla 6 Jy ^ S F , T ,crj ref
self-consistent i.e. the pj g
impellers with higher ^
aerodynamic pressure increase show higher Qck/Qn- An aerodynamic 
pressure coefficient at the impeller tip, Cpd j  , is defined as in 
cascade flow (Eqn A6 ). From Fig. 5 it can be deduced that, at the 
critical capacity, there is a well defined liaison between the critical 
aerodynamic pressure coefficient, Cpa,T,cr , the design aerodynamic 
loading, (C la 6* ) f , J e  5 > and the secondary flow losses, CUsf#t,ci* (Eqns 
A7,A8) , for the impeller tip blades cascade. A basic conclusion is that 
the aerodynamic pressure field, generated by the relative flow, is 
crucially affecting the impeller tip blade boundary layer separation and 
then the onset of reverse flow in centrifugal pumps.
The accurate prediction of the impeller exit relative flow (velocity Wg 
and angle ) at design and off-design conditions is a very delicate 
step for whichever approach to the critical capacity prediction problem. 
The relative flow in centrifugal impellers is obtained by superimposing 
the: 1) "displacement flow" (vortex flow with Q = 0) , 2) "relative
through flow” (channel flow with Q > 0) . The ideal slip factor due to 
the "displacement flow" was determined with the Busemann's theory, which 
applies to thin, uncambered blades radial-flow cascades. A relative flow 
angle tat impeller exit, /8  ̂> was computed. An additional deviation, 
6 = £>2 ” ß z (  J$2 : relative flow angle), is introduced by the "relative
through flow” because of the blade camber, if present, and both 
three-dimensional and viscous flow effects. The deviation é  was 
estimated (Eqn A9) on the • basis of the classical deviation angle 
correlations for axial cascades (Carter, NACA). These correlations were 
properly transformed for radial-flow cascades by establishing a physical

5. CRITICAL CAPACITY PREDICTION CORRELATION
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relation between the phenomena responsible for the deviation angle in 
both axial and radial flow fields. The global slip factor,
К (Eqn A10), was calculated and compared to the experimental slip 
factor, derived from the velocity traverses at the impeller exit. The 
comparison results quite acceptable ( cs 5%), exception made for 
variants C and Cl, requiring further refinements in the Busemann's 
theory application (effect of the impeller inlet-to-outlet diameter 
ratio).
As far as the off-design prediction of the impeller exit relative flow 
is concerned the "displacement flow" was assumed as invariable in 
relation with capacity i.e. the Busemann’s zero flow head coefficient hQ 
is invariant against Q. Fig. 5 displays that Qcr/Qn is determined 
primarily by the relative velocity diffusion and the aerodynamic 
circulation, secondarily by three-dimensional and viscosity effects. The 
blade suction side boundary layer separation in straight stationary 
cascades is commonly predicted with the Diffusion Factor correlation 
(Eqn All). The statistical critical value is DF = 0.6. The diffusion 
factor basic concepts were adopted and revised for centrifugal rotors by 
considering only the relative flow field and excluding any influence of 
the centrifugal flow field. The critical diffusion factor (at Qcr/Qn) 
for the blade tip section was ranging from 0.47 (impeller C) to 0.63 
(impeller A2) . The impeller A2, designed for uniform aerodynamic load 
distribution from hub to tip with low twisted blades, appears very 
similar to a rotating radial-flow cascade. All the other impellers are 
characterized by more or less pronounced three-dimensional effects. They 
are generated by:
a) A non uniform hub-to-tip distribution of the aerodynamic blade 

loading. This diminishes the maximum diffusion through a factor f 3^
(Eqn A12).

b) The meridional curvature of the impeller tip shroud. This increases 
the separation susceptibility of the blade suction side boundary 
layer according to a factor ft q (Eqn A13).

Moreover, the friction and secondary flow losses deteriorate the 
relative velocity diffusion process by increasing the boundary layer 
thickness . This 
loss influence is 
expressed through 
the factor fsp (Eqn 
A14). In Fig. 6
the limit value 
DFTiCf is plotted 
against the corre
lating parameter 
( К 3D,5F,TC )cr(Eqn A15), which includes the
three-dimensional 
flow and viscosity 
and tip shroud 
curvature effects.
According to Fig.
6 the prediction pj- 0
of the critical ^
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capacity can be formulated as follows:

Qcr / Q n = F (DF r, cr )

DFr.cr = DF cr, ?x> • ( К 3d / sF, Tc)cr
D Fcr ,гя = 0,6

with an accuracy of 5% on Q^/Q^.
Various other theoretical approaches б̂| as:
a) Diffusion Ratio (De Haller)
b) Lift coefficient (Carter)
c) Stalling incidence angle r ^
d) Diffusion factor with absolute flow circulation (Rodgers) 10
e) "Pump Diffusion Factor" (Sen) [ll]
or empirical correlations [l2 ] have been applied to the tested
configurations. Such analysis, described in detail in [б ] , shows that 
the criteria elaborated on the basis of the Diffusion Factor concepts are 
the most effective and complete from the phenomenon physical description 
point of view, although certain formulations and applications[1 0 ] ,f1 1 ] 
are not entirely correct, either theoretically or experimentally.

APPENDIX A . DEFINITIONS AND FORMULAS
- Centrifugal force (Fig. 2 ) d F cf = R CJ* dm (Al)
- Coriolis force (Fig. 2) cl = 2 OJ W  d m  (A2)

J r w 2 Am
, normal (n)

- Aerodynamic
(blade) forces < (A3)
(Fi8‘ 2) a f d( \Н*/г)\ streamwise (s) 1 <9S = --- j— c---OS

" Z i - го ) f - f  <«>

- "Reduced static pressure" (average) = h - / 2 j j  (A5)

- Impeller tip aerodynamic W p r  -  ĥ -r
pressure coefficient (Fig. 5) LRs T “

- Friction loss coefficient д  H \ 2  f
/ 2 g

- Secondary flow losses • ß
(Stewart’s correlation 13 ) GOcr = ^ —  (A8 )

SF M A R  ■ 6Г
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- Additional angle deviation 6  — P z '  ßz.  ~ + + ̂ 3I> (j (A9)
<*“ip = two-dimensional deviation angle at optimal 

# incidence, i=i*(Carter's correlation)
Д&20 = Variation of at off-design incidence, i Ф i 

(NACA correlation)
6 ш = deviation angle due to three-dimensional ( 3D ) 

and viscous (to) effects (Author'a correction)
- Overall theoretical (th) slip factor = Сц^ (-Ц /CuZ,th,oo (AIO)
- Diffusion Factor _ |Wu< - Wu2 I

(axial flow cascade) "" '  ̂ 2  & .(All)

/ 3D-flow f3D = [CCua ® ) т / (Cla б )н] cr (A12)
- Correction
factors < Tip shroud curvature! — bj /  R y c  f (A13)
(Fig. 6) lTC

t Viscosity {sp = C J SF c r (A14)
- Overall correction factor
on Df:T,Cr(Fi8 - 6) K 3 D/sF(TC = fsp'fiF’frc (A15>

NOMENCLATURE Subscripts
AR - blade aspect ratio (height/chord) 1 (2)- impeller blade leading
b - blade height (trailing) edge
C - absolute velocity 1 2 - impeller inlet to outlet
Cla - aerodynamic lift coefficient 2D - twodimensional
Cpa - aerodynamic pressure coeff. 3D - threedimensional
D - diameter 00 - infinite blade number
DF - diffusion factor A - aerodynamic
f - frequency or correction factor AZ - test configuration A2
h - average static pressure C - Coriolis
h<r| - average "reduced static pressure" cf - centrifugal
H - total head cr - critical
AH - head losses csL - streamline curvature
t - relative incidence angle - design point
К - slip factor ( - friction
Nq - specific speed (rpm, m /s,m) H - impeller hub section
NPSH- Net Positive Suction Head i. - incipient cavitation
Q - capacity M - blade mean section
R - radius N - nominal
SPL - sound pressure level о - suction pipe outer wall
V* - peripheral velocity ov - overall (Fig. 1)
^  - relative velocity r - reverse flow (Fig. 3)
* - axial distance (Fig. 3) r e f - configuration A (Fig. 5)
ßb - blade angle SF - secondary flow
jB‘ - relative flow angle (Busemann) T - impeller tip section
fb “ overall relative flow angle TC - tip shroud curvature
ß c Yy - blade chord angle x - velocity axial component
6  - relative flow deviation angle u- - velocity tangential
O’ - solidity (chord/pitch) component
T  - cavitation coefficient со - viscous

( N PS H /(u*r /2 g )
^  - angular velocity or loss coeff.
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INVESTIGATION OF THE FLUID FLOW WITHIN THE RETURN PASSAGES 
OF MULTI-STAGE CENTRIFUGAL PUMPS

R.Schilling, O.Eichler, D.Klemm and H.Offenhäuser 

SUMMARY
The paper deals with the numerical and experimental investiga
tion of the inviscid but rotational meridional flow of an in
compressible fluid within a return passage of a multi-stage 
centrifugal pump. A second-order finite difference solution 
procedure has been developed using boundary-fitted coordinates. 
The first numerical results are shown and compared with mea
sured data.

1. INTRODUCTION
Designing multi-stage centrifugal pumps it is very important 
to know the flow field within the return passage and the inlet 
flow conditions of the second stage and of the following ones.

The fluid flow in turbomachinery is unsteady, three-dimensional 
and turbulent. In spite of large computers available, a full 
numerical solution of this difficult flow problem cannot be ob
tained. Therefore, the simplified flow model of WU [1] is used 
in order to predict the steady inviscid fluid flow within tur
bomachineries. Following this theory, the real three-dimensio
nal flow can be described as a superposition of two two-dimen
sional flows in the hub to shroud plane (H-S) and in the blade 
to blade plane (B-B), see Fig.l.

Fig.1 Mathematical Model of the Quasi 3D Flow 
Through an Impeller.
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The present paper deals with the H-S flow within return passa
ges of multi-stage centrifugal pumps supposing a known B-B flow 
within the stay vanes and the return vanes, see Fig.2.

Fig.2 Meridional Contour of a Return Passage of a Multi-Stage 
Centrifugal Pump.

2. MATHEMATICAL FORMULATION OF THE PROBLEM,BASIC EQUATIONS
The flow is considered to be steady, inviscid but rotational 
and axisymmetric. The governing equations are the continuity 
and the definition of the vorticity

d/v c s O  £-(rácr) + ^ ( r ó c z) = 0  ( i )

rat c = X dcr_ _ dc* = A  (2) 
Ö Z  d r

where c , cz are the components of the meridional flow and t is 
the displacement thickness. Introducing a stream function which 
satisfies the continuity

(5a) Сг = (5b)
r rt Ő Z  z rt d r
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we obtain the Poisson equation for the stream function

д  у  _  (2 -h -  ^  — ____2 r t  (4)
?2 \Z + t ö r ) r d r  t ö z ö z ~  Л Г С  ’ ’

Using the definitions for the swirlO' and the total pressure of 
the flow p. n

* л? =  Г - С < р  (5)

о / 2 2 2 \
Pt=P ~h (Cr + Cr +CzJ (6)

the EULER equation for the r- and z-direction may be rearran
ged as follow, see [2]:

* - i f *  f  «

The EULER equation in *f -direction yields an equation for the 
calculation of the swirl O' as a function of cr and cz

5 7  (r c r ~ $ ) +  ( r c £ & ) * = 0  (9)

which may be applied in the vaneless spaces of the pump. Within 
the stay and return vanes the swirl O' can be estimated suppo
sing an infinitely high number of vanes.

Coordinate Transformation
The partial differential equations (4) and (9) are to be solved 
numerically taking into account the appropriate boundary con
ditions. Because of the complexity of this boundary value prob
lem it is convenient to introduce a boundary-oriented coordi
nate system (|,У). The advantage of this method is that the 
flow calculations using a finite difference method can be car
ried out in a fixed rectangular domain with an uniform grid.
The boundary-fitted coordinates have to be generated numeri
cally solving the following Poisson equations
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=  f  (Юа) =  h  (10b)
rz rz

where f, h are the so called "forcing functions" depending on 
(r, z) or (f,^), which provide a control over the spacing of 
the coordinate lines in the physical domain. An arbitrary point 
in the transformed plane P can be mapped into the physi
cal plane P (r, z) by solving the following Poisson equations

0  ru  + c 2 +C3 rK  + d*(f rt thr^ ) =  Ipd*  (11a)

C 7 z ^ y -  c2 z ^ + c 3 z ^  + d 2(fz^ + h *^)  =  о  (11b)

Similarly the Poisson equation for the stream function (4) and 
the swirl transport equation (9) has to be transformed

с,У'^ + сг У ' ^ + % У ^ +  с̂ ч-cs v^ os)

Ы щ  rĉ )+ й(щrcî) ~° W)
In the equations (11) and (12) c^ to c^ are the transformation 
coefficients and d is the Jacobian determinant.
The velocities of the transformed domain may be evaluated from 
the corresponding derivations of the stream function

Cr — ------—  Щг- ■ (14a)
Í Г  d  Ö l  K ’

_ / V c 7  a Y 7 ,lJ|HCc~ ~  -ö'-’ar
The relations between the velocities of the physical and the 
transformed domain are as follows:

764



Boundary Conditions
At the inlet of the domain cr is supposed to be uniform while
at the outlet c is assumed to be zero. The solid boundaries r
are stream-linesY = const, where the difference of the values 
of the stream function is given by the volume flow rate.

3. NUMERICAL SOLUTION
The coordinate transformation was performed at the Institut für 
Strömungslehre und Strömungsmaschinen, Fachgebiet Strömungsma
schinen der Universität Karlsruhe. On this basis there was de
veloped a second-order finite difference procedure for the cal
culation of the potential flow within simple geometries using 
Gaussian line elimination [3]. This basic program was extended 
at VOITH GmbH to the real case of rotational flow within com
plex geometries using the field method of STONES [4], which is 
about 10-times faster than the line-elimination.

4. TEST RIG FOR TESTS IN AIR
In order to prove the mathematical model air tests were perfor
med. For this purpose a special test rig was built up.
On the test rig (fig.3) the original pump impeller of the 1st 
stage, which is also used for tests in water, is driven by a 
3-phase a.c.motor. By frequency control, the pump impeller speed 
can be adjusted within a wide range up to the maximum speed of
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29^0 min-1. The speed is measured by means of an induction meter. 
The tests were conducted at a speed of 2500 min-'1'.

The impeller sucks in air directly through an inlet nozzle, 
which simultaneously serves for discharge measurement, as it 
was calibrated at this point with the help of a calibration 
nozzle. The impeller blows into the downstream diffuser; from 
there, the air flows through the return chamber and the return 
vanes into the next stage. The 2nd-stage impeller is not in
stalled; only the vaneless airstream passage of this impeller 
is modeled. With the help of flow restrictor rings provided at 
the outlet, the desired flowrate is adjusted.
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The entire airstream passage from the entrance into the diffuser 
of the 1st stage to the entrance into the impeller of the second 
stage can be equipped with a number of flow measuring probes for 
the measurement of flow fields. The cover walls, in which the 
probes are fastened, can be turned towards the vanes.
5. MEASUREMENT TECHNIQUE
For measuring the velocities with respect to magnitude and di
rection, calibrated flow measuring probes in the form of cranked 
quadruple tubes were used. By simple turning of the probe, the 
direction in the flow plane is read off on the basis of zero 
balancing, by means of an angle scale dial pointer attached to 
the shaft.
All other values (total pressure, static pressure, component of 
the flow direction in the plane of the probe shaft and, thus, 
the velocity) must be determined with the help of calibration 
curves via suitably measured pressures.
The hook-shaped probes have the drawback that, for measurements 
conducted near the wall, through which the shaft is passed, 
either a large opening or a ring-shaped slot is required for 
turning the probe, which falsifies the test results. In order 
to minimize this disturbing influence, the direction is roughly 
determined in a preliminary test. For the main test, the probe 
is adjusted in this direction, and the wall opening is closed 
to such an extent that, during the test, only the fine adjust
ment of the probe is possible.
For indication of the total pressure, the static pressure and, 
thus, the dyn. pressure, as well as for indication of the dif
ferential pressure for determining the direction in the shaft 
plane (meridian plane), projected-scale pressure gauges accor
ding to Betz were used.
The differential pressure for determining the direction verti
cal to the probe shaft was ascertained by means of an inductive 
diferential pressure cell with digitizer on the load side.
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6. RESULTS
The numerical analysis was carried out for a centrifugal pump 
of low specific speed. The measurements were performed consider
ing several operation points.
However, the comparison between numerical and measured results 
is restricted to the best point, where only small separation 
zones occur in the stay vanes (diffuser) and in the return vanes 
The numerical theory and the experiments show a good agreement 
concerning the circumferential velocity cu at lower radii, see 
Pig.4.

Fig.4 Theoretical velocities in circumferential (c ) and 
axial (c ) direction in section A-A-comparedwith 
experimental results.

This behaviour may be understood because the flow angle at the 
stay vane and return vane outlet clearly differs from the blade 
angle, which was supposed to be equal to the flow angle in this 
step of our investigations.
The next step will also include a B-B analysis, see [5], in 
order to get a better agreement.
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7. NOMENCLATURE
с, - Cr transformation coefficients1 5
e , с meridional velocity componentsГ z
Cj, transformed velocities
Су, c circumferential velocities
d Jacobian determinant
f, h forcing functions
p, pt static, total pressure respectively
r, z meridional coordinates
t displacement thickness
I, 'S transformed coordinates
S density
^  swirl
7l,Y vorticity, stream function respectively' %
A Irk \* delta operator£  rsrv»rj
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DETECTION OE THE SERVICE LIFE OF TURBINE COMPONENTS
G. Schramm, G. Schilg, W. Hahn

Formula symbols and indices 
A area r radiusi
a temperature conductivity s wall strength
Bi Biot number T temperature
b lever arm T temperature transient
E modulus of elasticity ОL heat transfer coefficient
E fatigue degree qc _̂ linear heat expansion
F force coefficient
Fo Fourier number 2Ea amplitude of dilatation
Ы moment Z time
N number of load reversals Poisson's ratio
P pressure A  heat conductivity
p miit pressure creep-rupture stability

A surface crack kr critical U turning
В rupture lin linear V/ wall
E inlet m medium W material
F fluid R wheel chamber
FI flange 3 screw

spr jump

1 . Introduction and aim
The limits of the service life of a component are reached when 
the functionality isn't guaranteed any more because of 
abrasion or when undue extensions or cracks occur caused by 
material fatigue. This paper will deal with the service life 
effected by material fatigue, as components of 3team or gas 
turbines are often applied at temperatures of more than 
350 °G so that material fatigue is decisive for component 
failures.
For the engineer the question arises: How strong is the 
consumption of service life of the component under the service
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conditions at a given material quality? For answering this 
question the effects on service life must be known. They 
can be divided into two groups:
1. Stress resulting from service conditions
2. Material parameters typical for fatigue.
There is a complex dependence of service life on service 
stress, material properties and constructive solutions, thus 
a technical processing is impossible without simplification. 
The following processing stages can be stated:
(1) Analysis of the operating condition and detection of the 

load collektiv.
(2) Calculation or measurement of time-dependent temperature 

fields and thermal stresses.
(3) Detection of the total load of the component.
(4) Estimation of component stress by comparison with 

material parameters and detection of the component damage 
and service life consumption, resp.

The problems arising are, on the one hand, the exact 
calculation of unsteady thermal stresses for components of 
an intricate shape, in grooves and at crbss-sectional 
variations, and on the other hand, the summation of creep- 
rupture stress and dilatation-rupture stress. In the first 
case, remarkable advance was achieved by developing finite- 
element procedures, which are, however, associated with high 
expenditures. In the second case, the methods of damage 
accumulation don't offer sufficient security so that 
experimental investigations on original components are 
required.
2. Detection of component stress

The total stress is composed of mechanical and thermal 
steady and unsteady stresses.
At thermally stressed components the unsteady thermal 
stresses play a dominant role, in many cases. Therefore it 
is often decisive to know them.
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2.1. Detection of temperature fields
Apart from experimental methods, the temperature profile on 
a component wall can he computed by solving the Fourier dif
ferential equation. A confined solution of this equation is 
not possible. By теапз of EDP-programmes based on finite 
elements good approximation can be achieved, depending to 
the processing efforts.

Using simplified assumptions for the boundary conditions and 
component geometry approximation equations can be set up, 
which can be applied for the estimated detection of the tem
perature profile. £уpiai parameters for heat transfer and 
heat conduction are the Biot-number and the Fourier-number.
2.2. Determination of thermal stresses using simplified 

assumptions

If the temperature profile of the component wall is known, 
the thermal stress can be computed according to the relation

Summarizing the material parameters in a material factor 
Q  ..J = E CtfM/1 - tf") and expressing the wall temperature as a 
function of the fluid temperature variation equation (1) can 
be written in the following way:
For a temperature variation of the fluid with a constanbt 
transient Tp = dTp/dT it hold3

(Sun ̂  $lin s2tF. <»
For an erratic temperature variation of the fluid at 
A Ttj = const, it holds

< V = $ V & p r ^ -  (3>
Thereby the tension factors $2.±n and 3-p̂ are functions 
of the Biot-number, the Fourier-number and the component 
shape. Their dependence on these parameters on principle is

7 7 2
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shown in figure 1 for linear temperature alteration and in 
figure 2 for erratic temperature alteration. At the Dresden

University of Technology a working documentation for the 
approximate calculation of tensions was developed and used in 
practice by this method.

2.3. Limits of simplifying assum.ptions
The tension factors con be applied for simple geometrical 
forms like plate, cylinder and sphere, successfully. These
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are e.g.at the high-pressure unit of a superheated steam tur 
bine shown in figure 3
- the cylindrecal zone of the external casing (internally 
heated thin-walled hollow cylinder)

- the shaft in the range of the intermediate stuffing box 
(externally heated thick-walled hollow cylinder).

Fig.3 Scheme of the high -pressure section of 
a superheated steam■ turbine

From the behaviour of the fluid parameters the required Biot 
and Fo-numbers can also be determined.
This method can't be applied if there are great deviations 
from the simple shapes, e.g. at the flange of the divided 
casing or the range of big flanged sockets.
It has already been stated in /1/ and /2/ that additional 
stresses occur at components according to figure 4 through 
the different temperature developments and the restricted 
dilatations caused by them, in the casing wall and joint 
flange. After determining the boundary coditions
- the flange remains even on the level of the joint flange 
and can shift into x-direction

- the inclination of the casing wall in the vertex remains
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constant and the wall can shift into y-direction 
- flange and casing wall have equal inclinations in section 
A

the Thermal stresses in the wall and the flange can he 
computed on the basis of a finite-element programme. By a 
comparison to the approximation computation fox- the 
cylindrical wall it is possible to determine the additional 
stresses acting as a consequence of moment A M. 1,'Ioment A M 
can also be determined approximately according to /2/.
Knowing А И the flange can be computed with regard to the mo
ments b • 51 , Ду and. the forces and Bp as a defor-
meble plate separated from the cylindrical wall in section A. 
Resxilts of this computation method are shown in figure 4. Bor

Fig. 4 Load situation at the flange of a joint

7 7 5



typical temperature developments in casing wall and flange 
regarding the moment F • b the represented behaviour of the

Jr

unit pressure p = f (x; is resulting.

3* Evoluation of the component stress by comparison to mate
rial parameters

1'he service life consumption of a component thermally stressed 
occurs due to superposition of creep-rupture fatigue becaxise 
of the steady and of dilatation-rupture fatigue because of 
the unsteady stress (figure 5).

jcreep load alternating dilotation
/nftW

load reversals
Fig. 5 Behavior of material at creep load and 

alternating dilatation load
For creep-rupture fatigue the creep-rupture stability

try of .the material is characteristic, at which the
X-j j í / i

rupture occurs after the tool-life 7”--,. The parameter for 
dilatation-rupture fatigue is the alternating surface crack 
number , at which a surface crack is to be expected for a 
certain amplitude of dilatation 2 £ .
4. Statements on service life consumption
The fatigue degree of the matei'ial is decisive for service 
life consumption. The simplest method for summarizing the
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fatigue shares from creep-rupture fatigue and dilatation-rup
ture fatigue is the linear damage accumulation

E  =  Í .  + Z .  -fj— . ■ M)
i=o t b ,i r O  N K j

Theoretically, the service life is exhausted when the fatigue 
value is E = 1. Practically, however, a broad range of results 
can't be excluded due to uncertainties at 

the detection of the load collectiv 
the determination of material parameters as well as 
the method of linear damage accumulation itself.

Thus, it is impossible to compute the precise failure criter
ion in the component, but a warning time can be determined, 
according to which repairings, inspection cycles and recon
structions can^lanned more easily. Due to the uncertainties 
mentioned above at steam turbines Е^г = 0,6...0,25 and at gas 
turbines Ekr 0,1 is proposed for the critical fatigue degree.
5. Research work required for increasing security of service 

life determination
Prom the description of the basic method of service life de
termination the problems still to be solved for incrasing the 
security of the statements become obvious.
The following complexes can be listed:
(1) Detection of the state of tensions within the component 

The computation of tensions in components of intricate 
shapes is possible by means of complicated finite element 
programmes. The results of computation are to be checked 
by measurements on original components. At the Dz’esden 
University of Technology, a model casing test stand is 
being prepared for measuring thermal stresses and defor
mations. As a model the simplified external casing of the 
high-pressure unit of a superheated steam turbine in the 
scale of about 1:5 was used.

(2) Providing material parameters 
Various influences like
- frequency time and hold-up time of the load cycles
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- component shape
- temperature level
- surface condition
- corrosion
make the provision of reproducible expressive values for 
dilatation-rupture stability more difficult. The numerous 
measured values available for different steels must be 
systemized.
(3) Validity of damage accumulation

In order to determine the complex effect of the indivi
dual influences as well as the behaviour of the components 
at different degrees of damage experimental 
investigations on models and original components are 
required.

(4) Acquisition and processing of operating characteristics 
A complete knowledge of the stresses occuring during the 
total operating time is the supposition for service life 
investigations. This is only feasible by means of auto
mated measuring and data processing facilities.
Currently, the producers of turbines, also in the GDR, 
are doing comprehensive research work in this field.
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COMPARISON OP TWO METHODS POR CALCULATING THE VELOCITY 
DISTRIBUTION IN ROTATING CASCADES

A. Sebestyén - E. Steck - K.O. Felsch 

CASCADE MODELS AND ASSUMPTIONS

To compute the velocity distribution along the pressure and 
suction sides of radial grids, a purely radial impeller of 
constant width b and backwards curved blades is considered,

see Pig.l. Por the simple de
scription of the blade profiles 
according to the finite diff
erence method, a finite blade 
thickness is produced by turnkg 
the skeleton line round the 
rotation axis. In the following 
let the skeleton line be a loga
rithmic spiral with a helical 
angley^s 42°. Forms of leading

and rear edges of the blade models are different: the comput
ing method based on the Fredholm Integral equation applies 
rounded blade edges, whereas the difference method sets out 
from sharp-edged blade comers.
Let the flow be plaine and steady in the relative system co
rotating at со = const. Let the density p be constant and the 
dynamic viscosity /л, disappear.

CALCULATIONS BY MEANS OP A FINITE DIFFERENCE METHOD

The steady-state frictionless relative flow is described by 
the two Euler equations and the continuity equation. They can 
be transformed with the help of the vorticity function

j f ]
and of the reduced static pressure
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Р* = р-^ ( г и з ) 2
according to [l] into, an equivalent substitute system for the 
scalar energy magnitude of the reduced total pressure

+ W f2)
such as:
div W “° 3 . B f . ( ^ 2tu) W f ,

f r
As in the absolute system the flow would be a potential flow 

= -2 oo leads to the direct conclusion that the reduced to
tal pressure p* is constant.
Introducing a stream function f  , meeting the continuity iden
tically with w 1 ay ч ar
the Poisson equation suitable for numerical handling 

is obtained. = 2 со
Por description of the flow through curved blades a co-ordina
te transformation into profile oriented non-orthogonal co-or
dinates

?(r,f).r, ?(1-лс)-т(£)+Г
is carried out.
Thereby the concentric circles r = const are sustained as co
ordinate lines, whereas the initial straights f = const become 
general spirals. Furthermore, to increase the numerical accur-

д  'v Л  'v
асу an implicit co-ordinate distorsion r(r),f (f) is applied..
It is expedient to develop the following dimensionless magni
tudes : *

, ф - Z,  r - f , >

a - i ’ »

”” 1 ' T'T1" ----- —— — —  ---
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where z is the blade number, W g m the radial component of the 
relative velocity averaged by volume, fr the volume coefficient 
and the total pressure coefficient.
'Written in dimensionless form, with velocity components to be 
calculated from the stream function f , the Poisson equation 
becomes: ^  =Z,

The dimensionless Laplace operator A  refers to co-ordinatesл л R0R and ф .
Por the calculation of the cascade flow the Poisson equation 
has to be solved numerically, taking the relevant boundary 
conditions into consideration. Because of periodicity it is 
enough to seek the solution within the integration range 
between two blades.
At the control volume inlet - far enough from the cascade 
were the non-orthogonal co-ordinate system develops into a 
polar one by a twice continuously differentiable manner, the 
velocity components are fined by the given velocity field.

^  i \*J(p ' W g  c o t « .  - f S  ^
The stream function is linear 

fV^ + consL;
the unknown integration constant has to be computed from the 
azimuthal component V7ф . Analogue requirements have to be made 
at the control volume outlet in a sufficient distance behind 
the cascade, where the co-ordinate system becomes again ortho
gonal. However there the circumferential component Wф is un
known and has to be determined to meet a physically interpret
able downwash condition on the rear blade edge. At present 
problem the sum of the azimuthal components on both blade 
edges should disappear. In case of infinitely thin blades this 
downwash condition changes into the Kutta-Joukowsky condition. 
On the pressure side the value of the stream function is zero, 
on the suction side its value is equal to the volume coeffi-
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cient. Por both sides of control volume boundaries of the in
let and downwash range, periodical boundary conditions have 
to be specified.

The elliptic boundary value problem is numerically solved by 
an implicit difference method of second order of consistence^ 
Por this all differentials are approximated by symmetrical 
difference ratios. The algebraic difference equations are 
solved row by row by Gaussian elimination [2] . The linear 
theory permits the superposition of elementary solutions. The 
coefficients of the linear combination for the stream function 
'f have to be adjusted hereby to the boundary conditions.

CALCULATION BASED UPON THE FREDHOLM INTEGRAL EQUATION

According to the method developed 
at the Department of Hydraulic 
Machines of the Technical Universi
ty Budapest, first the circular 
blading is transformed into an in
finite straight cascade. The trans
formation relationships are:

с гг хл i гг i 
where N is the number of the impel
ler blades and r-̂  the radius of the 

blade front edge. In the obtained straight cascade [4] - see 
Pig.2 - for any point of the blade contour the complex
integral equation

may be written, where J and q are tangential and normal velo
city components, resp. on the contour q =11« -cos©fe 
and U ^  = "ivjt ' 60 • Decomposing the equation into a
real and an imaginary part results in

" L # T  (T<) k 1 ldX<l=Co°S ° ° S V ) ■*"
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+ С «о? si.•" v- (Тко)+ т  г (*к)к и (— \'?М  |dt * I
solution of which gives the distribution anh where the
kernel functions of the equation with the known functions of 
influence [4] :

K , v l x « , y < t > p \ — jsin~o~[xw ^
In the knowledge of '['(TKĉ the rotating system velocity on the
contour is , . , 4  , .V  (X* ) ( T k) - ̂  (Tk V ^  (T*)
Kernel function Kj of the integral equation is continuous, but 
К-q  has a pole at IT*-T*o • Decreasing blade thickness the 
numerical solution of the integral equation [4] becomes a 
more difficult and in case of an infinitely thin blade, kernel 
function Kj degenerates into a singular one.
The integral equation has an infinite number of solutions.The 
individual solution can be met by specifying a uniqueness con
dition. It has been defined according to [5] .

RESULTS

A cascade with the radius ratio = 0,448» number of blades 
z = 9 and blade thicknesses d =8, 12, 16, 20 mm measured at 
the inlet, was tested. While the solution of the computation 
method (I), based on the Predholm integral equation is valid 
only for not too thin blades, by the difference method (D) 
cascades of disappearing blade thickness or a thickness of 
d = 4 mm could also be computed.
In Fig.3 pressure and suction side wall velocities are plotted 
for a case of shockless entry as well as the characteristic 
curve for d = 8 mm. Based on the pressure side velocity 
distributions a satisfactory accordance is observed. Devia
tions of the velocity distribution along the suction side are 
due partly to the difference of the blade edge models and the
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downwash conditions, partly to the different volume number 
values regarding to the so-called shockfree inlet Y’r = 'ftop% 
Comparison of the theoretical characteristic curves is sim
ilarly satisfactory, stressing again the decisive influence 
of the downwash condition on the rear edge of the blade.

VARYING THE BLADE THICKNESS AND EXTRAPOLATING TO INFINITELY 
THIN BLADES

0A5 0,5 0,6 0,7 0,8 0,9 1,0
------- D

I

FÍGA radlus R ------

Velocity distributions
Comparing blade thick
nesses d=12,l6,20 mm 
to blade thickness 
d=8, velocity 
distributions surround 
the blades are plot
ted in Fig.4 at wor
king points of shock- 
free inlet. As to 
suction side curves, 
no fundamental change 
for thickness varia
tions are observed, 
whereas the pressure 
side remits corres
pond well especially 
for thickness d=12 mm.
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This property becomes plausible when considering that both 
downwash conditions for d=12 mm yield the same value for the 
relative velocity volume component at the intersection of the 
skeleton line and the blade rear edge.

CHARACTERISTICS AND DISTINCT BLADE VELOCITIES IN COMPARISON 
WITH THE SOLUTION OP BUSEMANN

Pig.5 a,b shows 
pressure coeffici-

ents * to p t Qnd
volume numbers 
4V,opt referring 
to the optimal 
points in function 
of blade thickness 
d. Por d=0 the 
result obtained with 
the difference 
method can be com
pared to the ana
lytical solution of 
Busemann [3]• Both 
the pressure co
efficient -ft#opt 

and the volume number '-f r орл. show the same tendencies for 
both calculating systems. If the curve shapes obtained with 
the Predholm integral equation are extrapolated to the blade 
thickness d=0, the deviation from the Busemann solution can be 
explained by the reduced numerical accuracy for small blade 
thicknesses.
Pig.5c shows the slopes of characteristics as function of the 
blade thickness. In method (I) the rate of changes increases 
in function of blade thickness monotonically,and that in case 
of (D) starting from d = 0 is small and gets greater latter.
If this effect has a numerical nature or so - it must be 
cleared up by a discretization analysis.

FIG. 5
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In Fig.5d the velocities at the intersection of the skeleton 
line and the rear blade edge are plotted over d (full line). 
Curve shapes for both computation methods increase monoton - 
ously, while the difference method result changes consequently 
into the Kutta-Joukowsky condition at the transition d = 0. In 
this diagram also the wall velocity minima are recorded on the 
pressure side of the blade. Reason for contradictory tenden
cies at indeed relatively satisfactory agreement may be found 
in the difference of the blade edge conditions.

COMPUTING TIME

Beside accuracy of the results also the running time rate is
of great importance in all numerical 
methods. In Fig.6 the CPU times are 
plotted for both computation methods in 
function of the blade thickness. Con
trary to method (I) which shows no dif
ference worth mentioning in computing 
time for different blade thicknesses, 
the CPU-time increases with greater 
blade thickness for method (D). This 

effect occurs not because of worsening of the convergence but 
because of the increase of the number of net points to be 
calculated in the inlet and downwash range, whereas the number 
of net points in the blade domain remain constant.
By means of this diagram the advantages of a rapid computing 
method become evident.

CONCLUDING REMARKS

Comparison of two methods for the computation of an inviscid 
flow through plane, rotating radial blading yields a satis
factory accordance in all essential tendencies. The fundamen
tal deviations are based on the difference of the applied - in 
themselves - consequent blade conditions. The method based on 
solution of the Fredholm integral equation shows an important

FÍG.6
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superiority with regard to the computing rapidity, whereas the 
difference method is not impaired by the blade thickness.
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THE INFLUENCE OP THE PHYSICAL PARAMETERS OP PILL HÍG LIQUIDS OH 
THE CONSTRUCTION AND TORQUE TRANSPER OP HYDRODYNAMIC COUPLINGS

Sebestyén,Gy. - Katona, L. - Demény, J.

The.paper deals with the problems of using water and waterbased 
inflammable liquids as working liquids for hydrodynamic power 
transfer in couplings; discusses construction problems arising 
from the obligation of taking the physical parameters of water 
into consideration.
A. / INTRODUCTION
The application of water in hydrodynamic power transfer is not 
unknown, it has been used mainly in high duty couplings connec
ted to cooling systems (scoop tubes) with good results. There 
is a more limited application also for constant-filled coup
lings where again it is the basic medium of the emulsion work
ing liquid.
It is a well known fact that in hydrodynamic power transfer 
mechanisms - and to narrow down the circle, in hydrodynamic 
couplings - the manufacturers suggest, or prescribe, certain 
kinds of filling liquids. Up till now these included chiefly 
oils of hydrocarbon base, whose non-desirable operational pro
perties were restricted with the addition of certain additives. 
However, serious accidents at workplaces exposed to the danger 
of fire soon brought up the necessity of using high-flash 
liquids which do not promote burning, are either inflammable 
or only so to a low degree. At the same time the extremely fast 
rising of oil prices made it necessary to fully exclude oil as 
a potential working liquid, if possible, from power transfer.
The use of oils of hydrocarbon base though not an absolute 
necessity, gave also a convenient and simple solution for the 
problem a greasing those parts of hydrodynamic structures as 
needed greasing.
In the past 10, or rather 5 years, several attempts and re - 
suits were attained for a wide-range application of water as 
the most natural and cheapest filling - with all the conse
quences included.

B. / THE PRESENT SITUATION

The hydrodynamic power transfer structures working with at 
present known non-inflammable working liquids - meaning hydro- 
dynamic couplings and their construction - have been applied 
to the physical parameters of the new filling liquid.The 
changes which were necessary for the inside construction as 
well as the change of density and viscosity as compared to 
that of hydrocarbons have exerted favourable influence of the 
geometrical measures of the couplings.
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В.1./ The influence of physical parameters of the filling 
liquid on the torque transfer

The determination of the torque transfer of the hydrodynamic 
coupling can be made from the following correlation:

2 5M = О К,т Пт .D 3 Iá 1
where is the torque factor, and

Kjj = A q ^  q = q(cr)
and

cr = cr(l/)
where

f is the density of the medium
n, is the primary speed
Dx is the characteristic diameter
A is the constant containing geometrical data, too 
q is the specific volume flow

is the specific spin change
c is the friction factor
у is the kinematic viscosity.

In case of the same hydrodynamic coupling (n,= const), the in
fluence of working liquid can be taken into ^consideration 
(in comparison with the earlier correlations):

_ы_ _ _£_ /_vf \ыш* ' у * W /
where i marks the reference liquid.
It can be stated from the correlation that density is directly 
proportional to torque transfer. The judgement about viscosity 
is less certain Our earlier investigations Г2] have shown
that "m" changes 1/10-1/25 depending on the modification, in 
other words, the influence of the change in viscosity can be, 
under certain circumstances, neglected.
Nowadays in order to eliminate the use of oils of hydrocarbon 
base synthetic liquids are being searched and used over a wide 
range of composition and their application has brought favour
able changes in density (e.g. 1200^1300 kg/nr), yet the
viscosity properties have reduced the advantages brought about 
by the change in density.
Fig.l. shows the changes of viscosity in synthetic liquid (a) 
silicon oil, hydrocarbon oil (b) and water (c) as functions of 
temperature, with density changes also presented.
Besides Pig.l. shows the outstanding properties of water in 
power transfer.
The temperature operation range of the couplings had been ear
lier determined partly by the comperatively low flash point of 
the filling liquid; partly by the strength tolerance of the
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housing and structural ele-
120 .i; ments made usually oi alu

minium moulding. In this

« respect, today the Ist de -
gree of safety operation is 
in the range t=130-15000.

In the case of hydrodynamic 
couplings working with non
hydrocarbon filling liquids 
(primarily water and water- 
base working liquids) ,which 
begin to operate at higher 
temperatures, the safety 
installations have a tempe
rature range of 150-210°C, 
representing the lind de
gree.
These values are in close 
contact with the physical 

■ 30 60 9b 120 . 150 parameters of the filling
'flu liquid. Pig.2. presents the 

changes of the saturation 
F|9-1 pressure as function of

temperature.
B.2./ Consideration of other influences of 

the filling liquid
The most important damage caused by water 
and water-base filling liquids is corro
sion, in structures where the material is 
prone to corrosion. In this respect the 
employment of emulsion has given no solu
tion either because of the wide tempera
ture range and the unwanted changes ap
pearing in the constitution of the emul
sion.
If in regard of construction the hydro- Fig.2
dynamic couplings working with hydrocar
bon liquids are considered - where the gearing and working 
space are common - the corrosion can cause full breakdown.
It is quite obvious that with the exception of special corro
sion free and water-greased gearings, the protection of the 
gearing from the working medium is an essential task for the 
construction.
In the case of non-water base, non-inflammable synthetic liq
uids the keeping up of the greasing quality is, together with 
the anti-corrosion properties, essential just as well as the 
sealing of the spaces, which often demand special materials. 
Several synthetic filling liquids are suitable for press trans
fer, but do not come up to the requirements of health and en
vironment defence in view of the wide temperature range (ir
ritating vapours, poisonous liquids, etc.) [3> &
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Our own researches [4] have shown that silicon oil derivates 
as synthetic liquids, have met the requirements for filling 
liquids in all respects; however, high prices make their app
lication practically impossible for workshop operation.
The working liquids of hydraulic systems form a separate ca
tegory. In the mines these liquids can be advantageously 
stored and therefore their application as liquids in hydrody
namic couplings is being considered. The marks and characters 
of such working liquids are:

HFA (water-oil emulsion)
НРБ (oil-water emulsion)
HFC (water glycol mixture)
HPD (water-free liquid)

The prescribed temperature limits as well as the expenses from 
meeting environment defence prescriptions for synthetic liquid* 
rarely support the application of these liquids.[5],[6],[7Д.

Fig.3» gives characteristics of a hydro- 
dynamic coupling for water (1), for emul
sion oil (2) and oil-water emulsion of 
5% (3) at a some partly degree of fil-.. 
ling liquid. According to the curve (3) 
at slip s = 4-6% the "deformation" of 
filling liquid caused vibration in the 
hydrodynamic coupling.
The cheap and in vast quantities dispos
able filling liquid for couplings is 
water, if the requirements rendering it 
wellapplicable can be satisfied.

В.З./ The construction of hydrodynamic 
coupling in case of water and 
water-base filling liquid

If water and water-base, non-inflammable filling liquid is 
applied, the influence of the physical parameters of the fil
ling liquid must be taken into consideration in the construc
tion of the coupling to ensure safe operation.
In the present consideration no attention is paid to the ele
ments of the structure in contact with the filling liquid, 
with the exception of the gearing. The protection of the form
er parts is chiefly a matter of choosing the proper material. 
Here the problems and solutions of gearing as well as the safe
ty methods and processes are discussed.
As for gearing protection there are two solutions known so far 
in the present constructions. The first - more widely used - 
method is, starting from the earlier construction of hydrocar
bon-filled couplings, that a sealing element is placed between 
the working space and the gearing with the purpose of keeping 
liquid out of the gearing space. This sealing ring seals - es
pecially in the temperature range of the safety devices - the 
space under pressure. The pressure decreasing way leads
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through the gearings (Pig.4.) 
C8],[9]. The second method is 
making4a double seal between 
the working space and the gear
ing for the protection of the 
latter. The space between the 
seal-rings can lead into a puf
fer-space, or into the atmos
phere. Corrosion damage to the 
gearing can thus be greatly di
minished, practically elimina
ted.
Another important field is the 
creation of safe operation; 
there have been several varia
tions so far. The hydrodynamic 
coupling shown in section pre
sented in Pig.4. aims at per
fection only from the point of 

view of working space, sealings and safety measures; the con
nection on the engine side and the conditions on the driven 
side are not shown in detail.
As regards the safety elements of the coupling almost every 
variation kept the plug fuse element of hydrodynamic couplings 
operating with hydrocarbon filling liquid; though there are 
constructions based on a single cleavage disc working in the 
temperature range t = 130-150°C.
The cleavage disc safety device - actually a device of the 
U n d  safety degree - is placed basically on the principle of 
being independent of the additional pressures and yet sense 
the saturation pressure and work accordingly.
The main kinds of safety elements and their locations are 
shown in Table I.
The construction and operation characteristics of the safety 
devices can be followed from the illustration.
The safety measures taken at the mounting of the whole coup]&£ 
serves also for the safety of the operation.
Finally it can be mentioned that where the conditions are spe
cially exposed to the danger of fire outbreak and aluminium 
may be the source of danger when employed, couplings with 
steel plated casing may be recommended.

Fig4/a

CONCLUSIONS
1. When reviewing the reference and development work it can be 

stated that in the field of hydrodynamic power transmission 
the conditions for using water-filled hydrodynamic coup - 
lings are good enough for replacing couplings with hydro
carbon filling liquids.

2. If water filling is used, the hydrodynamic couplings have
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£ I.Table
Mark* l3t safety degree lind safety degree H i d  degree gearing protection 

*oper. way location t ^  means location
°G ________________ _G ______________________________________________________________

~  Í4Ö OBCS on outer Г70 OBCS on outer one sealing ring
casing______  ______ casing____________ ___________________________ __

b l20 QbCS on outer I5Ö OBCS on outer ' casing cracks one sealing ring
______________ casing__________________ cas ing__________________________________________________
c I30 OBCS on outer >170 HT tied to theo- one sealing ring fio]

casing retical center
____________________ of axis_____ ________________________________________

reaches on outer casing one sealing ring ГоТ
d I50 OBCS into coup- 150 HT + OB combined

______________ ling inside_________________________ __________________  ________________ ^
on outer deeply reaching double sealing Ш7~

e I40 OBCS casing 150 HT into coupling ring with BME
________________________________________ inside___________________________ leading out__________

on outer 7 on casing near double sealing
f I40 OBCS casing 150 HT the axis ring with OBV
______________________________________________________________ leading out______ BME

on casing double sealing
g I40 HT near the - - - ring with OBV

axis of leading out ВЫ4
______________ rotation

OBCS = plug fuse, HT = cleavage disc, * Variation corresnonding to marks seeOBV = State Enterprise for Mining Machinery, corresponding to mancs see
BME в Technical University, Budapest lb*4*



better specific performance parameters than those using oil 
filling, which leads to smaller sizes.

3. The application of emulsions, with due regard to the rel
atively high safety temperature and the prescriptions for 
the use of emulsions, must be preceded by very serious con
siderations.
Though silicon oils can be used in traditional oil-type 
couplings in principle without limitation, when the safety 
devices start working, very high values get lost.

4. Careful consideration must be given in forming the sealing 
systems to high operation performance; to up-to-date and 
safe operation in selecting the safety elements, and to 
quick servicing conditions.
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INVESTIGATION OF PUMP NOISE SCALE EFFECT

Sebestyén,Gy., Rizk,M., Szabó,Á.

In the paper the authors present results of investigations 
made with experimental pump. In the investigation the effect 
of changes in speed on the flow noise level was searched. It 
has been shown that the value of noise level in the range sig
nificant for the investigation of cavitation changes by the 
~4th exponent of the increase in the speed, while in the 
range of mechanical noises the characteristic frequencies show ' 
changes according to diverse exponents of pheripheral velocity 
depending on cavitation whether it occurs.

A./ INTRODUCTION

The extent and intensity of cavitation appearing in hydraulic 
machines and other places obstructed to visual observation are 
increasingly determined by detecting methods which include the 
measuring of characteristic pressure, the determination of 
sound pressure level, the registration of machine vibrations, 
and other methods of examinations [1] , [2] , 3/ , [4j.
The reason for the increase in noise level when cavitation 
begins in steady flows with constant velocity was determined 
to be the appearance of noise generators, which had been iden
tified as the vibrations of bubbles at resonance frequency, or 
the pressure thrust from bubble collapse, and/or the jet im
pacts appearing at the collapse of the configuration of cavi
tation flow.
In the case of hydraulic machines the possibility of investi
gating constant flow velocity is restricted to a very narrow 
section of all research. That is why a wider investigation of 
the noise effect caused by changes in speed has become justi
fied.

B./ DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT

The investigations were made at the pump test rig of the Depart
ment of Hydraulic Machines of the Technical University of Buda-
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pest (Fig.1.; 1.pump with balance-motor, 2.imp.reg. and marker,
3. orifice, 4» booster pump, 5. tank, 6. noise meas.devices,
7. photo and observation). The semi-open impeller placed in

pump had 4 blades,whose 
sketchline is A = 15° 
logarithmic spiral, 
outer diameter I>2=155ram, 
blade thickness s=6 mm. 
lloise examination was 
made by a Brüel and 
Kjaer acceleration sen

sor and narrow-band frequency-analyser mounted on the scroll. 
Frequency range for measurement was 20 kHz. In the investiga
tion use was made of earlier investigation results which 
yielded the possibility of determining the intensity of cavi
tation flow (and in this connection the extent and measure of 
proceeding of the cavitation) by noise level measurement at 
any discrete frequency at least in the f >  5 kHz range.

C./ IHVESTIGATIOH RESULTS

The examinations were 
made in the n=800 - 
3250 r.p.m.speed range.
The - Y  dimension
less character curves 
are shown in Fig.2.
Here

У= d b  is  the flow
rate coef
ficient

Q rate of flow
Á2=D27c /4» where D2
is the outer diameter 
of the impeller,
U2 peripheral velocity

7 9 8

1 ---11 --T !' W' ---------—  14  — — —



У  = — “77- head coefficient, and H head.
u2

As seen in Pig. it can be stated that the law of affinity can 
be used only to a limited degree in the n = 3200-2000 r.p.m. 
speed range; under that value the conversion correlations are 
not valid even to a limited degree.

ration (=gravitation acceleration)

Por an overall view of the 
noise investigation results 
Pig.3. shows noise level 
pictures of some well de
fined points on the curve 
of the pump.
The acceleration level is
defined with the correlation2n = 10 lg (g/g ) where g °
g is the concrete accele

ration measured at the 
given frequency, 

gQ is the relative accele-

In the investigations the data given for the acceleration are 
the ones made in only one direction. Earlier investigations 
have shown T5] that the acceleration vector in its direction 
is dependant of the flow conditions. Its position in space and 
its absolute value is changing with the changes in the flow 
conditions, especially when cavitation appears and develops. 
Therefore the measurement of the projection component in any 
direction of the acceleration vector gives qualitatively cor
rect result.
in Pig.3. the characteristic points and ranges of the spectrum 
are the following:

f is the frequency corresponding to the speed 
4fQ is the blade frequency
20-1000 Hz is the basic range of mechanical noises 
1000-2000 Hz is the transient range

799



2000-20000 Hz is basically the range characteristic of 
cavitation noises.

Here the near-parallel shape of the curves show that measure
ments at any frequency are suitable for investigating noises 
characteristic of the flow structure.
The given spectrum also refers to the fact that in the fre - 
quency range the results obtained by measuring unscreened 
noises - in unison with the measurement results at discrete 
frequencies - reflect primarily the characteristic features 
of noises connected with flow conditions. These statements 
are in good accordance with the results of cavitation noise 
investigations made earlier.

From the results of in
vestigations made at 
discrete frequency Fig.
4. shows the so-called 
noise level curve. It 
must be mentioned that 
the minimum of the 
noise level curve be
longs to the optimum 
efficiency operation 
range (impact-free en
try into the rotating 
cascade), the noise 
level peak appearing 
with greater d> indi
cates the development 

of cavitation on the pressure side of the blade - surpassing 
the maximum intensity range to the blocking state - (which is 
the recurving part of the noise level curve).
The diagram of Me.Fruity and Pearsall . 6,1 containing the char
acteristic of flow-acoustic cavitation number is shown in 
Fig.5. The correspondence between the two diagrams is, quali
tatively, adequate.
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Though in the given arrangement 
3| the basically mechanical noises

_ /  are at relatively low levels,
£ / they (f0 ,4fQ) give direct in-
82 ~  /  formation of the extent of

_______у  noise level changes with the
changing of the speed.

1I------- ------- -------
50 75 100 125 In Fig.6. the changes in the

FLOW PERCENTAGE OF ВЕР . ,  ,  л  ^Fjg5 noise level of the basic gene
rating frequency, or the blade 

frequency, resp., are shown as functions of the speed. By 
force of the correlation between intensity and velocity

I ~  V*1
authors could state the
following relations:
the value of m
for n < 2000

m- =3,6 and 
xo

m4f = ^»3 
for 0

n > 2000
ni» = mAJ, =11 
fo 4xo

are essentially the 
same.

It must be noted that f values were examined for Q=0 and H=0 
resp., while 4fQ values were examined in a speed-range above 
n= 1500 /4, 2000/rpm. for Q=0 and H=0, resp., where intensive 
cavitation developed on the impeller blades. According to this 
there was superimposed to the mechanical noise a connected 
cavitation noise becoming more intensive with increasing speed. 
Here the separation of the cavities act as first rate noise 
radiators, the bubbles as monopols. The radiated performance 
is of 0 order for noise radiator P v  and in case of a di
pole Pd ~  v6 and Pd -~ v7 , resp. [7] , [8] , [9] ,L1CT) , till .
Depicting the noise level curves as functions of ^ (Fig.7.)
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- In the range cp = 0 and the best efficiency point - the le
vels are different because of different speeds, owing to the 
limited applicability of the lav/ of affinity for the present 
case; after the best efficiency point they are diverse because 
of their characters.

Pig.8. shows the changes of 
the noise level as functions 
of the speed. The curves are 
divided to two characteristic 
sections: partly showing the 
range where the law of affi
nity is valid; partly the 
range v/here this law is ex
cluded (n < 2000/min).
The scale numbers referring 
to the change of the speed, 
here are m^= 4-8, and m-g=4-6, 
where we ordered the state: 
H=0, to A and to Б the Q=0 
flow state, resp. (n>2000, 
mA=mB= 4).

In an earlier work we had investigated the velocity scale num
ber of cavitation flow. Pig.9. gives the investigation results.

The influence of flow 
velocity and vibration 
intensity is proporti
onal to m = 5 exponent 
of the velocity. These 
results are corrobora
ted by the research re
sults of other authors, 
too [12].

802



CONCLUSIONS

The investigation results 
of cavitation and vibration 
in pumps can be summed up 
as follows:
a. / In case of changes of 
the impeller speed at gene
rating frequencies (f0 is 
the frequency corresponding 
to the speed, and, as in the 
present case, 4fQ is the 
blade frequency), the noise 
level changes according to 
the m= 3,5 and 11, resp. 
exponent of the frequency quotients«The latter result is the 
function of the effect of noise generators changing with the 
development of cavitation.
b. / In the range where the law of affinity is valid - with 
noise investigation at discrete frequency - the noise level 
changes according to m^ = 6 exponent of the revolution number 
quotients. Beyond the validity of the affinity law the value 
of the exponent m = 6.
c. / Since results obtained from noise investigations made with 
different velocities but identical cavitation show that the 
noise level changes according to the ~  5th exponent of the 
velocity quotients. In view of a. and b. in the range of the 
law of affinity, the noise intensity can be converted over a 
wide range of the speed, whereas in the operation ranges out
side the power of that law the intensity can be converted for 
the operation in question only with a narrow case of velocity 
change.
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PREDICTION OF THE REVERSE FLOW AND PREROTATION 
IN CENTRIFUGAL PUMPS

H.Mete §ea

SUMMARY

This paper is based *a the impeller ialet flew and related 
phenemena in centrifugal pumps at partial capacities. The im
peller design parameters which might affect the sasét *f the 
reverse flew and prerstatisn were investigated experimentally.
It was feund that the aersdynamic blade leading and its span- 
wise gradient are the deminant design parameters far the cen- 
trel ef the reverse flew and prerstatisn in suctien pipe. A 
cerrelatien facter was presented te predict the starting ef 
the reverse flew at the impeller inlet.

1.INTRODUCTION

When centrifugal pumps operate at the best efficiency point and high 
capacities, the flow in the suction pipe is one-dimensionel,i.e. axial.
If the capacity is reduced by throttling to a certain value, a three- 
dimensionel swirling flow starts at the impeller inlet. The flow at the 
outer periphery of the impeller eye is reversed. This flow phenomena is 
called "Reverse Flow- and Prerotation". Reverse flow and prerotation 
propagates upstream in the suction pipe if the capacity is further re
duced. The capacity which reverse flow and prerotation starts at the tip 
of the blade leading edge(section 0 in Fig.l) is named "Pump Critical 
Capacity". This is the main parameter to be identified in this paper.

Reverse flow causes abnormal suction pipe wall static pressure rise, 
noise, vibration, erosion on the blades and rarely surge. These undesir
able phenomenon' limit the centrifugal pump reliable operating range at 
partial capacities. Due to the nature of the problem, theoretical ap
proach to the problem is very limited. Therefore, this study is based on 
experimental investigation in order to find out the governing parameters 
which influence the onset of the reverse flow and prerotation.

An extensive literature review on the subject is given in (l).

8 full size centrifugal pump models were tested. Overall and detailed 
flow surveys at the impeller inlet and exit were carried out. The impel
ler design parameters which have effect on the reverse flow onset and 
intensity, were clarified. Effect of the reverse flow on the pump overall 
performance is shown. A correlation factor based upon the impeller tip 
section diffusion ratio is proposed to predict the pump critical capacity.
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2. TEST MODELS DESIGN CRITERIA

The studies on the present subject show 
that the reverse flow and prerotation in 
the suction pipe is directly related to the 
three-dimensional flow separation on the Fig. 1
suction side of the impeller blade near the 
shroud (l)(2)(3)(4)(5)(6). Diffueer and vo
lute do not directly affect the starting mechanism of the reverse flow
(l)» Therefore, the impeller itself was taken as a basic element regard
ing the onset and intensity of the reverse flow. Three major impeller 
design parameters which are the most important and dominant parameters, 
were studied.
- Impeller inlet to outlet area ratio (meridional velocity ratio):Aq/A2
- Value of the impeller tip section aerodynamic blade loading: (СщС)т
- Aerodynamic blade loading spanwise gradient: (Cjji.-0").р/(С̂ -̂СГ)̂
8 models in two series were designed. The following limitations were 

taken into account on the design of the test models, for both series.
- Pump design nominal point characteristics; QNi(Hm)jj were kept the saae
- The impeller-volute matching point was kept the same

3. TEST MODELS

The non-dimensional impeller design parameters are given in Table 1. 
Radial and meridional views of the test impellers are shown in Fig. 2.

I-A : It is the reference configuration of the I series. It has con- 
ventional-industrial design.

I-Al : The main design criterium is the inlet to outlet area ratio 
which was increased 28$ referred to the reference impeller A.

I-A2 : The main design criterium is the aerodynamic blade loading. It 
has almost uniform aerodynamic blade loading spanwise distribution. Aero
dynamic blade loading at the tip section is reduced by reducing the aero
dynamic lift coefficient; [(Сц)т] I-A2 = 0.7[(Cla)t) j_a

I— A3 : The aerodynamic blade loading at the tip section is further re
duced; ((CuJ^ I_A3= 0,6((CLa)t)i-a

II- A : It is the reference configuration of the II series which has a 
conventional design. II series has higher specific speed than I series.

II-A1 : It has a particular design which aerodynamic blade loading 
decreases from tip to hub. Its blade exit angle increases from tip to hub 
where all the other configurations have uniform blade exit angle.

I-B, II-B : These configurations are out of the parametric study. They 
have lower specific speeds than the their series.
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N\M o d e l I -  SIRUS и  -  s ib u s

*1 I АД I i 3 I В A I AI I 1
N 5 37.2 37.2 37.1 37.1 32. 46. 46. 43.6
"ф 0.120 0.120 0.128 0.136 О.О98 0.130 0.118 0.146
Ijí О.865 0.865 0.833 О.834 О.94О O.9O3 О.859 O.805
_ - - - hj; - 6 5 6
AR 0.162 O.I54 O.I56 0.145 0.137 0.266 O.27I O.I9I
A 2/A0 1.311 О.976 I.183 1.088 1.266 1.285 1.280 1.057
(ßz.T-ßiA 5- 9.7 3.6 3.9 6. 6. 4.4 6.7
(Сц -<J)t 2.25 2.37 1.19 1.79 1.32 1.74 0.69 I.59
(С̂а-(7)ц ____

1. 1.12 1.01 0.81 1.42 1.38 1.45 1.05tc[A-q)M/«n I I

Tabi* 1

Fig. 2
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4. EXPERIMENTAL ARRANGEMENT

The experiment в were carried out in the pump facility of the von 
Karman Institute which operates as a close loop. The locations of the 
pump test sections are shown in Fig.l. A series of wall tappings are 
drilled around the circumference of the inlet test sections A,B,C and 
exit test section 3. Three-dimensional flow traverses were done at the 
inlet test planes, at different angular positions with properly designed 
five-holes probes. Two-dimensional impeller exit flow traverses were done 
at the test section 3, with wedge probes.

. 5. TEST RESULTS

This paper presents the main results of the study. The detailed re
sults of the experiments are published in (l)(7). The major test results 
concerning the reverse flow, are summarized in Table 2.

Fig.3 shows the overall performances of the I series. Pump I-Al has 
the most stable and highest head performance. I-A2 has the most unstable 
and lowest head performance of I series. Pump II—A has higher head curve 
than the pump II-A1, at partial capacities. The increasing order of the 
shaft power at partial capacities is the same as that of tlie head curve. 
Pump II-A has the highest pump critical capacity (Qcr=0.88ftjj) and pump 
I-A2 has the lowest pump critical capacity (Qor-0.53Qu) as given in Table
2. In the reverse flow region of the impeller inlet, the streamlines have 
high amount of total energy which í b  up to 5 5 $  of the pump manometric 
head. This energy is carried back by the reverse flow and dissipates in 
the Buction pipe. Fig.4 shows the circumferentially averaged energy loss
es caused by the reverse flow, at the inlet test section A for I series. 
All the test results showed that the increasing order of the pump criti
cal capacity, reverse flow losses, pump shaft power, head performance 
and head stability at partial capacities, is the same. Pumps having high 
critical critical capacity, give Higher reverse flow losses, higher shaft 
power, higher head and more stable head performance, than the pumpe

Test Model IbA l-B I-A1 E-A1 I-В' I-A I-A3 I-A2

Qcr/0N des 0.97 0.79 0.77 0.77 0.70 0.63 О.59 О.46
п /П , 1.10 0.97 0.89 1.05 1.03 0.91 0.87 0.86w N /k 'N ,d e s  ______________________________________________

Q N,d«/(Q,,desW °-95 *-0l~|l.3i *•”
________ Qm/Q N,des_______ 1.15 1.18 1. 1.17 1.18 [1.04 1. 1.

K r ^ N ^ l ^ . ^ V d J r e f  b °-85 °-®5 °-81 °-85 °-81 ° - П

[(w^ J /K tM V J ref Ь0110-94 °-94 °-87 °-94 °-92 °-95 °-98
Table 2
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Fig.5 shows the total, static and centrifugal pressure rise through 
the impeller, at the blade tip, mean and hub streamlines for the pumps 
I-A, X-Al, I-A2. The aerodynamic pressure rise:(W^-W^J/Sg= Overall static 
pressure rise - Centrifugal pressure rise; gives a clear interpretation 
of the studied impeller design parameters, concerning the onset of the re
verse flow. Pump I-A2 which has the lowest critical capacity, gives al
most zero aerodynamic pressure rise and uniform spanwise aerodynamic 
pressure distribution at the nominal capacity. Pumps having high critical 
capacity such as I-Al, have higher aerodynamic pressure rise and larger 
aerodynamic pressure spanwise gradient than those having lower critical 
capacity. The trend of the aerodynamic pressure rise for all impellers is 
correlated to the trend of the pump critical capacity.

The above results state that the onset of the reverse flow and prerota
tion is related exclusively to the aerodynamic flow field phenomena.
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rig- 5

—о — total pressure 
rise

— Д—  static pressure 
rise

---- centrifugal
pressure rise

6. PARAMETERS AiTECTINO PUMP CRITICAL CAPACITY

On the base of the test results, all the impeller design parameters 
were examined in order to find out the governing parameter or parameters 
regarding the starting of the reverse flow and prerotation. It was clari 
fied that none of the parameters, considered individually, controls the 
pump critical capacity. The following parameters have the strongest 
effect s
- Aerodynamic blade loading (C^.C) and its spanwise gradient

(cla,c*)t/ ̂ la-^h- Impeller inlet to outlet area ratio (A^Ag)
- Aspect ratio (AR)

If the impeller-volute matching point differs too much from the nom
inal point, this peculiarity has to be taken into account. This is the 
case for the II series pumps.

After examining all possible combined effects, the following empiric
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relationship was found as a direct measure
__ PUMP PARAMETERof the pump critical capacity magnitude. 2.

It is the H Pump Parameter " - PP s _rr_
(RFV

(ClA.^)t SbPP = jj + — ——— —  .AR.»-. ■
(СьА»а)н A2 ^N,des '

It is a design point parameter and is 
directly calculated from the chosen design 
parameters. The value of the Pump Parameter
increases with increasing critical capacity, °a5 ^  t
as shown in Fig.6. If low critical capacity 
is required, pump parameter has to he kept Fig. 6
in small value.

From the design point of view, aerodynamic blade loading and its span- 
wise gradient are the most effective controls on the reverse flow and 
prerotation. Small values of these two design parameters give small pump 
critical capacity.
7. PREDICTION OF CRITICAL CAPACITT

In general, there is a certain limit 
of the relative velocity diffusion to 
predict the etall, in turbomachines.
Rodgers (8) shows that the diffusion 
ratio (Ŵ  rmsA 2) is a correlating par
ameter to’predict the impeller stalling 
for centrifugal compressors. In pump 
case, this correlation indicates the 
general tendency, but is not enough ac
curate to predict the pump critical ca
pacity. It is evidenced from the experi
mental results (Table 2) that diffusion 
ratio at the impeller tip streamline 
(Wi/w2)t , is the dominating flow cri
terion for the stalling limit. If the impeller has high diffusion ratio 
at the tip section, for nominal capacity, it will hav* relatively small 
margin till stall. Therefore, high value of impeller tip diffusio ratio 
at the nominal capacity, causes early stalling of the flow,hence high 
pump critical capacity.

Based upon the above considerations and Rodgers’ study, a " Diffusion 
Factor " is presented to predict the pump critical capacity. It consists 
of impeller tip diffusion ratio, blade-to-blade loading, meridional
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shroud curvatur« and meridional velocity ratio. Diffusion Factor (DF) is:
f  I Сц2 \

,wi\ 2̂(7«! 'H 5 /w2\ 1 (Сюг)мDF= fi.j —  + f . ---------1+f..—  1+ —  + *>
1 V t г ] 3 ё, I Ч Л  M c-o J

'2CTVI! 'T
fj, f2 » f̂ i f^ : constant coefficients

W^i t i g i Cu2 are calculated from the design values, under the following 
assumptions:
— There is no prerotation(Cuj=0), for the capacities higher than pump 
critical capacity

- The design slip factor is constant, between nominal and critical capac
ities.

The average limit value of the diffusion factor at the pump critical 
capaoity, is 1.7 . Fig.7 shows the diffusion factor of the tested pumps, 
for critical capacity. By using this correlation, pump critical capacity 
is predicted with an average error of 4$.

8. CONCLUSIONS

Pump head instability at partial capacities is not attributed to the 
intensity of the reverse flow and prerotation. Pump shaft power at par
tial capacities,can be reduced signifioantly by reducing pump critical 
capacity.

Pump critical capacity strongly depende on the impeller design. It is 
possible to change critical capacity in a wide range for the same nominal 
point, by selecting proper design criterion. Pump critical capacity can 
be reduced by selecting' relatively small values of aerodynamic blade 
loading and its spanwise (from tip to hub) gradient.

Pump critical capacity is predicted by a modified diffusion factor, 
which is based upon impeller tip streamline diffusion ratio.
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NOMENCLATURE
A area Hg specific speed
AR blade aspect ratio (b/cM) (Ng = N.Q0,5/Hm * j m /s, m)
b blade height P pump shaft power
c chord PP pump parameter (section 6)
C absolute velocity Q volume flow - capacity

aerodynamic lift coefficient RB shroud curvature redius in
DF diffusion factor (section 7 ) meridional plane
g gravitatidnol constant U peripherioal velocity
h static pressure height Vi relative velocity
H total pressure height Z blade number
Hm pump manometric head ß̂  blade angle (measured from
H head loss due to reverse flow tangential direction)
N rotational speed pump efficiency

СГ solidity (chord/pitch)
ф  flow coefficient (C^/Ug)
ф head coefficient (Hm/(U2/2g))

SUBSCRIPTS

0 impeller eye 2 blade trailing edge
1 blade leading edge cr critical (starting of reverse

flow
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X

dee pump design point ref reference pump
H blade hub section S suction head measurement
m meridional component or impel- section

ler-volute matching point T blade tip (shroud) section
M blade mean section u tangential component
N pump nominal (best efficiency) z axial component

point - experimental
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NON-ROTARY PISTON PUMPS WITH DISCHARGE ADJUSTABLE BY MEANS OF 
POWER STROKE

S. Simov, D. Vulkov, N. Kotzev

I. NOTATION
Qn -  rated pump discharge 
Qq- adjusted pump discharge 
D - pi ston diameter 
S0 - rated stroke of the piston 
Se - power stroke
n - rotation frequency of the pump cam shaft 
<*> - angle speed of the cam shaft 
f - radius of the cam shaft 
2 - total pump efficiency 
Sm~ mechanical pump efficiency 
mp - mass of the pump 
P - power of the pump shaft 
xR- ram displacement 
/* - discharge coefficient

- power liquid density
- pressure at the pump discharge valve opening 

P, - pressure at the pump suction side
a - width of the channel connecting the power cylinder with 

the hole of the ram adjusting the pump discharge 
S - area of the piston

II. INTRODUCTION
Contemporary production in the chemical, о i 1-ref ining , pharma
ceutical and food industries, as well as in water purifying 
stations and in a number of other productions, where liquids 
need to be mixed in a certain proportion, requires the appli
cation of non-rotary pumps adjustable in discharge /dosing 
pumps/.
A characteristic feature of this type of pumps is their low
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efficiency, from 25 to 60%, and their considerable mass, over 
130 kg per 1 kW effective power.
The well-known methods and design solutions for adjusting the 
discharge in non-rotary piston pumps are unsatisfactory as re
gards the simplicity of construction and technology of product
ion, we well as with respect to the possibility of increasing 
the frequency of rotation.
III. ANALYSIS OF THE BASIC METHODS OF DISCHARGE ADJUSTING 
From the basic equation of piston pumps actual discharge

it follows that the discharge can be varied in: 
a/ varying the frequency of rotation; 
b/ varying the piston stroke.

One of the most expedient methods of discharge adjusting with 
this type of pumps, is by varying the frequency of the cam 
shaft rotation. Since this method does not lead to constructive 
changes and complication in the piston pump, it proves to be 
most adequate from hydraulic point of view. The chief disadvan
tage of the method is the use of a costly electrical engine 
with an alternating frequency of rotation, its relatively low 
total efficiency compared to engines with a constant frequen
cy of rotation , as well as the expensive additional electri
cal equipment installed to the machine. This is the reason why, 
in spite of the p o s s i b i l i t y  for technical implementation of 
this method of discharge adjusting, it proves to be economically 
unprofitable, and has not been widely applied in industrial 
production, although it has considerable advantages.
With contemporary dosing pumps, the most widely applied is 
the method of varying the piston stroke by means of a gear 
additionally built into the pump, the driving electrical en
gine having a constant frequency of rotation.
The built-in additional gear considerably increases the mass 
of the pump and decreases its total efficiency, which makes 
its design and technoiogocal implementation more complicated,
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and its manufacture b'ecomes more expensive.
There exist a number of design solutions for varying the pis
ton stroke which can be classified in the following way: 

a/ Piston pumps with discharge adjustable by a link gear; 
b/ Piston pumps with discharge adjustable by a crank-like 

suspended worm gear;
с/ Piston pump with discharge adjustable by a worm gear 

and a device for changing eccentricity.

Fig. 1. shows the relation between the pump mass and the shaft 
power P , obtained on the basis of data published by 
various companies producing dosing pumps [2 ,3,4,5 ,6,7 ,8].
Curve 1 refers to dosing pumps with link gears; curve 2 - 
to pumps with a crank-like suspended worm gear; curve 3 - to 
pumps with a worm gear and a device for changing eccentrici
ty. Graphs 1,2 and 3 in F i g .1 show the considerable mass 
per 1 kW power of the pump shaft.
The mechanical efficiency pm  is also considerably decreased 
in dosing pumps with worm gears: for one-pitch worm gears 

2m ~ 0,51 + 0,70; for two-pitch worm gears 2m ~ 0,55 + 
0,79 [1]. It can be seen that a considerable part of the
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input energy /49 to 21%/ is lost by turning into heat. The co n
siderable decrease of the mechanical efficiency leads to a co n
siderable decrease of the total efficiency, as well. Companies, 
manufacturing pumps of that type do not usually publish any da
ta on efficiency.
The following case should be taken as an example to illustrate 
the low efficiency: an estimation of the total efficiency
2= 24,19% has been done concerning a pump, manufactured by 

the Milroyal Company /France/ which secures a maximum discharge
Q. = 14,23 £/min , at a maximum pressure of 0,7 MPa 

This value of the total efficiency is within the range of the 
published data concerning the pumps manufactured by the 
"Tcherveno Zname" Works /Bulgaria/ [в], the efficiency of which 
does not exceed 30%.
From the analysis of the existing methods of adjusting the 
discharge of non-rotary piston pumps as regards the mass and 
the efficiency, it may be concluded that in spite of the great 
number of design solutions, an optimum solution has not yet been 
found concerning technological performance and economy. This is 
the reason why it is expedient and necessary to search for new 
methods of discharge adjusting which should combine the advan
tages of the existing methods and avoid their disadvantages.

IV. NON-ROTARY PISTON PUMPS WITH DISCHARGE ADJUSTABLE BY MEANS 
OF VARYING THE POWER STROKE
The methods of discharge adjusting in non-rotary piston pumps 
well-known for the present are based on effecting some chan
ges on their mobile elements. In order to simplify the construc
tion and to reduce the mass of that type of pumps, as well as 
to increase, to a certain extent, their efficiency,use is made 
of the principle of affecting the stationary actuating cylinder 
by varying the operating process hydrai1ica11 у . Thus, at a co n
stant frequency of rotation of the engine actuating the pump, 
it becomes possible to avoid the gears for varying the stroke
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for this type of pumps.
A schematic diagram for constructing a non-rotary piston pump 
with discharge adjustable by the power stroke, is shown in Fig.
2. This method of discharge adjusting has been defended by two 
Author's Certificates [9, 10]. The design and the principle of 
operating are the following: a side hole is made in the cylin
der block with an axis parallel to the axis of the actuating c y 
linder. The ram that is situated in the hole has such a form

Fig. 2.
that a part of its surface participates in the cylinder surface 
of the actuating cylinder.
Of the ram is in its extreme right position, the pump will de
liver the rated discharge. When the ram moves to the left at a 
distance of , then, during the delivery stroke, a part
of the working area fluid will be discharged through the space 
left free by the ram towards the pump suction side. Discharging 
continues till the piston front surface is on the same level
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with the right front surface of the ram. In this case, the dis
charge delivered by the pump will be less than the rated dis
charge .
If the ram is in its extreme left position, then the pump dis
charge will be zero, since the working area fluid will be enti
rely drawn back into the suction space. Thus, it becomes pos
sible to vary the discharge gradually from its rated value to 
zero; in this case, avoiding the complex gears for varying the 
piston stroke, its power stroke is varied instead:

Sg - Sr> - "3̂/p
After carrying out the theoretical investigations, an equation 
has been obtained concerning the adjusted discharge Q* 
in relatTon to the displacement x.R of the ram:

-Sui . Uf ScO 12 X* \ Xk
, , , , ' r ;  r 1, 

J f i * .  j ■

From the analysis of the above equation it can be found
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that the term

1 \ ut-Ja_____.4/j.:Si>2S
'“ ‘ifru-v 1 r r i

д  _ X f í - r [ l - c o s 2 a K t J  2 ( 2 - * * / r )

2 r

has relatively small values. As a matter of fact, it displaces 
the adjusted pump characteristics to the right, and it has zero 
values for X r = 0, and
Fig. 3. show experimental indicators diagrams of non-rotary 
piston pumps with discharge adjustable by varying the power 
stroke from •£/? = () and 0<X#^S0 , respectively.
The pump experimental characteristic is shown in Fig. 4. It 
can be seen that the effect of the term A 
is really negligible and it only displaces it to the right.



I

V. CONCLUSIONS
On the basis of the experimental investigations it has been 
found that non-rotary piston pumps with discharge adjustable 
by varying the power stroke have a certain significance; since 
they are simple in construction and technology, it is possible 
to reduce their mass and, to a certain extent, to increase 
their total efficiency. It can be assumed that they will find 
their proper practical application.
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A UNIVERSAL AERODYNAMIC DIAGRAM OF THE FAMILY OF SINGLE AIRFOILS

Ernest Sisak

Abstract
The universal diagram of a family of single airfoils is the 
plotting in one graph of both the geometric parameters and the 
aerodynamic characteristics of the airfoils of that family. The 
coordinate system of this diagram is given by the geometric pa
rameter-maximum thickness ratio d/l, or maximum ordinate ratio 
of the mean line f/l, and the angle of attack of the flow, oc .
In this system, the curves of equal value of the aerodynamic 
characteristics, i.e., lift, drag and lift/drag ratio, are plot
ted by means of the dimensionless coefficients C , C and С /C 
for the airfoils of the considered family. a w
The data required for the universal aerodynamic diagram are ob
tained from the individual characteristics of the respective 
airfoils, published in the literature.
This paper provides examples of universal diagrams for single 
airfoil families in the coordinate systems (d/l, oc ) and (f/l, 
oc ), respectively. The method also holds for combinations of 
single aerodynamic airfoils whose individual characteristics are 
known.
The universal aerodynamic diagram of the family, or the combina
tion, respectively, of single airfoils can be applied in the 
practical computations of hydraulic and wind machines and of 
aircraft. The most important of these are described in the paper.
1. The Universal Aerodynamic Diagram of the Family of Single 
Airfoils is the general representation, in one graph, of all the 
geometric and aerodynamic characteristics of the single airfoils 
of a given family. It is obtained from the coordinate system 
given by the geometric characteristics of the airfoils, d/l and 
f/l, with the angle of attack OC as an independent variable.
In this system the curves of equal coefficients of lift Ca =
=> const., of drag C - const, and lift/drag ratio, C /C = const 
are plotted for thewairfoils of the family which can be obtained 
from the catalogues of airfoils providing the individual experi
mental characteristics measured in the wind tunnel /1, 2, 3/.The 
universal diagrams given in the literature are systematized in 
a different manner /4/ or, respectively, refer to airfoil casca
des /5, 6/.
As an example, Fig.l gives the universal aerodynamic diagram in 
the (d/l, OC ) system of the NACA 4412, 4415, 4418, and 4424 fa
mily of airfoils, in the range^of maximum thickness ratio bet
ween 12 and 24 %, at Re = 3.10°. Fig.2 provides an example of
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Fig.l The universal aerodynamic diagram of the NACA 4412, 4415, 
4418, 4421 and 4424 family of airfoils in the (d/l, (X ) system; 
d/1 « 12 to 24 % ; Re - 3.10.

Fig.2 The universal aerodynamic diagram of the NACA 0012, 1412, 
2412 and 4412 family of airfoils in the (f/l, Ot ) system ; 
f/1 - 0 to 4,0 % } Re - 3.10°.
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this characteristic in the (f/l, OC ) system, for the NACA 0012, 
1412, 2412, 4412 family of airfoils, in the 0 to 4 % range of 
maximum ordinate ratio of the mean line with R * 3.10 . The fa
mily of airfoils of the first example is characterized by its 
maximum ordinate ratio of the mean line of 4 for all airfoils, 
while in the second example the maximum thickness ratio, of 12 %, 
is constant.
1.1 The universal aerodynamic diagram of the family of single 
airfoils has the following advantages t
- it shows in a synoptic form the functional relation between 
the geometric and aerodynamic characteristics of the family of 
airfoils i

- - it permits to study the influence of the main geometric para
meters on the aerodynamic characteristics of the airfoils j
- by joining the points of Ca max, Cj Cw ^  and Cw min of the
airfoils in this diagram, the curves of the maximum values of 
lift and lift/drag ratio, and, respectively, of the minimum va
lues of the coefficient of drag, are obtained for the considered 
family of airfoils, thus providing real data for an optimized 
computation.
2. Applications of the Universal Aerodynamic Diagram of the Fa
mily of Single Airfoils.
2.1 Determination by means of extra- and intrapolation of the 
individual characteristics for values of d/l and f/l other than 
the nominal ones provided by the catalogues.
(a) Intrapolation. For all 
thicknesses, or respectively, 
all maximum ordinates of the 
mean line within the range 
covered by wind tunnel measu
rements, the individual aero
dynamic characteristic can be 
plotted for intermediate va
lues of d/l and f/l.
(b) Extrapolation. The lower 
part of the graph of Fig.3 
plotted for the family of 
airfoils Gö 795, 796, 797,
798 provides the measurements 
made in the 8 to 20 % range 
of maximum thickness ratio.
The upper part represents the 
range extended by extrapola
tion, with the geometric (or 
analytic) extension of the 
curves up to a maximum thick
ness ratio of 30 %. Such high 
values are required, for 
example, in the computation 
of blades in the hub region

Fig.4 The individual aerodynamic 
characteristic of atairfoil with 
a maximum thickness ratio d/l «=
= 30%, obtained from the extra
polated diagram of Fig. 3.
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Fig.3 The universal aerodynamic diagram of the 
OS 795, 796, 797, 798 family of airfoils in the 
(d/l, OC ) system? Re = 3.8.lCr? - at the bottom 
in the measured range d/l = 8 to 20 - at the 
top; in the extrapolated range d/l = 20 to 30 %

Fig.5 The universal aerodynamic diagram 
in the (r/R, OC ) system of a runner 
tilade of a horizontal-axis highspeed 
wind turbine, consisting of GÖ 796, 797, 
798 airfoils? Re - 3,8.10-4
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of high-speed horizontal-axis wind turbines. Fig.4 gives the in
dividual aerodynamic characteristic at a thickness ratio of 350 % 
obtained from the extrapolated diagram of Fig. 3.
2.2 The universal aerodynamic diagram of high-speed, horizontal- 
axis wind turbine blades. This diagram is the general represen
tation, in one graph, of all geometric and aerodynamic characte
ristics of the airfoils of the runner blade, in which the in
fluence of the cascade is not felt. It is plotted in the (r/R,
OC ) system, together with the associated values of the maximum 
thickness ratio of the airfoils, determined in terms of the ad
mitted distribution of d/l along the radius r.
Fig.5 provides an example of the universal aerodynamic diagram 
of_a blade consisting of G8 796, 797, 798 airfoils (R * 3.8 x 
1CK). The figure also shows the curves of maximum lift/drag ra
tio and minimum drag coefficient along the radius, which are of 
help in the determination of the most favourable values of the 
angle of attack between hub and periphery. If the values of the 
angles of attack are close to the curve of maximum lift/drag 
ratio, the turbine blade works in optimum aerodynamic conditions, 
with high aerodynamic efficiency. Satisfactory results are ob
tained from the universal diagram if the values of the angle of 
attack at nominal
operating point, ^ .
computed or admit- Л*? « « S- § В В S о
ted along the ra
dius, are also 
plotted in it. For 
comparison, Fig.6 
provides the in
complete diagram 
of a blade in 
which the airfoil 
FX 77-W-153 (R - 
- 3.10°) wouldebe 
admitted in the 
r/R € (0,5 , 1) 
range. With the 
usual angles of 
attack, blades 
consisting of 
Wortmann airfoils 
are clearly bet
ter which is also
evident from this -5 ' о s W oc°
comparison based
on an incomplete Fig.6 The incomplete universal diagram 
diagram. /r/R £ (0,5 , 1)7 of a blade with an FX
Tj. , , , , 77-W-153 airfoil } Re » 3.10It should be no
ted that the aerodynamic conditions ara greatly modified at the 
periphery of the blade; at r/R = 1, the lift is zero, hence the 
shape of the characteristic curves changes correspondingly.The 
phenomenon occurring at the periphery should therefore be stu-

827



died as particular case in terras of the conditions existing in 
this area.
3. Final Remarks.
- The universal diagram of the family of single airfoils, or of 
the blade, respectively, is obtained from the individual aerody
namic characteristics of the component profiles experimentally 
measured in the wind tunnel. Thus, the universal diagram is as 
accurate as the basic diagrams are and an analysis based on it 
is correspondingly safe.
- The universal aerodynamic diagram of the blade at nominal ope
rating pDint contains also all the characteristics determining 
the aerodynamic operation of the blade at values other than the 
nominal one, when oc ^ OC • It provides useful data for compu
ting the strength and fortne study of the governing system.
- For large values of the maximum thickness ratio (larger than 
the greatest measured values), the literature does not provide 
any experimental data or relations permitting an approximation 
of the aerodynamic characteristics of the component airfoils. 
Extrapolation based on the universal diagram gives fairly accu-
' rate results.
- The universal diagram can be obtained for any combination of 
airfoils, not only for families in an aerodynamic sense. It can
íbe applied in the computation of highspeed wind turbine blades 
and of aircraft wings.
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STATIONARY COLLECTOR SYSTEM FOR WIND-ENERGY CONVERSION
Ernest Sisak

Abstract
Based on a new aerodynamic scheme, the relation of the power 
coefficient C is established. Unlike other methods (A.Betz), 
in which an intermediate level is taken into account,in the 
proposed procedure the working power is directly compared to 
the total power of the flow. In this system, which was patented 
in Romania, a specially constructed stationary collector gene
rating a secondary flow is used for the conversion of wind ener
gy. The air turbine required for the conversion is placed into 
this secondary flow. The use of a stationary collector without 
any revolving parts in the wind distinguishes this installation 
from the Andreau-Enfield system, in which a hollow-vane runner 
is used for generating the secondary flow. The measurements 
provided in the paper were carried out in natural conditions on 
the first machine constructed according to the new procedure.
1. The Power Coefficient.- The ratio between the working power 
obtained through conversion and the total power of the wind 
taking part in the conversion is defined as power coefficient 
C . This coefficient determines the degree of utilization of 
t8e energy of the moving fluid. Assuming a flow with uniform 
velocity before the system and with a mass of air flowing 
through an area S of an obstacle, A.Betz /1, 2/ determined the 
maximum theoretical power coefficient, = 0.593. The pre
sent paper determines a new relation foretnis power coeffi
cient, defining conversion in terms of the total mass of the 
flow contributing to the conversion. This new relation con
tains in an explicit form all the parameters characterizing 
the obstacle from an aerodynamic point of view, in variable 
flow conditions. The maximum theoretical power coefficient re
sulting in this hypothesis approaches 1.0 ; from a practical 
point of view, the areas close to the extreme values, 0 and 1, 
are of no concern.
1.1 Aerodynamic Body of Arbitrary Outline.- Consider an aero- 
dynamic body of infinite span and of arbitrary outline placed 
in the uniform infinite flow of velocity V (Fig.l).
The total kinetic power of the flow undisturbed by the obstac- 
le is , , * , .

Pb - 1/2f Q v * 1/2 f S V ; (1)
where Q is the total mass discharge and S is the area through 
which this mass flows.
The force F resulting from the action of the wind upon the ob
stacle nay be decomposed into two components s lift A and drag 
¥. The drag force W is determined by means of Newton’s drag
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Fig.l Aerodynamic scheme of a body of arbitrary outline.
The power dissipated by the obstacle in the flow of uniform ve
locity V is i

Pd - W.V = 1/2 ? Cw Sc V3 (3)
The actual output is given by the difference betwee Eqs.(l) 
and (3) 8

Pu - V Pd e 1/2? S v3- 1/2 ? Cw Sc V3 - 1/2 ? V3(S-Cw3c)
(4)

The same output can be written as the difference between the 
power before and behind the obstacle 8

Pu • 1/2f Q V2 - 1/2f Q V2 - 1/2p S V3(l - V2/V2) (5)
Denoting by К the ratio of velocities Ve/V we obtain 8

Pu - 1/2f S V3 (1 - K2) (6)
The two outputs in Eqs.(4) and (6) being equal, we obtain 8

S - Sc Cw “ S(1 " k2)'
from which we get the area S 8

S = Sr (7)c K2
From Eq.(7) it can be seen that the area S differs from the ex
posed area S of the obstacle by the factor C ^ K  , which is of 
variable magnitude, influenced by the aerodynamic characteris-
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tics of the body by means of C , and by the flow conditions by 
means of К » V /V. w
The power coefficient characterizing the energy conversion is 
given by Pu/Pb «

S ' 1- c»ir ■ 1 - r2 <8)
which is obtained directly from Eqs.(6) and (l), or Eqs.(4) and 
(1), respectively

cp - 1 -  K2
Table 1 lists the values of the power coefficient C at various 
values of the velocity ratio К before and behind the obstacle s 
C - ! - K2.
p Table 1.
К - Ve/V 0 1/4 1/3 1/2 2/3 З А  Г
Cp « 1 - К2 1 15/16 8/9 3/4 3/9 7/16 0 * V

Conversion takes place in the desired direction if the mass of 
fluid determined by area S of the undisturbed flow of velocity
V is greater than the mass flowing through area S with the sa
me velocity, hence S > S j this condition is fulfilled in 
accordance with Eq.(7) when C > Yr or, it is at its limit if 
С = К . From here we obtain the smallest theoretical value of 
trie velocity ratio at which conversion becomes feasible s

К - \/\ (9)
The maximum theoretical coefficient is

C ,. = 1 - C (8‘)p id w
Curve 1 of Fig.2 represents the variation of the power coeffi
cient C = f(К) resulting from Eq.(8) (in a continuous line)} 
separately, the magnified portion approaching C = 1, indicates 
the limit at which conversion becomes possible ®in accordance 
with Eqs. (9) and (8*) ). Fig.2 also contains Curve 2, determi
ned by A.Betz s

Cp - 1/2 (1 + К) (1 - K2) (10)

A.Betz's method differs from the one presented in this paper 
in that it operated with the term l/2(l + K), which at К = l/3 
yields CpB - 2/3 Cp = 2/3 . 8/9 ■= 16/27 = 0.593.
Observations regarding the power coefficient *
- Assuming that there exists an obstacle of infinite span in 
the unlimited flow of uniform velocity, the power coefficient 
C varies with the velocity ratio V /V between zero and a va- 
lSe that in ideal conditions approaches 1.
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Fig.2 Variation of the power coefficient C as a 
function of the velocity ratio К = V /V J Curve 1 
(Eq. (8) } CurVe 2 (Eq. (Ю) A.Betz.

- Under the above assumptions, area S contains the entire mass 
of fluid which takes part in the energy conversion with the gi
ven obstacle.
- Considering C to be an equivalent global drag coefficient of 
the obstacle, tne method can be generalized and holds for any 
obstacle.
1.2 Aerodynamic Body with Minimum Drag.-Fig.5 represents a 
wing-shaped body of infinite span in an infinite flow of uniform 
velocity V. The pressure acting at any point of the outline is 
determined by means of the dimensionless pressure coefficient 
kp using Eq.(ll) t

kp - 1 - (Vn/V)2 = Zlp/(l/2? V2) (11)
The total force acting on the wing can be expressed with the 
mean pressure Д pffl l

Ft - 4p n 1.1 - l/2yV2 k ^  1.1 - l/2yV2 L(kpm.l) (12)

in which (kDm*l) is the area between the pressure distribution 
curve and tne chord of the airfoil, Fig.4. Force F. is propor
tional to area (k .1), in which к , the height or the rectan
gle whose base is^given by chord lpof the airfoil, is a mean 
global value obtained through the measurement of the above-men
tioned area.
The output can be expressed using Eq.(l2) i

Pul ■ Ff V - l/2f L V3; ^ . ! )  - n/2 у V3 S0 kpm (13)
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Fig.3 Aerodynamic scheme of a body Fig. 4 Pressure distribur- 
of minimum drag. tion and equivalent area.
The power coefficient P-]U/Pb fromEqs.(l3) and (l) becomes,af
ter a number of simplifications t

S к?
C , - — —  к = — к , (14)pl g рш Q рШ

w
where Eq.(7) was used.
From the limiting condition = 1 we have l

%  ■ ^ 7 v  • (15)
therefore the maximum theoretical power coefficient for wings 

Cpl id = 1 “ Cv/kpm
1.3 Aerodynamic Body of Open Outline.-Consider the hollow aero
dynamic body with an open outline represented in Figs.5 and 6.

Fig.5 Aerodynamic body with 
an open outline at points 1 
and 2.
In a body with a disconti
nuous contour, the pressure 
distribution is different 
from the pressure distribu
tion in a body wit conti
nuous outline} the modifi-

Fig.6 Aerodynamic scheme of a body 
with open outline.
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I i

cation consists in the reduction of the area determined Ъу the 
pressure distribution curve, the extent of this reduction ex
pressing the occurring losses.
In numerous wind tunnel experiments on the symmetrical slotted 
single airfoil G5 460 (Re * 4.60 x 10э), in which slots are 
provided at distances x - 0.05 » 0.30 and 0.55 from the leading 
edge, the values obtained for the area ratio in the open-con- 
tour body ranged between 0.905 and 0.950 /З/ as compared to the 
body with continuous outline.
Relation (13) of the total force can be written in a similar 
form for the body with discontinuous contour, while the other 
conditions do not change s

F{. - 1/2? V2 L(k^m.l) (12’)
in which denotes the total force, and k' denotes the mear 
pressure coefficient, of the body with open outline.
The F!/F. ratio is considered to be a mean pressure factor of 
the openíoutline body, expressing the modified height of the 
rectangle (k .1); introducing the notation for this ratio -n , 
we obtain : pm

7p  " Ft/Ft * W  (17)
in which Eqs.(l2) and (12') were used.
Under the action of the pressure difference due to the exter
nal flow, A-n = Pt - Pp between points 1 and 2 (Fig. 5), a se
condary flow^is generated in the hollow body, having a dischar
ge Q. . The power of this secondary flow is

P± - Q. Zip (18)

which in accordance with Eqs.(ll) and (15) becomes :

h  - Qi 1/2 f V2 крш Ъ . (19)
The power coefficient relating P. (Eq.(l9)) to the total power 
(1) will then be »

V  - V  V  (20)
Eq. (7) is used in this case, too. Writing Qj_/Qc s v tST7VSc“ ̂ v 
and substituting in Eq.(18), we have l

7p -7v 7p ^ - V  (21)
W  w

For wings with open outline the limiting condition C - = 1 is 
obtained when
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K2 = \bsL------L _  (22)
* kpm 7 v 7 p

Substituting in Eq.(8) finally yields

CP2 id - 1 - • (23)
kpm 7v 7p

The ratio Q./Q , designated with ^ , is a flow discharge fac
tor determinedcby the flow discharge of the internal circuit 
in which the turbine stands, and by the discharge given by the 
flow velocity V passing through the area of the obstacle.
Eq.(23) is the power coefficient of the body with open outline 
in which, unlike Eq.(l4) for C of the body with continuous 
outline a global factor appear« :

•7p 7 v * < W (Qi/ac> W
affecting the energy exchange by this new procedure.
In these equations, the velocity ratio К = V /V is characteris
tic of the external flow, while C , k and 'o characterize the 
collector itself, as internal elements.
1.4 A Special Case of Bodies with Symmetric Outlines.- In bo- 
die s with symmetric outline such as cylinders with circular 
cross-section, wings with symmetrical outline etc., the resul
tant lift forces acting on the two halves are equal and in op
posite direction, the total lift equalling zero. The problem 
of creating a secondary flow and of utilizing the latter in 
the conversion of wind energy reduces to the preceding case if 
the outline is opened at points that are symmetrical to an 
axis placed in the direction of flow (Fig.7). In this case the

interhal flow is defined by the 
pressure difference p, which 
is the same on both faces, and by 
the discharge Q., which equals 
the sum of the discharge through 
the two symmetrical channels ;
i V
2. Energy Conversion Procedure 
with Stationary Collector.- Eq.(2l)
defines the conditions under which 

Fig.7 Symmetrical body a hollow aerodynamic body with
with open outline. open outline (i.e., an outline

that is interrupted at points of 
different pressure) creates an internal flow in which energy 
is converted by a conversion machine with the power coefficient 
C of the shape described in this paper. A body of this special 
cBnstruction thus achieves the function of collecting the ener
gy of the unlimited flow in which it is placed, unlike the up
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lift of aircraft or the torque of revolving machines. The pro
posed patented procedure thus determines a new function of sta
tionary bodies with an outline of minimum drag, i.e. the utili
zation of pressure distribution in creating a secondary flow 
for energy conversion /4/. This aerodynamic body, named "collec
tor", is stationary in relation to the flow in which it is pla
ced} no rotation is required except perhaps for the adjustment 
of the body in the direction of the flow.
2.1 Installation for Wind Energy Conversion Using a Stationary 
Collector.- The wind energy conversion machine developed at the 
Timi§oara Polytechnic Institute is based on the aforementioned 
procedure and has the following characteristics {
Collector i
Geometric shape circular cylinder
cylinder diameter D = 0.8 m
cylinder height H « 1.4 m ?
area of wind exposure S = 1.12 m
adjustment device directional vane
Aero-electric power unit S
- Air turbine s
turbine type axial,with an upstream vane
nominal output P = 110 W
nominal wind velocity V * 11 m/s
rpm n ® 950 rev/min.
- Generator s
type alternating EP 1110
current dc (rectified)
voltage U и б V
kind of excitation autoexcitation
rpm n » 950 rev/min.
Fig.8 shows the sketch of this installation, consisting of 
three parts i
- a central part containing the turbine-generator power unit
- two parts which are symmetrical to the central one and which 
serve for collecting the energy, being provided with outlets.
The parts are separated by span disks.
The secondary circuit consists of the admission tube of the 
central part, the guide vane, the impeller and the internal 
connecting channels with outlets, which are symmetrical in the 
two parts.
Fig.9 indicates the first results that have been obtained with 
this system in natural conditions, for the power measured at 
the generator outlet. Losses in the measured range were about 
90 W. The power at the turbine shaft at a wind velocity of 
16 m/s is 110 W, which is below the theoretical output.
The present results confirm the conversion procedure using a 
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Fig.8 Experimental device Fig.9 Output (measured in natu-
of windenergy conversion ral conditions) versus speed of
with stationary collector. rotations.
stationary collector and provide the first data measured with 
the described installation. Further research and development 
is being carried out at the Polytechnic Institute Timi§oara.
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HYDRAULIC DESIGN OF PUMP-TURBINE GUIDE VANES
J. Spidla and B. Seda

S u m m a r y
T h e  p a p e r  d e a l s  w i t h  t h e  h y d r a u l i c  d e s i g n  o f  g u i d e  v a n e s  

f o r  r e v e r s i b l e  p u m p - t u r b i n e s  a n d  i t s  v e r i f i c a t i o n  o n  a s c a l e  
m o d e l .  T h e  p r e s e n t e d  d e s i g n  p r o c e d u r e  is b a s e d  o n  a s i m p l i f i e d  
s o l u t i o n  o f  t h e  f l o w  t h r o u g h  a f i x e d  d o u b l e  c a s c a d e  a n d  o n  
t h e  b o u n d a r y  l a y e r  e s t i m a t i o n . T h e  g u i d e  v a n e  d e s i g n  is 
c a r r i e d  o u t  f o r  t h e  o p t i m u m  e f f i c i e n c y  p o i n t  o f  t h e  r u n n e r  
c h a r a c t e r i s t i c s  f o r  p u m p  m o d e  o p e r a t i o n . T h i s  p o i n t  d e t e r m i n e s  
t h e  v a l u e  o f  t h e  a n g l e  o f  a t t a c k  o f  t h e  f l o w  o n  t h e  g u i d e  
v a n e s .  T h i s  a n g l e  m a y  b e  o b t a i n e d  f r o m  t h e  t h e o r e t i c a l  
p e r f o r m a n c e  c h a r a c t e r i s t i c s . A l i n e a r l y  d e c r e a s i n g  f l o w  v e l o 
c i t y  a l o n g  b o t h  t h e  s u c t i o n  a n d  p r e s s u r e  s i d e s  o f  t h e  g u i d e  
v a n e  a n d  n o  b o u n d a r y  l a y e r  s e p a r a t i o n  a r e  a s s u m e d  i n  t h e  
c a l c u l a t i o n .

T h e  p r o p o s e d  d e s i g n  p r o c e d u r e  w a s  v e r i f i e d  e x p e r i m e n t a l l y . 
F o r  t h i s  p u r p o s e , c o m p a r a t i v e  t e s t s  o f  a m o d e l  p u m p - t u r b i n e  
w e r e  c a r r i e d  o u t ,  b y  t e s t i n g  s u c c e s s i v e l y  t h e  g u i d e  v a n e s  
p r e v i o u s l y  d e s i g n e d  a n d  t h e  g u i d e  v a n e s  d e s i g n e d  i n  a c c o r d a n c e  
w i t h  t h e  p r o p o s e d  p r o c e d u r e . T h e  m o d e l  a l l o w e d  t h e  o b s e r v a t i o n  
o f  t h e  v i s u a l i z e d  f l o w  a r o u n d  t h e  g u i d e  v a n e s .  T h e  o b t a i n e d  
r e s u l t s  a r e  p r e s e n t e d  a n d  d i s c u s s e d .

1. Introduction
The distributor, designed as a system of fixed stay 

vanes and adjustable guide vanes represents a significant 
part of the reversible pump-turbine. The guide vanes allow 
the turbine output to be controlled and further, they serve 
as a closing device. The stay vanes are important in stiff
ening the spiral case and head cover structures heavily 
stressed through water pressure and other external loads.
The fundamental tasks of the distributor as a whole are 
to convert a portion of the potential energy of the fluid 
into the kinetic energy in the turbine mode operation 
of the machine and to convert a portion of the kinetic 
energy of the fluid into the potential energy in the pump 
mode operation. These conversions involve inevitable some 
energy losses. Since the flow in a diffuser is generally 
accompanied with higher losses than the flow through a con- 
fuser, the distributors of pump-turbines are designed prima
rily with respect to the pumping mode conditions. In order 
to minimize the energy losses, thorough calculations have 
to be performed using a reliable computational model of the 
flow with all main sources of losses included. The numerical 
analysis allows the theoretical optimization of the hydraulic 
design of the distributor and the experiments are performed 
in order to verify physically the obtained results.
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2. Computational model of the flow
The real three-dimensional flow through the distributor 

is modelled assuming a two-dimensional potential flow of 
an incompressible and inviscid fluid through a fixed double 
cascade of vanes with finite thickness. An axisymmetric flow 
surface is assumed. The viscosity of the fluid is considered 
to be significant only in the boundary layer. In the case 
of an unseparated flow the interactions between the viscid 
and potential flow layers are insignificant and thus are 
neglected. The interactions between the distributor and the 
runner and between the distributor and the spiral case are 
not considered. The boundary conditions of the flow are 
satisfied in their mean integral values. The above mentioned 
potential flow is described by Fredholm integral equation 
of the second kind with a supplementary condition /1/.
The numerical solution of this equation is performed on the 
computer using a program coded in FORTRAN IV. This computer 
program allows the analysis of both single and double cascades, 
thus respecting the interaction between the stay and guide 
vanes. However, the double cascade analysis is limited to 
cases with blade number ratios 1:1 or 1:2 only. The computa
tional procedure gives the values of the flow velocities at 
any point of the blade profile, i. e. at the leading edge too, 
what allows the investigation of the flow loss characteristics 
of the cascade.

Based on the knowledge of the velocity distribution 
along the blade profile, the behaviour of the boundary layer 
is estimated. The boundary layer momentum thicknesses are 
calculated and the possibility of flow separation, leading 
to higher energy losses, is evaluated. For this purpose the 
method proposed by E. Truckenbrodt /2/ is applied. Such 
a procedure satisfies well the needs of a comparative analysis, 
even when some other refined computational models of the 
boundary layer may be used.
3. Hydraulic design of the guide vane profile

The design of guide vanes represents a very difficult 
procedure and it results actually as a compromise on various, 
frequently contradictory requirements in hydraulics, strength, 
etc. In this section, only the procedure in designing a guide 
vane profile with low losses at specified hydrodynamic para
meters will be described.

Using computational model of the flow described above 
series of cascades were analysed. Taking into account the 
obtained results, a linear variation of the flow velocity 
along the blade profile surface can be assumed. This holds 
for both the suction and pressure sides. All calculations 
are performed for the mean cross-section of the distributor.
The final shape of the blade profile is obtained in course 
of a step by step shape modification and calculation, untill 
the required velocity distribution is reached.
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Fig. i Sectional view of the model pump-turbine
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Fig. 2 Calculated velocity distribution around the guide vanes
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In calculations, the mean integral value of the flow 
angle is chosen as the boundary condition at the runner side. 
This value is derived from the runner characteristics, 
relating the theoretical head and the discharge. The charac
teristics can be obtained by applying:

/i/ proper computational procedures, or 
/ii/ accumulated empirical data, or 

/iii/ scaled model performance tests.
It should be taken into account, that in the real flow 
the circulation at the spiral case side of the distributor 
is lower than that determined theoretically.

The appropriateness of the final blade profile design 
is verified by calculations for various distributor openings 
in both the pump and turbine modes of operation, too.

Using the above described procedure, the design of guide 
vane profile for an actual case was performed. The results 
are given in section 5.
4. Description of the experimental investigations

The experimental verification of the presented design 
procedure is based on the comparison of relevant results 
of tests with a model pump-turbine, using successively two 
distributors with different guide vane profiles. The conditions 
of testing were otherwise almost identical. In tests, there 
was used the model of a recently designed pump-turbine 
possessing at nq=4l relatively good hydraulic characteristics. 
Applying the presented procedure only guide vanes were newly designed, however without altering their number and stem 
pitch diameter. The use of a NC milling machine in manufacturing ensured the coincidence of the actual and the designed 
shapes of the model guide vanes. The model turbine runner has 
a diameter of 400 mm. In pump mode operation the measu
rements were performed at 1500 rpm. The tests in turbine mode 
operation were performed at heads varying between 35 and 40 m. 
The model was designed so as to satisfy the needs of flow 
visualization around one of the guide vanes. The flow was 
observed through a visor in the distributor cover whereas 
the selected guide vane was illuminated through a visor in 
the spiral case /see Fig. 1/. In flow visualization milk 
was used. It was injected into the flow through narrow holes 
in the selected guide vane on both its suction and pressure si
des. The flow was observed at various values of the discharge 
and the distributor opening in both the pump and turbine 
operating modes, with particular attention paid to the beha
viour of the boundary layer. A lab-computer was used in 
controlling the measurements and for evaluation of the 
hydraulic parameters.
5. Results and conclusions

The calculated distributions of velocities in the diffuser- 
type flow around the original guide vanes and around the newly
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in the pumping mode operation
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designed guide vanes are plotted in Fig. 2. and Fig. 3. The 
calculations were performed for two distributor openings and 
three values of the angle of attack. The performance chara
cteristics of the model in the pump mode operation obtained 
experimentally with both types of guide vanes are shown in 
Fig. 4. By comparison of all plotted curves the influence 
of the velocity distribution on the energy losses in the 
distributor may be estimated. The sensitivity of the leading 
edge shape with respect to the angle of attack may be easily 
deduced from Fig. 2 and Fig. 3. The velocity peaks appear 
either on the suction side /Q“=0.82/ or on the pressure side 
/Q*= 1.26/ causing boundary layer separation just behind the 
leading edge of the blade. This defficiency does not appear 
at the newly designed guide vane profile. Also the velocity 
distribution along the middle part of the profile is at the 
new design more favourable and the boundary layer separation 
point is always shifted more towards the trailing edge.
Herefrom follows the lowering of the losses. This may be seen 
in Fig. 4, where the characteristics corresponding to the new 
guide vane design show an increase in both efficiency rj* and 
head H*. In order to verify indirectly the correctness of the 
measured quantities, theoretical characteristics of both 
alternatives were determined. In Fig. 4 j.s shown, that for both 
alternatives the straight line H*h is identical. In the turbine 
mode of operation, no changes in performance of practical 
importance were detected.

The presented results investigations show, that even 
a relatively simple computational model of the flow applied 
in the design of the distributor helps substantially in 
attaining good energy conversion properties. However, it 
should be noted, that an increase of the overall performance 
of a reversible pump-turbine can be ensured only when all 
main functional parts, such as spiral case, distributor, 
runner and draft tube are mutually well adjusted and the 
losses are proportionally distributed.
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PREDICTION OF CAVITATION DAMAGE 
IN HYDRAULIC TURBOMACHINERY

K.Steller

1. Prediction of cavitation and erosion zones
Cavitation in a hydraulic machine can be distinguished by 

various stages of its development and sites of oocurence, va
rious influence upon the functional properties of the machine, 
increasing or decreasing dynamic impingement, and vibroacous- 
tic and erosion effects. The change of some cavitation signs 
in an impeller pump can be illustrated by the curves in fig.i 
while fig.2 shows such change in a Francis turbine.

Fig.i. Diagnostic characteristics of a diagonal pump 
(H - head, 1 - length of the cavitation cloud, I - 
intensity of cavitation pulses, N - level of the hy- 
droacoustio noise of 120 kHz frequency, A h =NPSH- 
Net Positive Suction Head)

In the sequence of many years certain general relationships 
between cavitation and operational properties of the machines 
were established. The relationship

G = const Пд^3 (1)

between the cavitation number 6 and the specific speed ngn is 
an obvious example. Also methods of determining the oavitation 
sensitivity of machine components of known geometry have been 
developed. These enable both predicting cavitation in definite 
machines and indicating places subject to the most intensive 
oavitation erosion. An example of such evaluation concerning 
the stationary circular cascade (guide wheel) in a reversible 
hydraulic maohine [2] will be discussed in the following.

Assuming the two-dimensional model of flow through a circu
lar cascade characterized by a given circulation1 ' and the 
source (sink) of intensity Q/b situated in the centre (Q -
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Pig.2. Cavitation course in the runner of a Francis 
turbine with speoific speed nso = 70 (d,e,f,g,h 
lines denote the boundaries of cavitation) CU

flow rate, b - guide blade span) we can evaluate oavitation 
sensitivity of the guide wheel and indicate the places most 
susceptible to cavitation damages.

While in the turbining regime the cavitation sensitivity is 
a univooal function of the position of guide blades it depends 
in the pumping regime also on the similarity number

q - Q/rob (2)
pwhere Г  = (F D  )n/60 is the circulation at the outlet of the impeller with diameter D and rotation speed n . The our-

^Circulation is equal Гто = 0.25Q(R1+R2 )/(R2 -Ri )2 where Q is 
the flow rate while R^ and R2 denote the minimum and maximum radii of the spiral casing, respectively.

2 )'The quantities (э«, and Scr are cavitation numbers defined by 
the following formulae:
Soo = 2(Poo-pv )/f v2oo and ffcr = 2(pM pmln)/j)v200
where p,p , ^ and v denote pressure, saturated vapour pres
sure, liquid density and velooity while subscripts oo and 
min refer to the quantities in an undisturbed flow and to 
their minimum values as measured at the blade surface. By 
the oritioal cavitation number 6cr we mean the value of 6  
that corresponds to cavitation incipience or desinence (whioh is usually assumed to occur when the local pressure value is equal p ).

847



ves showing cavitation sensitivity of the guide wheel of a re
versible hydraulic machine mounted at fcydowo Power Station 
h^ve been presented in fig.3. The curves Indicate that опв2\ 
should expect no cavitation in turbining regime ( 6 0 0 > 6 0 T ) 1 
while the blade edges are subject to the most intense erosion

Fig.3. cavitation sensitivity of the guide wheel of the re
versible machine mounted at Zydowo Pump Storage Power Sta
tion in turbining (a) and pumping regime (b ); aco. [2]

in pumping regime. It follows from 6 = 6  (a0 ) curves that the 
cavitation damage hazard ooeurs first of all on the suction 
side of the blades (zone II) and gets more and more increased 
as the guide wheel is being opened. At the openings а ~ >  275 mm 
cavitation cloud develops also at the pressure side.High value 
of 0 6  =  6 c r  - 6oo difference allows to expect extremely strong 
liquid microjet impacts and cavitation cloud pulsations leading 
to both surface erosion and fatigue failure of the blades.

Results of field inspection confirmed this prediction (fig.4){ 
evident effects of cavitation erosion may be seen near blade 
edges. One should notice that the pressure side erosion covers 
only the lower parts of the blades, which is due to the stream
line curvature in the meridional plane. Despite of neglecting 
this phenomenon the numerical computations allowed for fairly 
reliable prediction of cavitation erosion zones. One should 
suppose that further development of the numerical methoas of 
cavitation prediction will enable even better determination of 
the places subject to the most intense cavitation erosion. Cer
tainly, the oourse of oavitation erosion is determined not on
ly by the cavitation sensitivity of a particular flow system 
and the stage of cavitation development. Erosion rate is
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Pig.4. Cavitation 
pits at the guide 
blade of a reversib
le machine

seriously affected by the cavitation 
intensity, the physico-chemical proper
ties of the working liquid, the resis
tance of the structural material to ca
vitation impingement and corrosion pro
cesses that usually accompany cavita
tion. •
2. Cavitation intensity as related to 
cavitation erosion

Cavitation intensity is usually 
meant as the quantitative characteris
tics of the phenomenon. However, the 
notion has not been defined precisely. 
Cavitation intensity can be measured, 
for instance, by the averaged density 
of the energy flux coming out from the 
collapsing cavities, that is the quan
tity determined by duration of this 
pulse prooess, acoustic impedance of 
the medium as well as the number, am
plitude and frequency of pressure pul
ses acting at the definite area of the 
flow-limiting surface. Assuming that 
the acoustic Impedance of the medium is 
constant we can evaluate cavitation in
tensity using an indicator formed from 
averaged statistical characteristics of 
a definite pulse prooess. We can use, 
for instance, the estimator of the 
spectral power density

T
Gx(f) . — 1 —  Г x2(t,f,Be )dt (3)

BeT o-'
or the indicator of the energy flux

N
M E  =  I Ц  n . p f ( 4 )

1 1=1 1 1
where T denotes the time of averaging (pulse counting), 
x(t,f,Be ) - the component of the input signal x(t) at the 
outlet of a narrow-band filter with the band width equal Be 
and mean frequency equal f, n^ - the number of pressure pulses 
with the amplitude pj . The estimator Gx informs about the 
frequency structure of a cavitation process while the indica
tor ME carries information about its amplitude composition.

The results shown in fig.5 indicate that material damage is 
closely related to the value of the ME indicator. Fig.5a shows 
the photograph of an eroded specimen with marked places show
ing positions of a pressure transducer3 >installed to receive 
pressure pulses from collapsing cavities interchangeably with 
the specimen. Fig.5b presents circular diagram illustrating
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Fig.5. The relationship between the material damage and the 
values of the ME indicators; a) the area of an eroded speci
men at 6  = 0.8 with marked positions of the pressure trans
ducer (I ... V), b) cavitation intensity distribution at va
rious cavitation conditions

the spatial distribution of the ME indicator for 6 = const.
Amplitude distributions of pressure pulses (fig.6) show a 

wide spectrum and very high ratio of "non-damaging" to "dama
ging" collapses. For the material under consideration the eva
luated resistance threshold was about 600 mV.

Cavitation intensity can be measured using also some vibro- 
acoustic quantities like the level of acoustic radiation or 
the level of vibrations of the flow-limiting walls. A common 
indicator is the acoustic power as defined by the following 
formula:

W(R) = J IadA (5 )
(A)

2where Ia = pa/pc denotes the unit flux of acoustic energy 
emitted by the source at the distance R, pa - acoustic pressu
re , c - sound velocity in the medium with density ^ while A 
is the area of the surface crossed by the flux.

The applicability of acoustic pressure (emitted by the col
lapsing cavitation bubbles) for evaluation of the flow state and the erosion hazard has been indicated among others by
--------------
'Piezoelectric transducer PCB with the membrane of 5.5 mm 
diameter, 0.145 mV/kPa fidelity and 500 kHz resonance fre
quency.
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Fig.6. Histograms of pres
sure pulses and respective 
effects of cavitation 
action

F.G.Hammitt [3] and A .S.Ramamurty 
and P.Bhaskaran [4]. From this 
point of view it is worthwhile to 
mention the results obtained in 
the cavitation tunnel with a cy
lindrical cavitator at thé labora
tory of the IF-FM, Pol.Ac.Soi. in 
Gdansk. The acoustic pressure (am
plitudes, frequencies and effecti
ve values) was measured using hy
drophones situated at various pla
ces of the flow. The effective va
lue of the acoustic pressure 
appeared extremely useful for de
scribing the state of flow and in
dicating the oavitation intensity 
most dangerous from the erosion 
point of view. The Influence of 
the oavitation development stage 
( 6 ) upon the effective value of 
the acoustic pressure (U--) for 4 
different situations of trie hydro
phone has been shown in fig.7 while 
the amplitude distribution of the 
pressure pulses for a particular 
situation may be seen in fig.8.

Fig.7. Degree of cavita
tion Influence upon the 
acoustio pressure value 
for 4 different hydropho
ne positions

It follows from the above that there exists a good correlation 
between the results of the amplitude analysis and the effective 
values of the acoustio pressure, and that the location of the 
hydrophone affects only the pressure value (the level of oavi
tation intensity) and not the shape of the Uef(6 ) curve. It 
could be inferred from the maximum of the acoustic pressure
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Fig,8. Amplitude distribution of aooustic 
pressure pulses at various degrees of
cavitation

occurring at 6  ä  1.2 that these were the conditions corres
ponding to the maximum erosion hazard. This supposition has 
been confirmed by the results obtained for specimens inlaid 
into the tunnel wall.
3. On prediction of cavitation damages

The knowledge of hydrodynamio or vibroaooustio cavitation 
signs is still not sufficient for prediction of material per
formance in definite flow conditions. Such a prediction requi
res first of all the knowledge of the material resistance to 
the action of cavitation. Cavitation resistance is usually 
evaluated from the test results obtained at laboratory test 
facilities. This is certainly a relative evaluation allowing 
for no direct inferring about the performance of'the material 
in conditions different from the test conditions. This is due 
to the different level, shape and number of so called effecti
ve pressure pulses and various response of materials to the 
change of oavitation impingement. This problem has been dis
cussed in 5 . It has been indicated there at the non-univooal 
classification or non-uniform differentiation of evaluations 
of materials tested both in laboratory and field conditions.
3.1. The proposal of predicting material performance in the 
Initial period of damage. Results o f  testing an aluminium 
alloy (PA) and zinc (2n) at various cavitation intensities 
have been shown in fig.9. The specimens were subjected to oa
vitation tunnel of our Institute during the period of so called 
initial damage (fig.9). The choice of such an exposition period
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Fig.9. The relation
ship between the loss 
of zino (Zn) and alu
minium alloy (PA2 ) in 
the initiation period 
and the spectral po
wer density G

followed from the aiming to keep almost constant impingement 
conditions, so that the energy taken off by the specimens could 
be assumed constant and proportional to the energy delivered.

delations A W  = f(G_) following from the above proved to be 
linear. The results obtained'allow to expect the similar rela
tionship for other materials. The confirmation of this supposi
tion will form the basis to conclude about the performance of 
definite materials in various (especially field) conditions of 
cavitation. This means that knowing the results of testing the 
respective specimens in laboratory conditions (with well-deter
mined cavitation intensity) and the cavitation intensity in 
field we will be able to prediot the field performance of the 
same material. The average rate of damage Initiation can be de
termined from the following relationship

, A W ,  i A W  \ , c .

1 * " “oav,„
where A W  is the volume loss of the material in the period t , 
RQaY is the instantaneous material resistance Еб1., 7 < i - the 
efficiency of energy absorption by the material , ME - the 
indicator of energy flux, the quantities with subscript n re
fer to field conditions while those with subscript m to the mo
del tests. Using the simplified assumption of rl n = 7ro and 
Rcav.n = Rcav m we can estimate approximately the erosion rate 
in field conditions from the formula

(Л1) = {A1) Ü!» (7)
t n t m MEm

“̂ According to [7] the efficiency of energy absorption rj oan 
be described by the Weibull distribution, that is L

7 = 1 - exp (— T oc ) where V  = t/tr max
is the relative time of cavitation action and oc - the coef
ficient of the statistical function.
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3.2. The methods of predicting oavltation erosion In a proto
type. Óné of the methods oonslsts in estimating the erosion in 
a prototype by comparing test results with results obtained in 
field conditions, in both oases the tests are conducted using 
the same reference material characterized by weak cavitation 
resistance and the main material - subject of evaluation. The 
latter one is tested only at the laboratory. The field perfor
mance of the essefttial material is deduced from the results of 
these three tests. The procedure described above is rather 
troublesome and leads to highly unoertain predictions.

Basing upon the equality of Strouhal numbers and the kine
matic similarity of a model (m) and a prototype (n), N.I.Pyla- 
ev and Y.U,Zdel* [83 propose to estimate the erosion extent in 
water turbines from the following formula

I— ln - ( — >. I— )3 (8)
* * H„ Dlm

where H is~the head and D. - the characteristic diameter of 
the Funner..

A.S.Lashkov [9] proposed a relationship which i9 very much 
alike to (8), exoept of exponent values.

Both methods of predicting as mentioned above, require deter
mining the volume loss rate M V / t ) m from model investigations. 
This requirement is very difficult and frequently even impos
sible to meet. That is why it is expedient to search for other 
methods of erosion prediction in hydraulic machinery. One of 
possible solutions is to relate the mean depth of penetration 
rate MDPR with the cavitation intensity Ioc^ME. For the 
needs of approximate evaluations we can assume the constant re
sistance of a material (Rcav) and the efficiency n of energy 
absorption. Basing upon the relationship L

1 " Roav MDPR (9 )
and the knowledge of the cavitation intensity indicator ME in 
field and during laboratory tests (MEm ) as well as the MDPRm 
value we can estimate the MDPRn value from the formula

MEimra -нога üf. do)
m

The preliminary verification of this dependence using alumi
nium specimens proved the validity of the assumptions made. 
However, further verifying investigations are expedient.

All the presented erosion prediction concepts are based on 
less or more justified assumptions. At this stage of our 
knowledge it seems necessary due to the lack of more precise 
erosion predicting methods QlO] to consider the simplified so
lutions as allowable.
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MODEL TESTS ON A SEMI-AXIAL PUMP TURBINE

F. Strohmer, G. Horacek

ABSTRACT

Due to their good hydraulic characteristics semi-axial pump 
turbines are used in the medium range of pumped storage plants. 
This paper describes model tests performed :ith a semi-axial 
pump turbine model and shows the resuxts of these tests.
The aim of the model tests was the optimization of the hydrau
lic water passage, the measurement of the hydraulic charac
teristics over the whole opera* .g range, the investigation of 
the cavitation behaviour, the investigation of the hydraulic 
forces and torques as well as the proof of the guaranteed 
values for the customer.

INTRODUCTION

The growing demand of electric energy entailed also an increase 
in the construction of pumped storage plants for generation of 
the necessary peak energy. The use of reversible pump turbines 
reduces both investment cost of the hydraulic machinery and 
civil engineering cost.
At present pumped storage plants with reversible pump turbines 
operate - considering also tidal power plants - at heads range- 
ing from 2 m to 1300 m. Fig. 1 shows the application range of 
reversible pump turbines carried out at present.
In the low head and medium he.d range pumped storage plants are 
constructed increasingly in a more economical way due to the 
continuing development of the hydraulic machines. In high head 
plants their economy was increased by the tendency towards high 
heads and large unit output.
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Fig. 1 Application range of
reversible pump turbines

In the following model tests with a semi-axial pumped turbine 
model are described and the results of these tests are shown.

SEMI-AXIAL PUMP TURBINES

Hydraulic Features
Due to their good hydraulic characteristics both in turbining 
and pumping, semi-axial pump turbines are used in the medium 
head range of pumped storage plants. Due to their design with 
adjustable runner blades and adjustable wicket gates these 
turbines can be operated with the corresponding optimum effi-

чciency points over a large output range. By the possibility to 
close the runner blades the required starting torque is greatly 
reduced thus enabling starting in the water. This results in a 
shorter transition time to the pumping mode as compared with 
Francis turbines.

Model Tests
For a pumped storage plant with the characteristic data
- turbining H = 18 to 33 m, P = 42 MW
- pumping H = 19 to 31 m, Q = 160 to 72 m^/s
a semi-axial pump turbine was optimized in a model test whereby 
the runner centerline being already fixed by the existing draft
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tube and the upstream connection to the penstock.
The requirement of a large regulating range of the discharge in 
the pumping operation as well as of high efficiency in turbine 
operation over the full operating range led to the use of a 
double controlled semi-axial pump turbine.
It was the aim of the model tests to optimize the hydraulic 
contour, proof of the guarantee values in the presence of the 
customer as well as determination of the hydraulic forces and 
torques as basis for dimensioning the prototype machine.
Fig. 2 shows a section of the model pump turbine (scale 
1 : 16,47). All water leading parts are geometrically similar 
to the actual plant (runner diamter 6,18 m). Making the dis
charge ring of plexiglass enabled good observation of the 
cavitation behaviour of the runner.

Fig. 2 Section of a semi-axial model pump turbine

The model tests were carried out on one of the vertical pump 
turbine tests rigs of VOEST-ALPINE AG, Linz.
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This test rig shows the following characteristics:
- closed circuit for cavitation tests

«max ■ 1 2 0 0 1/sec- Hmax ' 1 5 0 "• Pmax * 3 3 0 kW>
- automatic data acquisition and processing
- measuring accuracy of the individual measured quantity +0 ,1% 

repeatability better than + 0,15 %
total error of efficiency measuring + 0,3%,

CZ)
VOEST-AtPHE

Fig. 3 Scheme of the test stand

Several runners which differed in the number of blades, shape 
of blades and angle of inclination of the rotating axis were 
examined in preliminary tests and the influence on efficiency 
and cavitation behaviour was investigated. By probe measuring 
analyses of losses were carried out and the relevant modifi
cations were derived.

As example of such measurement, the distribution of the meri
dional speed Kcm, distribution of angular momentum and the 
total energy p-t;otal at the runner inlet and outlet for the 
point of optimum turbine efficiency are shown in Fig. 4.
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The measurement was made with a semispherical 4-hole probe by 
which the vector of the speed can be recorded. The calibration 
curves were numerically represented in order to enable the 
evaluation by means of an EDP program. It was the purpose of 
these investigations to determine the individual losses.

Fig. 4 Velocity-, angular momentum and pressure distribution 
during turbining

For cavitation reasons finally a runner with eight blades was 
provided. Due to the low heads and the resulting low cavitation 
intensity, minor cavitation at the inlet edges both at the 
suction and pressure side were permitted.
Fig. 5 shows the hill diagram for turbine operation in the 
unit sizes. The characteristic curves for pump operation are 
shown in Fig. 6 dimensionless.
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The pump characteristics are the envelope curve of various 
openings of the wicket gates for one constant runner blade 
opening and show the' dependence of the pressure number or 
efficiencies and the discharge number.

Fig. 6 Dimensionless pump characteristics

After investigation of the model pump turbine during turbine 
and pump operation the characteristics in the remaining qua
drants were measured. This four-quadrant characteristic curve 
serves to simulate the starting and shut-off procedures as well 
as the operating transitions by means of EDP programs. Fig. 7 
shows a four-quadrant curve for a selected runner position.

Fig. 7 Four-quadrant diagram for a runner opening
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With increasing machine size the knowledge of the strength of 
individual turbine parts is very important. For safe dimen
sioning, particularly of the drives the static and dynamic 
forces and torques of wicket gates and runner were measured 
over all quadrants. Fig. 8 and Fig. 9 show the course of the 
wicket gate torque and the axial thrust over all quadrants as 
function of the unit speed for one runner opening.

Fig. 8 Hydraulic wicket gate Fig. 9 Hydraulic axial
unit torque unit thrust

The measuring arrangement for determination of the runner blade 
torque may be seen from Fig. 10.

Fig. 10 Measuring arrangement 
for determination of 
runner blade torque
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The hydraulic torque was measured with the strain gauge fixed 
on a bending rod and the signal was transmitted via a slip ring 
transmitter to the carrier frequency amplifier. The amplitude 
of the torque vibrations was recorded by means of an UV 
oscillography. The results of these measurements are shown for 
turbine operation in Fig. 11 and for pump operation in Fig. 12.

Fig. 11 Runner blade unit 
torque, turbining

Fig. 12 Runner blade unit 
torque, pumping 
at constant wicket 
gate opening

For judgement of the operational behaviour measurements of 
pressure fluctuations along the water passage were performed.

Start-up Procedure

The pump characteristics ф = f (Ф ) are usually determined 
during tests in a closed test circuit at constant speed, 
operating points are obtained by the intersections of the 
dynamic characteristic and the pump characteristic.

However, at the prototype the geodetic head difference between 
head- and tailwater level is to be overcome - besides the 
dynamic characteristic which are losses depending on the dis
charge in the penstock - that cannot be simulated in model 
tests in a closed circuit.
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The tests subsequently described herein aimed at the determina
tion of a proper start-up procedure for the pumping mode by 
determining the discharge and head characteristics depending on 
the opening time of the wicket gates.

As may be gathered from the measurements of the static charac
teristics (Fig. 13), the pump characteristics show instabili
ties at large runner blade openings which are caused by the 
rotating stall in the area of the inflow edge.

Fig. 13 Dimensionless characteristic for a runner blade 
opening

Two specific cases were investigated during the tests in an 
open circuit:
- dynamic and geodetic characteristic is below the minimum ф - 
value of instability for aQ = 1 0 0 %

- dynamic and geodetic characteristic is above the minimum ф - 
value of instability for aQ = 1 0 0 %

The results for (-,— ) = 0,82 are presented in Fig. 14 and\ Фл )u oprove that the discharge Ф/Фд is again decreasing as from 
a0 = 54 % in accordance with the characteristic determined in 
the closed test circuit.

During the tests performed at (.r~~ =0,64 the stable leg of\Фд /t = оthe characteristic was reached in spite of the instabilities 
for smaller aQ-values as shown in Fig. 13.

864



If the minimum ф - value of the instable pump characteristic 
coincides with the dynamic and geodetic characteristic, an 
operating point is given at the stable leg of the pump charac
teristic. This procedure entails a sudden increase of the 
discharge and the pressure number as can be seen in Fig. 14 
(approx. 50 % aQ).

Fig. 14 Simulation of the 
start-up procedure 
in the open test 
circuit

In order to avoid these areas during pump start-up - insta
bilities in the characteristic are not inevitable at smaller 
runner blade openings - the following start-up procedure was 
established:
- start-up to synchronous speed at closed wicket gates and 

runner blades
- opening of wicket gates to operating position thus ensureing 

the stable leg of the H-Q-curve to be reached
- opening of runner blades to operating position.

CONCLUSION

Model tests are necessary for the layout of a pump turbine and 
form the basis for the design of the prototype plant.

The results received from model testing a semi-axial pump 
turbine give a good survey of the tests to be performed in the 
course of development.
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Besides the tests for a hydraulic optimization for a safe and 
reliable design of the prototype also measurements of the 
wicket gate- and runner blade torques as well as start-up 
investigations are necessary.

Strohmer Franz, Dr. techn. Dipl.-Ing.
Manager of Hydro Power Engineering Department
Horacek Gerhard, Dr. techn. Dipl.-Ing.
Head of Hydraulic Laboratory
VOEST-ALPINE AG / TLM 1 
Postfach 2
4010 Linz - Austria 

Designations
D (m) runner diameter T) (%) efficiency
H (m) head ß runner bladeopening
n (rpm; speed a~ wicket gate

opening
n^ (rpm) specific speed ф pressure number
u (m/s) circumferential speed Ф discharge number2g (m/s ) acceleration due n ^  unit speed

to gravity
p (kg/m3) specific density unit discharge
P (MW) output L.. unit wicket gate

torque
A.. unit axial

thrust
M. unit runner

blade torque
t time

Indices 
T turbine
P pump
Л optimum
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FRICTION LOSSES IN ROTATING CURVED PIPES

M i r c e a  А . Т а т а р

Summary
Considering the results of previous papers, the present work 
proposes a general method to obtain the friction factor and 
the velocity profiles for laminar flow in rotating curved pipes 
of circular cross section, for any value of rotation or curva
ture .

1. Introduction.- It is well known the importance of under
standing the complex hydrodynamic phenomena in rotating passa
ges of turbomachines and so, the case of the laminar flow in a 
rotating curved pipe can be considered as a first step in the 
investigation of flow through the impeller channels.

2. Symbols
g = density V = relative velocity
V = kinematic viscosity R = radius of curvature
p = field of static pressure _ field of gravitational
q = angular velocity f' = acceleration with res-
R = radius of circular cross pect to the inertial

section of pipe _T system (O')
L = pipe length QA = transpose of the or-
Cz = position vector thogonal tensor
_ „ ... , E = distance from pipeRe = Reynolds number b .. ^ ^
S = Strouhal number _ w
c = position vector of Ö with respect to 5'V , V., V = components of velocity in orthogonal curvilinear
n ^ coordinates.

3. Navier-Stokes Equations, in the Case of Laminar Flow
Let be (5; x, y, z) a non-inertial frame of reference. The 

Navier-Stokes equations can be written /4/, in orthogonal 
curvilinear coordinates (r, 6 , y) (fig.l):

2 ^  , Vn gfa + *  svn _ V  ̂  v ,эъ Vn эг г эе 3 Эу r qc * з
(ЭРн .чГ-эЧ, , ( 4 uNn , g'Vn а Mn _

= “ f  э Г  4 T 1 7  V Эг эег V  " уг эе уг

\ ( ЗУ* 0 ЭУч .. Л  V ^c^e accsö _9Vy_1
RcV Эг гЭе J Я*2 r<_2 r c 9y J

(1)
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(4)

PM is the motion pressure obtained in /4/, and has the expres
sion, in this particular case:

ivp„ . r  vp -5TI' ♦[í-fe-сйг-гЧс, -C) <5>
which is similar with Johnston /7/ or Ito /1/ relationship.

4. Boundary Layer Equations.- The following assumtions are 
made:

a) incompressible fluid; b) fully developed flow; c) steady 
laminar flow; d) continuity of secondary flow; e) the origin of the non-inertial frame concurs with the origin of the inertial 
frame; f) the flow in the pipe is formal divided in two regions:
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2 ^  +Vn^  + ̂  ̂  ^  - v - VaiiLTi +2iu «„e »гъ 3r f 30 Ь ч  г qc x y

" S’ тэе \  Эг1 г эг тг э©г + гг эе тг

"Б- И г  <me) + - 4  4 е - —  **©Re,V эт гэе ) rc р.сг tu 3vjJ

(2)

5̂ 2. +ул + 24 +v 44 _ 24- (v„c«,ö-4fM*e)+2.5jy„c*®-v̂ ©) =
Э г  v  Э е  ^  Э у  R t  4 '

„_4.2íh§ 3vj V L Э\г t Эт \г Э 0 г Э ^ г R.c \ Эг т Э в  I
_ 2со̂ е эул 2̂,'ne avt _ _Ч_1 

Ос. Эм + R.C ч  Р-с.2-1 (3)
and the equation of continuity is:



a. thin "boundary layer" near the wall, where the secondary 
flow takes place and the viscous forces are important and a 
frictionless core (this assumption is justified by the results 
of the previous paper and of course, by the effects of rota
tion and curvature upon the laminar flow); g) constant rota
tion; h) constant curvature.

According to Schlichting classical way and using the above 
assumptions, the equations of motion in the boundary layer be
come:

r Vil Г. 29.R.C 1 _ _j_ ЭРм (6)
R Rt 1 V, Г  5 эг

J .. sv-t v^mö Г, 2<iRc ]__ < 'эрн .л
] Vn Эт + R “ R.c L* Vy J § R.3© 3v2 (7)

V , Nt ЭУч 24.Re -] ЭгУчэг R эе + Rc L'- м J
(8)

The term |j- j shows the complex influence of ro
tation and curvature(it is known that both, the Coriolis for
ces - effects of rotation - and the centrifugal forces - effect 
of curvature - set up secondary flows), and confirms the re
sults of Hoffmeister /8/. It is interesting to study the oppo
site influences of rotation and curvature, in the present case, 
upon the secondary flow, especially when 2R09./M4 = 1 /9/
(that means also 5 S PC , where b = 2R<^/vy and Pc =R/R c )»
but that is not our present purpose. Ito /2/ presents such an 
example and shows the two opposite secondary flows which neu
tralize the effects upon the axial velocity profile, and also 
obtains a theoretical formula for the friction factor, but 
only in the particular case of small rotation and small curva
ture. For us, it is important to know the friction factor for 
significant values of rotation and so S » P C / even if the 
curvature is sensible.Outside the boundary layer, according to experimental data 
and like /1/, /5/,/6/, the equations of motion offer the possi
bility to express the parameters of secondary flow, such as:

V 1* $ Эу -гуу v* (10)
Эх Rc X

Considering a definite thickness 6 and using (9) and the 
boundary conditions /6/, the equations (6),(7),(8) can be inte
grated through the boundary layer:
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-  i  f e  W  - ^  N i  -V ]  *

0
S 5 g

' R «  ^  A4  * W s  i  i  ̂  -
4° S ° °

(12)
C 0 0 3 0

According to (d): a. 6
\vx d-г =(vtdLV
< c (13)

and from (1 0 ), because Эрм + /4 /:

эр̂  _i i
_ (V\))&Rv'xe Г 2.9-Rc I ' ^  Hsme (1 4 )

d0 Re W\j)i S, d.'"̂
О

5. Solutions of Integral Equations.- The Pohlhausens1s 
approximative method, which has been used with success by Ito 
/1/ and also /5/,/6 / is considered to obtain the velocity expressions :

*  .и х ) ^ [ г г . ш \̂(i5)

(i6 )

where Л is the shape factor and *)= Т / £  >
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, , a , 4 (17)
&4(*l)-Vl--kVbl

- J v i f i l '  (18)

^  =2r 2í n (19)

Considering the non-dimensional coefficients:

s . i (-,-?** -)%  (20>
W W i , 4  /

a .a ( Í 5 1 | W ) Vi (21)

(Vs)s (22)

where Qo=o , the integral equations become:

-  á  í  s w v - ■о ’ 4  -

-«*ep - A l é ^ W í  ^ + =

* 1 И  W 6 • Uo)4(6o- 9 * $ 2 (S)6-*VnÖ A. (23)

->iw©|pc- B [ ^ £ 4 s ) <r s',ie +

+ «« ö|[2Ä 4(Vij)í ■ünQ +"2 + ^

4 -i. ̂B[2 T1 (v*)*■■<'e -1 л S ]j = Go
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Where: ^  Ц)<,вв

6. The Friction Factor
According to /1/ the mean axial-velocity is:

\  • T N i ' J “ ' í r S N i  1"' <26)0
and so

”hete‘ " М ч . , «. *>'»»

4- # W &e -О

According to /4/ the friction factor is:

\ _ AR I ( ЗРм \
Л = - ^ Т \ " ^ 7  (28)

and so

\ n4/11 7 n ‘VarVl r,-s/4 ,A *2. I,Re b Pc lR°)6|0o (29)

( 2 5 )
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7. Numerical Results.- Using the numerical solutions of 
the equations ( 23),(24),(25), obtained on a Felix C 256 elec
tronic computer, the axial velocity profiles can be plotted 
and also, with (29), the friction factor is calculated.
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The general expression (26), fig.2 and fig.3, show that 
the friction factor X and the axial velocity are functions 
of S, Re and P ; so, the generality of the method is confirmed. 
The values of X obtained with the present method are compa
red with experimental data /3/ (fig.4 and fig.5) and a very 
qood agreement, for the case of laminar flow, is observed.

8 . ConclusionsConsidering the previous results obtained 
in /1/, /4/, /5/, /6 /, the paper offers a general method for 
computation the friction factor in rotating curved pipes, for 
any value of rotation and curvature and unlike the other models 
it is showed clearly the influence of rotation, curvature and 
Reynolds number upon the axial velocity profile and friction 
factor.
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FLUID FLOW BEHAVIOUR AT OFF DESIGN 
CONDITION OF TURBOMACHINERY

Tanaka, T.

Summary
The turbomachinery tested had a good efficiency characteristics. Its 

fluid flow behaviour at off design condition was that the position at where 
the annulus wall pressure head became a maximum in the impelling section 
moved toward the leading edge with the decrease in flow ratio. The turbo
machinery, whose outlet return flow starts at a high flow ratio before the 
inlet return flow starts, therefore, may form a flat efficiency curev at 
off design condition.

1. Introduction
In recent years the turbomachinery which has a high efficiency, not 

only at design condition but also at off design condition, has high potent
ial. To exploit this potential the fluid flow behaviour at off design 
condition has to be clear. Especially the mechanism of occurrence of return 
flows at impeller inlet and outlet sections and the effect of those return 
flows on performance characteristics have to be explained in detail more 
than ever since they are very much significant for the improvement in 
efficiency characteristics.

There are several experimental reports regarding the fluid flow beha
viour at off design condition of turbomachinery, such as investigations by 
Toyokura Щ , Scheeler [ 2], Murata [3], Tanaka И], and so on. They are 
very helpful for the understanding of the mechanism of occurrence of inlet 
and outlet return flows. However, some of those explanations and results, 
especially the fluid flow behaviour in radial direction, are concluded or 
estimated from the experimental data in two dimensional measurements. 
Moreover, there are some uncertain and indetailed explanations, not only 
the fluid flow behaviour but also the effect of those return flows on 
performance characteristics.

In this point of view the three dimensional velocity measurements are 
proceeded for a turbomachinery for various flow ratios, and the mechanism 
of occurrence of inlet and outlet return flows and the interrelations with 
the efficiency characteristics are investigated.
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2. Experimental Setup and Procedure
The turbomachinery, which was used for this investigation is one of the 

semi-axial flow propeller pumps. Fig. 1 shows its cross section. The shape 
of the mean line of the blade profile is due to the blade angle distribution 
(that is due to the camber variation). Fig. 2 shows the blade profile at 
mean radius of the impeller tested and Fig. 3 its blade angle distribution.

The velocity distributions at impeller inlet and outlet sections were 
measured by using a five hloe spherical pitot tube. The diameter of the 
spherical head is 6 mm. The holes on the spherical head are 0.6 mm diameter. 
The spherical head is joined with a mechanical part which allows its vertical 
movement as well as the horizontal and radial movements.

Fig. 1 The cross section of 
the turbomachinery 
tested.

Fig. 2 The blade profile 
at mean radius.

IMPELLER SECTION

Fig. 3 The blade angle distribution
at mean radius.
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3. Test Results
3.1 Efficiency Characteristics

Fig. 4 shows the performance characteristics of the turbomachinery 
tested. The rotational speeds examined are 940, 850, 750, 650, and 550 rpm.

Fig. 4 The performance characteristics of the turbomachinery 
tested.
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Some of the important characteristics of the experimental impeller used 
in this program are listed in Table 1. Other detailed performance measure
ments are reported in references [_4] and [_5] .

Table 1. Blade characteristics of the impeller tested, and the 
flow coefficient at the optimum efficiency point.

At mean
At tip radius At hub 

Vane angles at inlet 17°33' 22°33' 38°20'
Vane angles at outlet 24°36' 30°00’ 42°05'
Vane angles at mid chord axis 24°44' 30°40' 44°20'
Length of vane 150 137 ш
Number of blades 8
Optimum flow coefficient 0.368



The power coefficient is constant for the wide range of flow ratio and the 
head coefficient keeps its value growth for the decrease in flow ratio, 
even at a small flow coefficient. The efficiency, therefore, forms a flat 
curve. The efficiency at the optimum condition is, however, effected 
slightly by the change in rotational speeds.

3.2 Observation of Inlet Return Flow
Figs 5 (a),(b), and (c) show the velocity distribution at impeller 

inlet of axial, tangential, and radial components, respectively.
Fig. 5(a) shows that for the same decrease in flow ratio, the magnitude 

of axial component of the velocity becomes much smaller at the outer radius 
than that at the inner radius. The occurrence of inlet return flow may be, 
therefore, due to the separation of fluids from the blade surfaces at the 
casing wall. The inlet return flow started at the flow ratio 0.573. The 
velocity distribution, whose flow ratio is smaller than 0.484, therefore, 
differs entirely from those whose flow ratios is larger than 0.623. The 
negative value of axial component of the velocity at the casing wall becomes 
large with the decrease in flow ratio. However, its expanding rate at the 
outer radius is fairly smaller than those at the inner radius. This 
indicates that the center of the inlet return flow moves gradually toward 
the inner radius (hub side) with the decrease in flow ratio.

- 0 . 4  - 0 . 2  0 0 . 2  0 . 4  0 . 6  0 . 8

Clm'/UIs
Fig. 5 (a) The axial velocity distribution at impeller inlet.
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This could be also understood from Fig. 5(c). The fluid flow at those 
flow ratios have the radial component of the velocity, which is directed 
inward radius. The position at where the radial component of the velocity 
becomes the maximum moves gradually toward the inner radius as the decrease 
in flow ratio. Its maximum value, however, decreased with the decrease in

Clu/Uls
Fig. 5(b) The tangential velocity distribution at impeller inlet

Clr/Uls
Fig. 5(c) The radial velocity distribution at impeller inlet.
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flow ratio. The reason for this is that for the decrease in flow ratio the 
inlet return flow region may expand more axially at the inner radius as the 
center of the inlet return flow moves radially inward.

The latter could be also understood from Fig. 5(b). The fluid flow at 
those flow ratio have the tangential component of the velocity whose 
magnitude becomes large with the decrease in flow ratio. Its expanding 
ratio is, however, much larger at the inner radius. This tendency becomes 
much clear when the flow ratio becomes much smaller.

Fig. 6 shows an illustration of the inlet return flow. The tangential 
component of the velocity may appear near the outer radius as soon as the 
inlet return flow starts and the return flow region at the periphery may 
start its rotation around the axis. The flow condition at a flow ratio 
with an inlet return flow is shown by the line. Then, the flow condition 
with a much smaller flow ratio may be shown by the dotted line since the 
inlet return flow may expand much to axial and radial directions. The 
position at where the velocity distribution was measured is shown by a 
double dotted line.

It may be understood from the illustration that the radial component 
of the velocity of the main flow which directed inward radius may decrease 
its magnitude with the decrease in flow ratio as the inlet return flow 
expands its rotational flow region axially upstream when the flow ratio 
becomes much smaller.

Fig. 6 The illustration of the inlet return flow.
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3.3 Observation of Outlet Return Flow
Fig. 7(d),(e), and (f) show the velocity distribution at impeller out

let of axial, tangential, and radial components, respectively.
The outlet return flow started near the hub at the flow ratio 0.653. 

The outlet return flow region expands rapidly outward from the hub side 
toward the outer radius with the decrease in flow ratio, whereas the 
decreasing rate of axial component of the velocity becomes gentle at the 
inner radius. It could be, therefore, understood that the center of the 
outlet return flow moves rapidly toward the outer radius whereas the 
magnitude of axial component of the velocity does not expand that much at 
the inner radius.

C2n/U2s
Fig. 7(d) The acial velocity distribution at impeller outlet.

C2u/U2s
Fig. 7(e) The tangential velocity distribution at impeller outlet.
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Fig. 7(e) shows the velocity distribution of the tangential component. 
At the flow ratio larger than 0.801, the tangential component of the 
velocity distributed uniformly throughout the radius, except at the casing • 
wall and the hub, each becomes a maximum value. At the flow ratios 0.623 
and 0.484, it became large gradually at the outer radius, especially at the 
casing wall (The base of discussion is on the mean radius.), whereas it 
became small rapidly at the inner radius, especially at the hub.

This decreasing tendency at the inner radius becomes more obvious with 
the decrease in flow ratio and its region expands more toward the outer 
radius (see 0.325). Finally, the tangential compoent of the velocity may 
distribute throughout the radius with a contimuously decreased gradient 
(slope) from the casing wall toward the hub (0.150) .

From the above observation it could be considered that the fluid flow 
at impeller outlet shifts rapidly toward the outer radius with the decrease 
in flow ratio, resulting to large differences between the casing wall and 
the hub in axial and tangential velocity heads.

Fig. 7(f) shows that the radial component of the velocity, which is 
directed outward radius appears slightly near the hub even at the high flow 
ratio 1.250 and it becomes large gradually with the decrease in flow ratio. 
At the flow ratio 0.801 it developed at the hub with a maximum value toward 
the mean radius. Its magnitude, however, becomes zero at the hub after the 
outlet return flow starts. For the further decrease in flow ratio, the 
position at where the radial component of the velocity becomes a maximum 
moves radially toward the outer radius. For example, it was maximum at the

C2r/U2s
Fig. 7(f) The radial velocity distribution at impeller outlet.
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radius r2/r2g=0.900 for the flow ratio 0.623 and its position moved to the 
mean radius for the flow ratio 0.484. Its maximum value became large with 
the decrease in flow ratio. Such radial component of the velocity may be 
caused at the impelling section by the centrifugal forces whose effect may 
become large with the decrease in flow ratio.

From the above observation it is clear that the radial component of the 
velocity, which is directed outward radius has a strong relation with the 
occurrence of the outlet return flow. The outlet return flow, therefore, 
may be occurred due to the increase in radial component of the velocity near 
the hub for the decrease in flow ratio.

At the flow ratio 0.325 the radial component of tne velocity, which is 
directed inward radius appeared slightly near the casing wall. It became 
more clear at the flow ratio 0.150 and distributed between the mean radius 
and the periphery. The radius at where the radial component of the velocity 
becomes the maximum moves toward the inner radius with the decrease in flow 
ratio. The reason for this is that the main flow in the impelling passage, 
which shifted outer radius might expand again toward the inner radius with 
the decrease in flow ratio. The reason for this could be seen in Fig. 8.

Fig. 8 shows the annulus wall pressure head distribution along the axis 
for various flow ratios. There is a position at where the annulus wall

Fig. 8 The annulus wall pressure head distribution.
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pressure head becomes a maximum in the impelling section (see 0.484). This 
is the place at where the main flow, which is effected by the outlet return 
flow, is hitting the casing wall. It could be also seen that its position 
moves axially upstream toward the leading edge with the decrease in flow 
ratio (see 0.325 and 0.150). The reason for this is that for the decrease 
in flow ratio the outlet return flow expands its flow region radially out
ward and axially upstream, and the effect on the main flow may becmoes much 
larger. The position, therefore, moves toward the upstream.

Accordingly the main flow, which hitted the casing wall changes its 
flow direction radially inward at the impeller outlet. The radial component 
of the velocity which is directed radially inward, therefore, could be seen 
near the outlet pheriphery as described before.

4. Conclusion
From the above observation it may be concluded that the turbomachinery 

tested had a good efficiency characteristics. Its fluid flow behaciour 
at off design condition was that the position at where the annulus wall 
pressure head became a maximum in the impelling section moved toward the 
leading edge with the decrease in flow ratio. The turbomachinery, whose 
outlet return flow starts at a high flow ratio before the inlet return flow 
starts, therefore, may form a flat efficiency curve at off design condition.
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CAUCHY KERNEL INTEGRAL EQUATIONS POR STEADY-STATE BLADE
CASCADE PLOW

Dr.Antal Thuma

SUMMARY
In blade cascade flow analysis, the complex conjugate of the 
absolute velocity can be written by means of Cauchy’s integral 
formula. The determination of the velocities along the profile 
contour leads to an integral equation of the second-kind with 
Cauchy type kernel. By convenient transformations we may 
achieve that this complex-variable integral equation has a 
continuous kernel. Thereby also the integral equations with 
real variables formed of the real or imaginary part will have 
continuous kernels.

1. STATING THE PROBLEM

In the region S+ of the straight cascade in Fig.l, a steady- 
state irrotational and solenoidal (no sources) flow is assumed. 
The complex conjugate 'c(z) of absolute velocity meets the 
Cauchy-Riemann equations, hence it is regular inside region S+. 
Cauchy’s integral formula yields

» '■ i l í f f í r '!
К -too

where К results from uniting K* U K" U К ( w. = 0,— 1, —2,...)

and  ̂ 6 K, Z 6 S+ . Integrating along each element of contour 
К and shifting lines K ’ and K" to infinity:

Let us find limit value lim *c(z) where  ̂Q £ S+ and  ̂Q в KQ.

Since function'c(z) meets Lipschitz’s condition for an ex
ponent - 1, and is continuous along curve KQ :
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Summarizing leads to the form:

г ( ^ Ц к » _ 1 _ 4  b l o - u - c ( u )  ^  (4)

K„ S s*

2. CONTINUITY OP THE KERNEL OP THE INTEGRAL EQUATION 

Let G(^ ,$Q) denote the argument of the integral in (4):

C & . U - > >0
and P( \  -£ ) its part:

i + ^ V i U - U V -  l6>

' Í ^ K ö - w I 1'  ’ ’ + | Д ) 1( н 4 -
Thus

G ^ . Ü - t E Í O F Í W . Í - ' K U ) ] - ^  -
(7)

-5.)+ ^ z (i>)

Obviously, from (6):

/ U .  F ( i - U = l  (8)

„ Í s H M i ± h l T  . ( Т А , , t  f , 4 , ^ W 9)
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On the other hand, as assumed before:
| s ( 0 - f c W I  *  А 1 Ы . Г  (11,

where 0^ К i 1, \ ^ £ , ^ 0 é K 3 A 6 R +
hence

Г а if t< = i 
I bounded if 04V^1

The integral of G along line (a,b) containing point ^ Q exists

& (Ш < Ц  = ' F U - U  ^  +
Л Л. из)

A s

3. PLOW CONDITION

The transformed vector of absolute flow velocity in the 
straight cascade is composed of the transformed relative and 
circumferential velocities

c = w +■ u. , .(14)
The flow condition requires the relative velocity vector w 
to be tangential to the profile.
According to Pig.2, iE(^)d$ = [cn ( ̂  )+ict(^ * |<î | and. сд =
Ujj. Thus, the flow condition is:
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í W * [ c , W - i 4 W U ' m °  (15)

Substituting this flow condition into (4) ( b e c ^ s  Ссд+£2)/2)

= -  ....
(16;

~ я Г  ̂  t ̂  t [Uv,($ «>)+■г q ( U l  ̂ J l A l
Т Ис

or

С ^ К ^ Ч - Ц  ( U t « I r f q CH . W ^ - ) M =

(17)

= Á  & . М ^ л Т ( м . ь
These equations will be completed by the Kutta-Joukowsky 
condition, namely w = 0 at the outlet edge, that is, c = u.

4. DETERMINATION OP VELOCITY DISTRIBUTION ALONG THE PROFILE 
CONTOUR

Equation (17) of complex variables will be separated into 
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integral equations from the real and the imaginary part,respec
tively. Both equations are Fredholm type integral equations 
one of them is of the second-kind, and the other of the first- 
kind. The equations have continuous kernels. Both equations 
are suitable for calculation. Concerning numerical solution, 
let us refer to the literature [2̂  [з"].
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C O M P U T A T I O N  O F  T R A N S I E N T  F L O W S  I N  W A T E R P I P E L I N E S  
B é l a  T o l v a j

S U M M A R Y
N o w a d a y s  d r i n k i n g  a n d  i n d u s t r i a l  w a t e r  n e c e s s a r y  f o r  w a t e r  s u p 
p l y  c a n  be p r o v i d e d  in m o s t  c a s e s  f r o m  s o u r c e s  b e i n g  s i t u a t e d  
f a r  a w a y  f r o m  t h e  c o n s u m e r s .  T h e  w a t e r p i p e l i n e  m a d e  o f  c o n 
c r e t e  c a n  b e a r  a n  o v e r l o a d  m u c h  l o w e r  t h a n  t h e  o n e  m a d e  of  
s t e e l .  T h a t ' s  t h e  r e a s o n  w h y  t h e  w a t e r p i p e l i n e s  m u s t  b e  d e 
s i g n e d  in  s u c h  a w a y  t h a t  t h e  h i g h  p r e s s u r e  d u e  to t r a n s i e n t  
f l o w s  o c c u r i n g  a t  s t a r t ,  b r e a k  d o w n  o r  a d j u s t m e n t s  d o  n o t  e n 
d a n g e r  t h e  p i p e l i n e s .  T h e  c o m p u t a t i o n  p r o c e s s  p r e s e n t e d  in 
t h i s  p a p e r  e n a b l e s  u s  to c a l c u l a t e  t h e  v e l o c i t y  a n d  p r e s s u r e  
v a l u e s  a p p e a r i n g  i n  t h e  f l o w ,  a n d  o n  t h e  b a s i s  o f  t h i s  c a l c u l a 
t i o n  t h e  p i p e l i n e  c a n  b e  c h e c k e d  o r  in c a s e  o f  n e c e s s i t y  it 
c a n  b e  c h a n g e d .

1. C O M P U T A T I O N  O F  T H E  T R A N S I E N T  F L O W S

B e f o r e  s t a r t i n g  t h e  c o m p u t a t i o n  t h e  p i p e l i n e  m u s t  b e  d i 
v i d e d  i n t o  M  s e c t i o n s ,  w h e r e  i n s i d e  o f  it t h e  w a v e  v e l o c i t y  a, 
eh e d i a m e t e r  o f  t h e  p i p e  D, t h e  p i p e  f r i c t i o n  c o e f f i c i e n t  ^ , 

a n d  t h e  a n g l e  o f  d e c l i n a t i o n  oc a r e  c o n s t a n t .  In a s e c t i o n  l i k e  
t h i s  t h e  t r a n s i e n t  f l o w  c a n  be d e s c r i b e d  b y  a s y s t e m  o f  d i f 
f e r e n t i a l  e q u a t i o n s  c o n s i s t i n g  o f  t h e  e q u a t i o n s  o f  m o t i o n  a n d  
c o n t i n u i t y  [ l ] , [2 ], [ з ] :

a‘§J+gt+'/dl + gvsin*-0

w h e r e  v ( x , t )  is t h e  f l o w  v e l o c i t y ,  Y ( x , t ) =  |  + g h  is t h e  p o t e n 
t i a l  e n e r g y ,  g is t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  g is t h e  
l i q u i d  d e n s i t y ,  h i s  t h e  g e o d e t i c a l  h e i g h t .

L e t  u s  i n t r o d u c e  f o r  t h e  d e n o m i n a t i o n  o f  t h e  i n d i v i d u a l  
s e c t i o n s  t h e  i n d e x  i / i  = 1 . . . M /  a n d  l e t  u s  c o r r e s p o n d  t h e m  
t h e  g r i d  b o u n d a r i e s  Ax., At s h o w n  in F i g . l .  T h e  g r i d  s i z e  in 
t d i r e c t i o n  h a s  t h e  s a m e  v a l u e  i n  o r d e r  to s i m p l i f y  t h e  b o u n d 
a r y  c o n d i t i o n s .  F o r  d e n o m i n a t i o n  o f  t h e  g r i d  p o i n t s  l e t  us 
i n t r o d u c e  t h e  j, a n d  f o r  t h e  t i m e  к i n d i c e s  [ F i g . l ] .

S o l v i n g  t h e  s y s t e m  o f  d i f f e r e n t i a l  e q u a t i o n s  c o n s i s t i n g
o f  E q u s .  (1 .1) a n d  (1.2-) b y  t h e  m e t h o d  o f  t h e  c h a r a c t e r i s t i c s
[ l ] , [ 2 ] ,  [4 ] a n d  s u p p o s i n g  t h a t  in e a c h  g r i d  p o i n t  o f  t h e  k - t h
t i m e  p o i n t  V .  . . a n d  Y. . , a r e  k n o w n  / i n i t i a l  c o n d i t i o n /  t h e  I f  J  i К 1 ;  J  i К
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v a l u e s  o f  t h e  v e l o c i t y  a n d  p o t e n t i a l  e n e r g y  o f  t h e  / к + 1 / t h  
t i m e  p o i n t  c a n  b e  d e t e r m i n e d  f r o m  t h e  e q u a t i o n s

F i g . l .

у  _ Vjjj-lik] ,, \ w _ vi,i,k . .
° 1 * T i  l4lk-4i,,k) (1-3* 0 l - T i l V i . n - v y . u l  ( M

—  Ti (Vp +QjlY^j.k-Yqfljk) (1-5)

Yq= Yi, j,k 1-Ti ( Vq Yij'ik _ Yyi+ljkj . 6J

Bp - vp+ a 4 á “ ,“,+ ffilv'=llVpZlt

6q { vq “ a  ■''i a 51"“1- 2 ^ l4íl] v°át 4.8)

(1 .9 ); V y ^ - ^ J p L a ;  ( 1 .loJ

w h e r e  T ^ =  At/Ax^.  T h e  c o m p u t a t i o n  is c o n v e r g e n t  if t h e  f o l l o w 
i n g  i n e q u a l i t y  h o l d s  t r u e  in e v e r y  s e c t i o n :  T  á (v i + a i ) ” '*"

2. B O U N D A R Y  C O N D I T I O N

A t  t h e  b e g i n n i n g  / j = l /  a n d  t h e  e n d  / j = N . /  o f  t h e  p i p e -
s e c t i o n s  t h e  E q u s .  ( 1 . 9 )  a n d  ( l . l o )  a r e  n o t  v a l i d .  T h e  v a l u e s
Y. , , , ; V .  , , , a n d  Y. . , ; v. .. . , c a n  b e  d e t e r m i n e dX , 1 , k + l  X , 1 , k + 1  1 , N.^.k+1 i , N i , k + 1
o n  t h e  o n e  h a n d  f r o m  s o - c a l l e d  e q u a t i o n  o f  c h a r a c t e r i s t i c s

Yt,1,k.l =  cq (Vi.ijk.i-  B Q -) (2 .1 ); Y t ^ k + i - d i i ß p j - V ^ K . l )  (2 .2 )
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a n d  o n  t h e  o t h e r  h a n d  f r o m  t h e  b o u n d a r y  c o n d i t i o n s

Y i , l , k  + 1 = f l ( V i , l . k  + l> a n d  Y i , N . . k  + l = V V i , N . . k + l ) ‘
T h e  m o s t  i m p o r t a n t  b o u n d a r y  c o n d i t i o n s  o c c u r i n g  at t h e  w a t e r -  
p i p e l i n e s  a r e  a s  f o l l o w s :

2 . 1 .  P i p e  j u n c t i o n

T h i s  c a n  b e  s e e n  o n  t h e  F i g . 2. R e w r i t i n g  t h i s  b o u n d a r y  
c o n d i t i o n  o n  t h e  b a s i s  o f  [l] a c c o r d i n g  to o u r  d e n o m i n a t i o n s  
t h e  f o l l o w i n g  E q u s .  c a n  b e  w r i t t e n :

i ' +1

Ч Д , к * 1 = 'f =  X vNt)k+i (2.4)

4 n „ W  =  B Pi- ^  (2.5); (2.6)

2 . 2 .  B o u n d a r y  c o n d i t i o n  f o r  t h e  f l o w  i n t o  o p e n  a i r

T h i s  c a n  b e  s e e n  o n  t h e  F i g . 3 .  T h e  r e l a t i o n s h i p  
Y  . = f (v. , ,) c a n  b e  d e t e r m i n e d  f r o m  t h e  B e r n o u l l ií,I\|^*K + ± l | N ^ i  K + X
e q u a t i o n  b e t w e e n  t h e  p o i n t s  i . N F  a n d  A  v a l i d  f o r  / к + 1 / t h  t i m e .
T h e  u n k n o w n s  Y.  n a n d  v. .. , n c a n  b e  c o m p u t e d  f r o mi . N L . k + 1  l . N F . k + l
E q u s .  (2.7) a n d  ( 2 . 2 ) t 2

+ g h i,Ni+ ( 2 . 7 )

=  f1 Qi +& + 2 }( B Pi -  £ ?  +• g  ■) J (2 .8 )
Yt,Nt,k*1 =  « i  ( В а - Ч , N i l M J (2.9) w h e r e  C 0 = B p.ar ~° + 9 Ы > ц  .
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T h e  f o r m u l a  ( 2 . 8 )  is v a l i d  
o n l y  if t h e  i n e q u a l i t y  C 0 ^ 0 
h o l d s ,  b e c a u s e  o t h e r w i s e  a i r  

i n f l o w  is s t a r t e d  at t h e  p i p e  
e n d .

F i g  .3

2 . 3 .  A i r  in t h e  p i p e l i n e

a  . b
F i g . 4.

A i r  c o m e s  f r o m  t h e  a i r  p r e s s u r e  t a n k ,  f r o m  t h e  p i p e  e n d s  f a l 
l i n g  i n t o  o p e n  a i r  a n d  t h r o u g h  a i r  v e n t i l s  a n d  is s i t u a t e d  
a s  s h o w n  in F i g .  3 . ,  4. A t  t h e  g r i d  p o i n t s  w h e r e  a i r  is p r e 
s e n t  Y  a n d  V  c a n  n o t  be d e t e r m i n e d  f r o m  t h e  E q u s .  (1.3) - (l.lo). 
In a c a s e  a c c o r d i n g  to F i g . 4  t h e  b o u n d a r y  c o n d i t i o n  s h o u l d  
n o t  b e  g i v e n  at t h e  p o i n t  j = l ,  b u t  w h e r e  w a t e r  is p r e s e n t  
/ 3 - H / * T h i s  p o i n t  c a n  b e  d e t e r m i n e d  f r o m  t h e  l e n g t h  o f  t h e  
a i r  c o l u m n  s ^ :  H  = 2  * ent,er[|^i] ; Sk+1 = s k vFj< .
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i

T h e  u n k n o w n s  Y  . v p ; v  c a n  b e  c o m p u t e d  
' ' ^ k +1 ^ k + l

f r o m  t h e  e q u a t i o n  o f  t h e  c h a r a c t e r i s t i c s  g o i n g  f r o m  p o i n t  0 
i n t o  / i , H , k + l /  a n d  f r o m  t h e  B e r n o u l l i  e q u a t i o n  v a l i d  b e t w e e n  
t h e  p o i n t s  F |< + 'l a n d  / i f H . k  + l /  f u r t h e r m o r e  f r o m  t h e  e q u a t i o n  
o f  c o n t i n u i t y :

v t,H,k+1 =  Ci K *  +yC2 +  2 CiC3 ) ; ( 2 . 1 o )
Yt;H)k+1= Qi  ( v ^ H j k + l - B o i ) ( 2 . I I )  ; ( 2 . 1 2 )

w h e r e  + ^  Llw, . +Cx D . U * i  ; С2-а̂ -̂ - ,

C>3 =  - ^ i +• ^ M L k(1 +  9 (hi)K-sin«:akJ ^ c i i  B Q - _

W e  h a v e  to s t a r t  w i t h  t h e  c o m p u t a t i o n  o f  C g .  If C g >  O ,  t h e n  
c ^  m u s t  b e  c o m p u t e d  w i t h  t h e  u p p e r  s i g n ,  o t h e r w i s e  w i t h  t h e  
l o w e r  s i g n .

In t h e  c a s e  d e p i c t e d  o n  F i g . 4 . b  t h e  c o m p u t a t i o n  is s i m 
i l a r .  T h e  b o u n d a r y  c o n d i t i o n  o f  t h e  p i p e  c a n  b e  c o m p u t e d  b y  

t h e  f o r m u l a  H = N . - ( l + e n t i e r ( s ,  1/Ax.)) w h e r ?  s, -1=8 . +  4 t v  is
1  K + l  1  К + J. К I- .к

t h e  l e n g t h ' o f  a i r  c o l u m n  s i t u a t e d  a t  t h e  p i p e  e n d .  T h e  u n 
k n o w n s  Y.  . v  u , 1 a n d  v  c a n  b e  c o m p u t e d  b y  u s i n g1 , и , K + i  i , n , K + i  *"k+l
t h e  e q u a t i o n  o f  c o n t i n u i t y ,  e q u a t i o n  o f  c h a r a c t e r i s t i c s  g o i n g  
f r o m  P i n t o  / i , H , k + l /  a n d  t h e  B e r n o u l l i  e q u a t i o n  b e t w e e n  t h e  
p o i n t s  F a n d  / i , H , k + l /

v i,H,k+) =  C 4 ( - C 5 -•-/сд +2СцСь ') ( 2 . 1 3 )
Yt|H,k+1 -  Cli ( ßp^-V^Hjk+l,) ( 2 . 14 ) ; К,н,к.1 ( 2 . 1 5 )

; C j - O i *  U* ; L w - v , - a ^ ( N , - H - 1 )

and C 6 B  B p M i *  4,H,k“ 9 r s i r i o c i Lk.J -  £j*il.
N o w  w e  h a v e  to s t a r t  w i t h  t h e  c o m p u t a t i o n  o f  C g .  If C g > 0  

c 4 m u s t  b e  c o m p u t e d  w i t h  t h e  u p p e r  s i g n ,  o t h e r w i s e  w i t h  t h e  
l o w e r  s i g n .
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2 . 4 .  B o u n d a r y  c o n d i t i o n  f o r  a p u m p  p r o v i d e d  w i t h  a n  a i r  
p r e s s u r e  t a n k

A t  t h e  p u m p i n g  s t a t i o n  s h o w n  in F i g . 5 t h e r e  a r e  t h r e e  d i f f e r e n t  
s e c t i o n s  a f t e r  t h e  b r e a k  d o w n  o f  t h e  p u m p :  
a /  t h e  a i r  p r e s s u r e  t a n k  a n d  t h e  p u m p  o n  t h e  w a y  to s t o p  is 

f e e d i n g  t h e  p i p e l i n e  t o g e t h e r ;  
b /  t h e  a i r  p r e s s u r e  t a n k  is f e e d i n g  t h e  p i p e l i n e  a l o n e ;  
с /  t h e  a i r  p r e s s u r e  t a n k  i s  g e t t i n g  e m p t y  a n d  a i r  g e t s  i n t o  

t h e  p i p e l i n e .
T h e  c a s e  a /  is  d i s r e g a r d e d  n o w .  T h i s  o c c u r s  o n l y  if t h e  i n e r 
t i a  o f  t h e  r o t a t i n g  m a s s e s  is v e r y  l a r g e .  In t h e  c a s e  b /  - s u p 
p o s i n g  a n  i s o t h e r m  e q u a t i o n  o f  s t a t e  - t h e  v a l u e  0 ^ + ^;
Y. , , .; V. . . . c a n  b e  d e t e r m i n e d  f r o m  t h e  c h a r a c t e r i s t i c s1,1,k+1 1,1,k+1
e q u a t i o n  ( 2 . 1 )  f r o m  t h e  B e r n o u l l i  e q u a t i o n  b e t w e e n  t h e  a i r  
p r e s s u r e  t a n k  s u r f a c e  a n d  t h e  b e g i n n i n g  o f  t h e  p i p e l i n e  / i = l ,  
j = l / ,  a n d  f r o m  t h e  e q u a t i o n  o f  c o n t i n u i t y

V v f , M =  C'71 (-Q; + \ / d i  +2С7Съ) (2.16) ( 2 . 1 7 )
'У'И,к+1 =  Cl4 ( ^4,1, k+1 — B q ., ) ( 2 . 1 8 )

Where C7 = IL+ ^ + l - f é - ; f  ; rmk+1-nnk+jfrAt ;

C8= 1 +g(nf,k*i+M ' rßaiJ P£rh= v!+PQkAt ;
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I1 i

a n d  is t h e  v o l u m e  o f  t h e  a i r  c o l u m n .  A l is t h e  c r o s s  s e c 
t i o n  o f  t h e  a i r  p r e s s u r e  t a n k .  M e a n i n g s  o f  t h e  o t h e r  l e t t e r s  
c a n  be s e e n  o n  F i g . 5.

If d u r i n g  t h e  c o m p u t a t i o n  m, . c m  . , t h e n  t h e  a i r  p r e s -k + 1  m x n  r
s u r e  t a n k  h a s  g o t  e m p t y  a n d  t h e r e  is a i r  in t h e  p i p e .  In t h i s  
c a s e  t h e  c o m p u t a t i o n  is s i m i l a r  m e n t i o n e d  in c h a p t e r  2 . 3  .

3. A P P L Y I N G  T H E  C O M P U T A T I O N A L  P R O C E S S

T h e  c o m p u t a t i o n  w i l l  be p r e s e n t e d  f o r  a n  e x a m p l e  s h o w n  
in F i g . 6 w h e n  t r a n s i e n t  f l o w  a p p e a r s  a f t e r  t h e  b r e a k  d o w n  o f  
t h e  p u m p i n g  s t a t i o n .

D a t a  o f  t h e  p i p e l i n e  a n d  t h e  p u m p i n g  s t a t i o n  a r e  
s h o w n  in F i g . 6. T h e  v e l o c i t y  a n d  p o t e n t i a l  e n e r g y  a t  t h e  be 
g i n n i n g  / i = l ,  j = l /  at t h e  m i d d l e  / i = 5 ,  3 = 1 /  a n d  at t h e  e n d  
/ i = 8 ,  3 = 3 /  s e c t i o n s  o f  t h e  p i p e l i n e  a r e  s h o w n  i n  F i g . 7.
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F i g . 7

It c a n  b e  s e e n  t h a t  t h e  p r e s s u r e  t a n k  o f  l a r g e  s i z e  r e d u c e s  
t h e  v e l o c i t y ,  f u r t h e r m o r e  t h e  v a l u e s  o f  Y  d o  n o t  r e a c h  t h e i r  
s t a t i o n a r y  o n e s .
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' VELOCITY AND PRESSURE DISTRIBUTIONS IN THE I’TELLER 
PASSAGES OF CENTRIFUGAL PUMP.

Michal Varchola

The paper presents some findings from an extensive expe
rimental investigation concerning radial pumps under different 
modes of operation. Its outcomes include isotachs of veloc.and 
isobars of pressures, characterizing the structure of flow in 
the impeller channel.

S y m b o l s - :

^  _ - angle of probe setting
ß  - angle of relative velocity
w . relative velocity
c - absolute velocity
u - peripheral velocity "
c - peripheral component of absolute velocity
P^iPp’P} “ pressure data of the probe
Pgt '  - static pressure

- density
- time of arc illumination

ТПЛ1 - time of illumination at A  p = О
T10,gjr_ „ .

a cu
Tg - time of arc obscuration
Co - angle velocity
К - constant determined by calibration
A  = -A-e - calibration coefficient of the probeS I D  (/> c

r
\  - calibration coefficient of the probe
^ - angle at which the intake data of the probe afe

J  equal to the static pressure
a  - angle of velocity gradient from the plane of flow
Q/Q - flow rate coefficient
Qn - flow rate at maximum efficiency

INTRODUCTION
The intensification of labour and improvement of the ef

fectiveness of pumping equipment operation are due primarily 
to improved efficiency and performance parameters and to the 
attainment of required output and cavitation characteristics.

Knowledge on the mechanism of flow in the hydrodynamic 
pumps did not as yet reach the level which would prevent fur
ther improvements of hydraulic properties of hydrodynamic
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pumps.
Tasks involving the acquisition of data on the mechanism 

of the flow, either theoretical or experimental, are therefore 
highly topical. Several experimented studies are thus far 
known which deal with the measurement of the speed and pressures 
in the channel of impeller. It may be said that these experimen
tal studies are characterized by differences in methods used for 
the velocity or pressure determination and by differences in 
the shape of blades of the impeller and in the type of diffu
ser.

Methods used for the determination of velocity include 
visualization, thermoanemometry, laser anemometry or methods 
based on the measurement using different probe types, capable 
of measuring the velocity vector and pressure - both planary 
and spatial measurements. The complex character of the given 
measuring apparatus problem (it always involves the transfer 
of signal from the rotor to the stator), indirect determina
tion of the velocity vector affect the accuracy of suoh expe
riments and their completeness.

Plow parameters were always measured within the framework 
of experiments for testing the theoretical flow solutions in 
the impeller area. Theoretical solutions aim at the determina
tion of all velocity and pressure components on the surface 
of the blades and in the channels. Remarkable results were 
achieved also here, e.g. [10j.

The further advance of theoretical solutions, however, 
requires more detailed and complete experimental data on the 
mechanism of flow in the impellers of different geometrical con
figurations, with different number of blades and different in
put and output elements of the pump (e.g. diffusers).

Experimental Equipment and Measurement Methods
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The test model pump is shown in Fig.l. For experiment pur
poses, the hydraulic, solution of the impeller was selected 
according to [2]. Dimensions and designation of measurement 
points in the channels are given in Fig.2. The measurement of 
velocity and pressure was carried out on radiuses r/r?=0.97,
O.8 3, 0 .6 6 , 0 .5 » the probe being set up in three sections in 
the meridian plane X, Y, Z - Fig. 2.

Fig.2 Diagramme of the Impeller and Measurement 
Points in the Channel

The experiments were conducted at the rotations of 
n = 75O 1/min, fulfilling the conditions as proved by validi
ty measurements at n = 1450 1/min. They were carried out at 
the values of Q/Q = 1.2, 1.0 and 0.5«

The measurednsignal was transferred from the rotor to 
the stator by means of a rotating pressure reader, directly 
connected to the pump, Fig. 1. The rotating pressure reader 
consists of a set of mercury differential manometers located 
in the field of centrifugal forces (gravitational forces are 
relatively small). The equilibrium in the rotating differential 
manometer having the form of a circular tube in which the rota
tion axis is shifted with respect to the manometer centre, is 
reached as a result of the operation of centrifugal forces on 
the fluid (fluid is relatively steady). The operation princip
le (Fig. 3) is based on the measurement of the arc length, 
proportional to the difference between pressures conducted to 
both ends of the manometer.

A source of light is situated in the inside of the stator 
and a phototransistor opposite the light source on the outside 
which, coupled to the equipment, makes it possible to automa
tically evaluate the measured data (Fig. 3)*

It may be proved that :

P.TA2=K[cos(2Ii)-cos(ffii- 2EL,j
А *̂л Та
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where: T) + Tg = "Та. ( + ̂ 2. - 2TT- R a)

1-Model Pump,2-Converter,3-Universal Impulse Counter BM520 
4-Adapter for Printing Equip. BP52CC, 5-Typewriter CONSUL 257 
6-Printing Equipment BP 4450,7-Teleprinter TESLA,8-Computer 
ALT-4316,9-Holdre with Fhototranzistor, 10-Rotating Pressure 
Reader,11-Towards the Differential Manometer,12-Pressure 
Air from the Compressor

Fig. 5 The Diagramme of the Transfer of Signal from the 
Rotor to the Stator and Its Evaluation

Cylindrical air-blown probes [$J of 0 2.8 mm diameter with 
four holes i - 0.4 mm, rotated by 45 were used for the measure
ment - Fig. 4.

Prior to the measurement, the probe was accurately calib
rated, the calibration data being shown in Fig. 4. From obtai
ned pressure data, three successive data were chosen, the mid
dle one being the highest (p,).

Flow paraméteres were evaluated according to the following 
relationshipss

-i Pi — P9 Pi P 2

4 2 3 A

w_ \ M E i E fV s-м

p..= рз -  - f - -  4 r - \
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Fig. 4 Calibration Diagrammes of the CylindricalProbe
where \ and X are determined by the calibration, Fig. 4. The 
calibration determined that the accuracy of measurement is suf
ficient if the angle /3 from measured values moves over the 
range of + 20° and the speed w >1.5 m/s.

The flow angle, velocity w and static pressure were mea
sured using the calibration diagrammes. The inaccuracy of ve
locity values moved over the range of + 4 %, direction of ve
locity over the range of + 2 %. It nee3s to be said that in 
the vicinity of the bladel and at the points of tear, the in
accuracies greatly increase. The pump flow rate was measured 
by means of a calibrated orifice plate from the difference of 
pressures with the accuracy of + 2.5 %•

The accuracy of measurement was also verified by compa
ring the meridian velocity components in the given section 
from the flow rate and the mean value of this velocity, ob
tained by means of graphio integration from measured values.

Differences in the flow rate measured by the orifice 
plate and from the velocity field of meridian velocity compo
nents moved over the range of + 5 - 8 %.

Experimental Results and Their Evaluation
The distribution of relative velocities for the working 

point of the pump at a maximum efficiency is shown in Fig. 5 
which represents the isotachs of relative velocities over the 
entire channel area in the meridian plane 1 (see Fig. 2).
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Pig. 5 Isotachs of Relative Velocities at Q/O = 1 
in the Middle of the Channel (w [m/s] at 
n = 24.16 [1/sJ )

The distribution of relative velocities at the same plane, but 
at = 0.5 is given in Fig. 6.

Fig. 6 Isotaches of Relative Velocities at Q/Q = 0.5 
in the Middle of the Channel (w [m/s] at 
n = 24.16 [l/вj )

The complementary courses in Fig. 7 and Fig. 8 indicate 
that the velocity field has a marked threedimensional character.
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+ At the Front Disk 
• Iü the Middle of the Channel 
X At the Back Disk

Fig. 7 The Course of Relative Velocities Over the 
Channel Width at = 1 Along the Line of
Flow II n

The direction and size of relative velocities varies not 
only along the radius and in the peripheral direction, but al
so in the plane perpendicular to the plane of anticipated pri
mary flow. This is, apparently, not only the result of the in
fluence of boundary layer formed at the walls of both disks 
and blades of the impeller. The measurements show that trans
versal eddy flows are formed in the channel area, changing 
the character of primary flow.

The course of relative velocities is characterized by the 
fact that their size periodically changes along the chosen 
lines of flow from inlet to outlet, Fig. 7 and Fig. 8. The sa
me periodical course was established in all measured operation 
modes of the pump.

The results are characteristic also in view of the fact 
that at tf/0 = 1, relative velocities are increasing in the 
direction or pressure to suction sides, with the exception of 
the area of output from the impeller, see Fig. 5.

This area of increased relative velocities is characte
rized by a sudden pressure drop and substantially changing 
meridian velocities as well as by a decrease of absolute peri
pheral velocity components, Fig. 9 and Fig. 10. This surpri
sing development may be explained by the presence of eddy cur
rents occurring as a result of force operation of impeller 
blades, diffuser and fluid at the interface of different qua
litative conditions.

With the decreased rate of flow tf/0 = 0.5» the area of 
increased velocities is moving over to tne pressure side, the 
character of flow, however, remaining the same.

A characteristic picture of flow processes in the channel 
can be obtained from the course of pressures, Fig. 9 and Fig.10.
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+ At the Front Disk 
. In the Middle of the Channel 
у At the Back Disk

Fig. 8 The Course of Relative Velocities over 
the Width of the Channel at Q/Qq =0.5

The flow is qualitatively differing in characteristic re
gions of covered and uncovered channels. We may see that parti
cularly at the output, areas are formed with considerably un
even distribution of pressure, as compared to the areas of co
vered channel. Accordingly, the structure of flow in the chan
nel may be characterized by three qualitatively differing a- 
reas. Area of covered channel, where the pressure field is the 
most homogeneous and areas at the input and the output, charac
terized by increased inhomogeneity of all flow parameters (w, 
P/§ ). Another important finding indicates that in the covered
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area , the pressure field along the vertical channel height is 
homogeneous and pressure isobars are not perpendicular to bla
de walls.lt may be said that, essentially, pressure differen
ces are decreasing as a result of rate flow reduction. At very 
low values of the rate of flow rf/0 = 0.1, the pressure field 
at the equal radius is practicallymeven.

Pig. 10 suggests that the course of pressures along the 
lines of flow in the covered area may be considered as linear.

The distribution of pressure and peripheral components of 
absolute velocities, Fig. 11 and Fig. 12 suggests that the cha
racteristic area at the output is "inefficient", not taking part 
in the further pressure and absolute velocity peripheral compo
nent increases. It is this area which is the subject of strong 
secondary influences. These influences do not include only real 
properties of fluids. On the contrary, this area suggests that 
the influence of real fluid properties is much weaker than 
the effect of mutual link between the rotor (impeller) and 
the stator (diffuser, input areas).

During the transition of current from the rotor to the sta
tor, i.e. from impeller into the diffuser under the influence of 
cyclic changes and as a result of sudden change in external 
flow conditions, very complex force conditions are created which 
lead to strongly developed three-dimensional phenomena /secon
dary flow).
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r/s

Fig. 11 The Course of 0 Components 
of Absolute Velocities at 
Q/Q = 1 along the Line of 
Flo« II.

rK
Fig.12 The Course of c

Components of Abso
lute Velocities at 
0,/Q.r, = O .5 along the 
Line of Flow III

CONCLUSION
Obtained data from experimental measurements indicate that 

the flow in impeller channels is very complicated and does not 
possess a potenciál character.

From the aspect of energy transfer from the shaft to the 
fluid, the uncovered area at the output does not participate 
in the increment ot total specific energy of the pump.
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CAVITATION EROSION AND MECHANICAL PROPERTIES OP MATERIALS

J.J.VARGA

ABSTRACT

A good correlation exists between the erosion reistance (ER) 
and the product oi some material properties and the incubation 
time. The "normalized erosion resistance" (Ne) is a better 
characteristic than the ER. The erosion resistance of ferrous 
materials is determined in the first place by the square of 
hardness, by the ultimate resilience and by the incubation 
period. In case of non ferrous materials the erosion resis - 
tance is determined by the hardness (or ba the Ne), by the in
cubation time and by the compressibility, which is also a very 
important material property. The merit rating can also offer 
very valuable information.

1. INTRODUCTION

There have been numerous investigations to determine the rela
tionship between the mechanical properties of materials and 
the cavitation damage. In spite of all endevour, an objective 
measurement for the erosion resistance of materials still does 
not exist. One reason is that there is no material property 
that could singly characterize the erosion resistance. Further 
reason can also be that the concept "erosion resistance" has 
not been clarified unambigously yet. Sometimes the values of 
erosion rate given in weight or volume or by their reciprocal 
values are used as erosion resistance. In other cases the 
"mean depth of penetration rate" (volume loss rate/exposed 
area) is used.
Heymann [l] proposes that the erosion resistance should be 
nondimensionalized by referring to the similarly tested resis
tance of a standard reference material. The "normalized ero
sion resistance" (Ne) then can be defined as the measured ero
sion rate of the reference material divided by the measured 
erosion rate of the material to be evaluated.
Prom the literature we can learn the investigated material
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properties comprised almost everything (tensile strength,0,1$ 
proof stress, Young modulus, hardness, elongation etc), with 
the exception of the compressibility of materials, that 
/3= 3(1-V)/E (where y =  Poisson ratio, E = Young modulus).
The compressibility is also an important material property.
The circumstances described above led to physical hypotheses 
to understand how material can absorb the energy released by 
collapsing cavity.

Hobbs [2] e.g. supposed that it can be: 1. by elastic deforma
tion, 2. by plastic deformation, 3. by fracture. By this way 
of thinking he introduced the concepts of "proof resilience",

p
the "ultimate resilience" (UR = (tensile strength) /elastic 
modulus), and the "work done to cause fracture".
This situation encouraged us to investigate some combinations 
of material properties in which the compressibility and incuba
tion period were included. The base of the investigation were 
the NEL495 and 496 reports [3]»[4j, that had summarized the 
results of carefully executed and excellently documented vib
ratory cavitation tests. Some results of the comprehensive 
research work are summarized as follows:

2. FERROUS MATERIALS

NEL report No 495 summarizes the results of the vibratory 
cavitation tests of 35 different ferrous alloys. Determining 
the Ne values and comparing them with the erosion resistance 
values (ER = min/mm^) used by Hobbs a good correlation 
between them has appeared:
Ne - ER R = 0,973 Regression line: y=29,708 + 5,176x
As it was expected there is a good correlation between the

p
ultimate resilience (UR) and the square of hardness (HV ):
UR - HV^ R = 0,970 Regression line: y=8,765 + 41,5 x
The importance of the incubation time should be evident from 
the following:
НУ - ER R в 0,812 while HVxInc - ER R = 0,956
UR - ER R = 0,881 URxInc - ER R = 0,944
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HV2- ER R = 0,870 HV2xInc - ER R = 0,965
HV2//3 -ER R = 0,871 HV2//5xInc-ER R = 0,966
DR - HV2 R = 0,970 ÜRxInc-HV2xIno R = 0,994

The correlations connected with Ne are:
HV2xInc - Ne R = 0,954
Nexlnc - ER R = 0,967

DR - ER R=0,881; UR - Ne R=0,930; DR//S - Ne R=0,9333
and they demonstrate that the Ne better reflects the erosion 
resistance than ER. It is justified by the tests made on dif
ferent 22 Cr-Ni and Cr-Ni-Mo alloys published in Hobbs former 
work [2]. Hobbs got R = 0,65 correlation between DR - ER and 
R = 0,60 between the proof resilience - ER. Though the R =
= 0,9526 correlation between Ne and ER is good nevertheless 
the different material properties systematically result better 
correlation with the Ne values than the ER ones. E.g. Ne - DR 
R = 0,7981; ER - HV R = 0,801; Ne - HV R = 0,8872 etc.
Prom the data presented it can be ascertained that the ero
sion resistance of these materials are determined by the 
square of the hardness, the tensile strength (by means of DR) 
and the incubation period. The Influence of the compressibil
ity is less perceptible because the compressibility of the 
materials changes only slightly.

3. NON PERRONS MATERIALS

Among the 38 materials examined by Miss Laird and Hobbs 
there were 8 cast and wrought bronzes, 10 nickel, 7 aluminium 
and 4 titanum alloys. In the NEL report No 496 the following 
correlations are published:
HV - ER R=0,751; HV2-ER R=0,715; Tens.strength-ER 
R=0,732; (Tensile strength)2 - ER R=0,742; Proof stress/hard- 
ness - ER R=0,898.
Prom the results of our examination it is to be mentioned 
that contrary to the ferrous materials the correlation

913



i

between Ne and ER is poor (R = 0,621). On the other hand the 
correlation R = 0,8654 between ER - Зле. period is remarkable. 
Besides incubation time compressibility has importance. E.g.
Ne - ER R = 0,621; Nexlhc - ER R * 0,928; Ne//3xlnc - ER 
R = 0,945.
The moderate correlation between hardness and ER increases 
taking into consideration the incubation period: HVxInc - ER 
R = 0,910. In the same way: URxInc - ER R = 0,828.
It is worth mentioning the fact that determining the correla
tion factors for the different material groups, much better 
correlations can be obtained. E.G. Ne//3xlnc - ER R = 0,958 
for the bronzes, R = 0,951 at nickel alloys, R = 0,968 at 
aluminiums. The same can be learned from the Nexlnc - ER 
relation. For bronzes R = 0,976, for nickels R = 0,951» for 
aluminiums R = 0,968.

2The same result can experienced in the HV //ЗхЛлс - ER and in 
other relations. This refers to the fact that normally it is 
not resonable to examine materials which considerably differ 
from each other. In the merit rating of the separate material 
groups almost the same sequence lias been formed (Table 1.).
At non ferrous materials the hardness and the incubation 
period better characterize the erosion resistance than the 
square of the hardness and incubation time: HVxInc - ER 
R = 0,910; HV2xInc - ER R = 0,0803.
The use of NE offers better correlation. The influence of the 
compressibility can be well perceived. This refers to the fact 
that the erosion resistance of the non ferrous materials is 
determined first of all by the incubation period and the 
compressibility.

4. SOME REMARKS

The data issued are the results of a more comprehensive inves
tigation that aims - among others - to approach the dimension 
of the erosion resistance.
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AXISYMMETRIC DIFFUSER FLOWS 
WITH MASSIVE SEPARATION
K.VARSAMOV , A KIROV

S ummary
This paper describes a theoretical model and numerical results for high Rey
nolds number flows in axisymmetric diffuser with massive separation.Constant 
pressure is assumed in the separated flow region, which starts from the li
ne of separation of the turbulent boundary layer. A boundary value problem of 
mixed boundary conditions is formulated for the potential incompressible 
flow consisting of the non-flow condition across the diffuser wall and the 
free-streamsurface, where also the constant pressure condition is applied . 
An algorithm for numerical solution of this problem is presented and some 
results are compared with experimental data
1 .Introduction
The study on flows experiencing massive separation is of con - 
siderable importance for different engineering applications , 
therefore it has been investigated for a long period of time 
the last decades especially. Large reviews on that problem can 
be found in the monographs [ 1 ] and [ 2 ] , Currently there are
several successful solutions of the problem concerning sepa - 
rated flows over airfoils, based on potential flow analysis ,

Fig-1.
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X.

boundary layer computations and different models for the sepa - 
rated flow region ( see[2 ],[3],[*+ ] etc. )
In a similar approach to the flow analysis in axisymmetric dif
fuser the present work is based on the following assumptions :
- the Reynolds number is high enough to apply " potential flow- 

turbulent boundary layer " model in accord with the conven
tions arising in the inner problems and discussed in [5] .

- in the separated region between the main flow and the diffuser 
wall , the fluid is at rest ( jet model ). The stream surface 
j ( Fig.l ) beginning from the separation line of the turbu
lent boundary layer ( point S ) is a surface of tangential 
jump of the velocity of the potential flow, the vortex strength 
on j has a constant value, equal to Cj.

- the interaction of the boundary layer and the main stream is 
not accounted for .

2.Definition of the Problem
The analysis of the flow with the above given simplifications is 
governed by the following system of equations :

( 1 )  C(b) * Jc((T) К(5г(У) d(T - Y ( S )  ,

( 2 )  [bjj , C(S)] =  0 ,

X

(3) U (>) =  r‘ * ( & ^  ,
4/

satisfying also the boundary conditions :

(4) Сп\ ы  ° 7 C \j ~ С0П^  ~ Cj ’ C<i = C° FJ ’
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where C (S) - velocity on boundaries, % 0 ~ wall shear stres
ses , U, V - axial and radial velocity components. The rest of 
the nomenclature is obvious from Fig. 1.
Equations (1) t (4) define a nonlinear boundary value problem, 
which even in the case of given position of point S (Equation 
2 is not needed ) can be solved only by successive approxima - 
tions ( Seet7],[8] ). To clarify this point assume that sur -
face i is known in a given iteration ( this means that Cj is 
also known ). The solution of Eq.l yields the velocity distri - 
bution C (S) on 1^ and j . The right hand side (S) of Eq.l, the 
kernel К and the technique of its numerical solution are de - 
scribed in [ 6 ] . For known velocity C (S) on 1 ^  in a given itera
tion, the turbulent boundary layer growth can be calculated in 
order to find the next iteration for point S from Eq, 2,
Thus, it becomes possible to construct the next approximation 
for the surface j from Eq. 3 going back to the solution of 
Eq. 1.
3. Numerical Solution
Based on the previous numerical experience of the authors for 
the solution of system of equations (1), (3), (4), the following 
iterative technique is used :

(5) CCS) + [C W  K ( s , < n d < r = U s ,  t,,f) Ф  Ccs)

Г ( i * U -1 w(i> / )
(6) Ъ  [ S;/', C C S ) ] = 0  => 5

(7) 9 = const =  c s , 9 = c ° / c u t

(8) r / M ‘ .  rs '1' "  +  / / w  Г " < Ц  =>
V  U j ' d
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л т й  + 1> r  d u )  U )  T J ( i t U  r d * < >  )
Vj =  C y  . C O S o C  , U j  ~  4 ' Sl,nc^ ;

К ' = ( | Г .
Some numerical details are skipped and can be partly found in
the references [6],[7],[8j . For the numerical solution of Eq.6
the well known method of Truckenbrodt is applied, choosing the
initial parameters of the boundary layer upstream - og-displace -

* «•ment thickness, o0 - momentum thickness, o0 - energy loss thick
ness , Re - Reynolds number . When solving Eq. 8 a smooth de - 
tachment condition is observed expressed by a continuous first 
derivative of the contour j .
A FORTRAN computer program was written which solves the problem 
by the algorithm , the main steps of which are :
1. Input data - the offsets of the surfaces 1^ and 1 ;̂ the ini

tial parameters of the boundary layer cC , <F0 * * r , Reynolds
number

2. The potential analysis problem is solved following Eq, 5 yiel
ding the velocity distribution attributed to the next itera
tion .

3. The parameters of the boundary layer are calculated. If no 
separation occurs steps 4 and 5 are omitted, otherwise the 
separation point S is determined. When the separation point 
does not change in two successive iterations, step 4 and 5 
are also omitted .

4. The initial position of the surface i is r.=const. = r andr J j s
the velocity distribution on it is determined from Eq. 7 ,

5. The surface j is determined in next iteration from Eq. 8 , 
After reaching the required precision 6 r in two neighbouring 
iterations or the maximum allowed number of iterations the 
control is passed to step 2.The number of iterations for the 
determination of j does not exceed the number of outer ite-

where
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6. The pressure coefficient distribution is computed C =1-Cj
and if needed the energy loss coefficient , etc.

From the numerical experiments the following conclusions can be 
drawn :

- the number of inner iterations for the adjusting of surface j
is about 3 - 5  for a precision of £r= 10 ;

- the number of iterations for determination of point S is 
about 4 - 5 .

An example of the flow in wide angle ( 30°) diffuser of 
equals 4 and Re = 10® is presented in Fig. 2.The agreement of 
the computations with experimental results is good for the re
gion far from point S. The considerable difference in the nei
ghbourhood of point S is attributed to the fact that no special 
care is taken for the contour of surface j to be smoothed pro
perly .
4. Conclusion
The limited experience from the numerical experiments carried 
out and the comparisons with few experimental results does not 
give sufficient information about the applicability of the pre
sented method. Further numerical investigations and compari - 
sons with experimental results are needed with the use of other 
methods for boundary layer computations in order to estimate,if 
it is necessary to add to the theoretical model the flow in the 
separation zone and its interaction with the potential flow.
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TURBULENT BLOWS OP THE NON-NEWTONIAN AND DRAG 
REDUCTION PLUIDS IN THE ENTRANCE ZONE OP A PIPE

Verba, A. - Embaby, M.H. - Angyal, I.

SUMMARY
A theoretical analisys is given for the turbulent flows of 
the non-Newtonian and. drag-reduction fluids in the entrance 
zone of a circular or a square cross section pipe.
The theoretical results were checked by an experimental study 
using aqueous solutions of carboxymethyl cellulose and poly- 
ethyleneoxide in a square cross section pipe. A brief descrip
tion on the theoretical model is presented. Some theoretical 
and measured results are shown.
THE THEORETICAL MODEL

fully
entrance zone developed

The upper part of Pig. 1 regards the flow of a drag-reduction 
fluid, while, the lower one that of a non-Newtonian fluid.
The thickness of the boundary layer inceases downstream from 
the entrance cross section. The end of the entrance zone is 
defined by the boundary layer thickness S  = D/2. The flows 
consist of more layers. The velocity distribution of the lami
nar1 sulayer at the wall:

u+= y * ,  0 ^ y +-<C (1)

The velocity distribution of a non-Newtonian fluid in the
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turbulent part of the fully developed flow [lj :

u+= A bay++B , £v - y+ —  <$"+ , (2)

A=2,46/n0*75, (3)

E 3,473 [1,96+0,a m  - o,7n tn(3+l/n)] 0,566 (1n O , 7 5  n l , 2  •
In the fully developed flow of a drag-reduction fluid accor
ding to Virk [2], two turbulent layers, the elastic and the 
Newtonian ones can be distinguished inwards from laminar sub
layer. Their velocity distributions are:

u+= 11,-7 In y+-17 , S*^y+^ Sel > (5)

u+= 2,5 in y++5,5 + , §ei~y+- J- • (6)

The non-Newtonian fluid is supposed to comply with the Power 
- law:

T  « к ( Ц ) П  . ( 7 |
Por1 the drag-reduction fluid n=l and К =1 . The later is the 
viscosity of the solvent.
Assumptions:
1. The flow is steady and the velocity distribution uE at the 
entrance is uniform.
2. The velocity distribution in each layer within the boundary 
layer is the same as in the corresponding layer of the fully 
developed flow. In the core the velocity uG is uniform along 
the cross section.
3. In the entrance zone the ratio of widths of the single la
yers compared agrees with those of the corresponding layers 
in the fully developed flow.
4. The lines of constant velocities in the square cross sec
tion are parallel to the wall. So the investigation of the 
triangle OPQ presented in Pig.1 proves sufficient.
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5. The pressure along the cross section is uniform«
6. Por drag-reduction flow the onset wall shear stress and 
the slope increment 0 are known. Their definition can he seen 
in [2], [3i
The model is based upon the momentum balance, the continuity 
equation and the previously known velocity distributions men
tioned above. The momentum balance of the boundary layer:

Sr í u g - ä - S u (f - y) a? -

- ^ 2  ä Í “2 (I - y) dy • (8)
The continuity equation:

У
u eD2=8 j ui| - y) dy + uG (d-2 <t)2 . (9)

о '
The Reynolds-number that holds good for both fluids is needed:

к . * £ 1  . do)
e 8n-1KC

с= ( | + ъ)П * (11)

Por the circular section [4] : a=0,25; b=0,75.
Por the square cross section: a=0,2121; b=0,6766.
In the core: dp= - ^u^dUß . (12)
After making the lengths and velocities dimensionless, the 
numerical solution of equations (8).., (ll) gives:
1. The change of the pressure drop and the width of the layers 
along the entrance zone.
The dimensionsless pressure drop:

-  2 (PE-Pê
Ap = — :— ~  . (!3)

? UE
2, The change of the local friction factor:
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f  -  2 lyy

uE2. • (14>

3. The velocity distribution in the cross sections.
4. The length of the entrance zone.
5. The incremental entrance pressure drop factor:

К = 2 (Pe .P.e) - 4 ffd - . (15)
$ V  D

It can be shown, that the influence of the laminar sublayer 
is negligible,so it was not taken into account by the numeri
cal solution.The results calculated by the Reynolds-number 
for the non-Newtonian fluids were given in the function of 
the power n, while for the drag-reduction fluids in that of 
the concentration.

THEORETICAL AND MEASURED RESULTS
Measurements were made in a pipe of 24x24 mm square cross 
section. The details of the measuring devices and methods 
are presented in [3],[5]. The Ap  pressure drop measured and 
calculated by the non-Newtonian fluid characterized with 
n=0,771 is shown in Rig.2.Measurements comprises the range 
n=0,726... 1,0 and the case shown in the figure gave the 
highest difference between the calculeted and measured values. 
According to the analysis of non-Newtonian fluids the increase 

of the Reynolds-number orthe decrease of n has a decreas
ing effect on the friction factor f, the pressure drop др 
and the incremental entrance pressure drop factor К and an 
increasing effect on the entrance length x /D.
According to the analysis on drag-reduction, fluids supposing 
a constant c concentration, the increase of the Reynolds- 
number has a decreasing effect on the friction factor f, the 
pressure drop Др and the incremental entrance pressuro drop 
factor К and an increasing effect on the entrance length 
xe/D.
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In Eig.3 the change in xg/D is shown in function of the 
Reynolds-number at different concentrations. The curve deno

ted with mdr be
longs to the maxi
mum drag-reduct ion. 
The change of the 
pressura drop along 
the entrance zone 
is shown in Fig.4 
at different con
cent rat ions.Ent e- 
ring, on a relati
vely short distan
ce the drag-reduc
tion fluid induces 
a higher1 pressure 
drop than the New
tonian one.. Moving 
on along flows the 
drag-reduction fluid 
has already a less 
pressura drop.
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Fig. U.

In Pig.5 the calculated and measured friction factors are 
shown in function of the pipe length at maximum drag-reduction 
which was obtained at c=20 ppm concentration. In the fully de-3veloped flow, the friction factor of the water f=5,8 • 10 
without polyethyleneoxide that means about a 70 per cent drag 
reduction can be arrived by adding 2o ppm polyethyleneoxide 
to the water.

NOTATIONS, not defined in the text or in the figures, 
dimensionless length=length+=lengthn u /К m
dimensionless velocity=velocity =velocity/u m/s

2 “ XIK:non-Newtonian consistency kg/ms pp: pressure kg/ms
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u* = 1 ̂ w/8' : shear velocity m/s
"I : viscosity kg/ms
3 : density kg/rf
t : shear stress kg/ms
Tw : wall shear stress kg/ms2
Subscript:
fd:fully developed
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RESULTS CONCERNING THE APPLICATION 
OF PLANE CASCADE AT THE STUDY OF RADIAL-AXIAL 

RUNNERS OF THE HYDRAULIC MACHINES 
by

I.Voia

INTRODUCTION
The application of plane cascade to the study of 

radial-axial runners is based on the following observations: 
-on the basis of the laboratory experiment (EL) the univer
sal characteristic is established for a radial-axial runner; 
-by applying a conformal transformation (TC) to the runner 
blade for each flow surface,the correspondence to a plane 
straight cascade is established.

These correspondences are suggestively presented in 
fig.1.,where the geometrical parameters of the plane cascade 
are given as well.Thus ,it results the possibility that the 
hydrodynamic parameters of the runner would be studied in 
correlation with the geometrical parameters of plane casca-
des. The expensive use of digital computers favoured the 
method development by the possibility of the automatic a- 
chievement of plane transformation.
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For the axial-symmetrical surface of isothermal 
curvilinear coordonates S( 'f д ),the conformal transformation 
in the plane N(X,Y) is done with the relations given by 
M.Strscheletzki /1/,fig.2,thus:

'2
X=rJ df 

9 =  *l r2
y  = rJ (l)

ri
with R arbitrari
ly chosen.A more 
convenient form 
for engineering 
calculation is 
given by the /2/, 
thus:

X = R0f
(TCte frjr 

y =r0 -Й1l
и о

The transformation can be applied both to the blade camber
line and the blade foil.It is obvious that for particular 
form of the meridian line(e.g. axial or radial forms) the 
relations are simplified.The method can be applied both in 
the analysis of runners tested in the laboratory and for ge
nerating new runners.The study is based on the search of some 
dependences having the form:

(n’l.Qi-1 ,<n = fIbJ.ßip.f32p.T,?fld,7d ) . (3)
As these dependences are quite complicated,the left side va
lues forming an implicit function while the right side vari
ables are theoretically infinite in number,the problem is 
dealt with in a simplified way by searching the main depen
dences only.

ANALYSIS OF SOME RUNNERS CHARACTERISTICS
Parameters of the optimum duty for Francis turbines
The experimental results concerning the testing of 9 

variants of rotors for Francis turbinesjon the same fix line, 
present the positions of the optimum points as illustrated in 
fig.3.The rotors were calculated by different methods and di
fferent authors,so tnat the blades geometry differs conside
rably from one rotor to another.

When analyzing the plane cascades resulted of the con
formal transformation (2),some main dependences can be esta
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blished between the geometrical ana hydrodynamical parameters As for each bléde there is an infinite number of plane cas
cades possible,an arithmetic mean value was chosen from the 
runner crown and the runner ring.The results are grafically 
illustrated in fig.4-7.In fig.4-5 the dependences are given
r__r____________  ,,--------- ------ in the form of

ni l̂opt. 1 Qlopt=f(Am) and
J.________ I_______ 0Д ______ ________ f [(sin S2 )ml res-

9 3 7 ' 8  Ч 2 pectively,and in
* * * * fig.6-7 the main

blr "6 dependences for
" \ 1 the optimum

62*--- J-------------- 0,3------------ --------- speeds:

____ A ------- 0,2-------------- n'l0Pt=fl p V
* N —\ and f  ( f )  ,res-581 I I I I I I I I I___ ____ m ’

0,3 0,4 0,5 0.6 Oj 40 45 50 55 ̂ °mpectively.
FIG.3. FIG.A.

Q1opt. 7o /  n:,0pt 4  ^
0,5---j------ -̂------- - 66-----4  ■---- 7--------

3 / "  gV0,4--------- -f---------- - 64-— -------\ ------------

°-3— - s v V ------------- 62--------- 1 -?— ^ --------
0,2-- -4---------------  60-------------------------/ 4  5

0,2 0,3 0,4 0,5 0,6 60 70 80 ß™p
FIG. 5. Isin p2p)m FIG.6.

For these variants
. J Г the relative ave-nopf 2 rage gap varied
66--•— ~v.------ -------------------within the limits

' 4  Ч 3 L=(0f5o6«4>f468).
64__________^ 4 _________________ Tne de pe ndence

6* '4.1 4 «iopt^ р2»Лт> iebZ' illustrated in fig.8.
8 5 as we11,for another60------------------------- ^— • series of 7 Francis

\  rotors which were
I I I I I I I I I tested in an iden-
8 9 10 11 12 13 14 15 16 tical fix line.

FIG.7. Tm
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Thus,it results that the 
main dependences are the 
flow increase with 
angle and the reduction 
of inclination of the 
cascade respectively.
For the speed, the 
latter decreases_as the 

Pip angle and f cam
ber increase.

Influence of inlet conditions at rotor
If ° i0 is the outlet angle of the guide blade as com

pared to the transport speed u,the dependences Q^= f(c6) for 
four high head Francis rotors,tested on the same fixed line, 
are illustrated in fig.9.As it results from this figure,the 
Л  m cascade inclination determine the position of the flow

characteristic 
as compared to the 
rotor inlet condi
tions.The rotors 
III and IV having 
the X  inclina
tion very close, 
also have close 
characteristics.
In these charac
teristics the 
positions of the 
optimum points are 
indicated for the 
values Poland p2mp . 
According to rig. 
no.10. the inci
dence angles "i” 
can be calculated

. „  „„ the representa
tion of which,depending on o<I0 ,is given in fig.ll.From the 
analysis of this figure it results that:
-the highest value of efficiency is at the "ie” positive in
cide nee ( var iant I);

-the low incidences (variant IV) extend the efficiency curve but 
the maximum remais reduced;

-the weakest performances are presented by variant II with ne
gative incidences at both runner crown.
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ROTOR BLADES (Ж NE RATING
For the achievement of some runners variants,the 

plane cascade is successfully used in generating the blades, 
thus making possible the systematical modification of the 
char acte ris tics.

For this purpose the plane cascade is first gene
rated, after which by application of the inverse function to 
(2) (TC)”l,the geometry of the spatial blade /2/ results.

The meridian foil is previously adopted and the ed
ges position in meridian plane,and the hydrodinamic field is 
traced and the kinematic elements are calculated an the axial- 
symmetrical surface /4/.

The plane cascade generating is done on the basis 
of the values( A., t .pip,p2p> f > x f d  , ) or some of them.

In fig.12,13 and 14 ,the elements resulted when ge
nerating a runner variant are presented as well as the blade 
geometry and respectively the universal characteristic of the 
model runner tested in the energo-cavitational stand Re§i$a,
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Ae a conclusion,the systematic application of the 
plane cascade to the atudy of radial-axial rotors represents 
an efficient method in the development of the models range, 
permitting the maximum and systematic use of the experimen
tal results obtained an models.A complex programme for ex
ploiting this method is under performing in the Re§ija la
boratory for Francis and pump-turbines.
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COMPUTER-AIDED SYNTHESIS OF AN IMPELLER OPTIMUM VERSION IN 
IMPROVING WATER TURBINES
I. V . Vuchkova, V.S. Obretenov, V.K. Mitsova

I. INTRODUCTION
Improving the power and cavitation characteristics of water tur
bines is one of the basic problems of hydroturbine building. The 
solution of this problem requires the application of up-to-date 
methods of investigating the flow in the turbine stream part 
when estimating the impeller vane systems. Along with it,still 
greater importance is attached to the use of mathematical m e 
thods in planning and experimental investigations on the basis 
ofthe profound application of the experimental theory, as well 
as to the commitment of the solution to the investigation's 
economic effectivity.
The present paper offers a method of synthesizing an optimum 
version of a Francis turbine impeller which has been applied 
in improving the turbines of the "Aleko" Water Power Station 
in Bulgaria.
II. A SCHEME FOR THE INVESTIGATION
The offered solution of the problem for synthesizing an opti
mum version of a water turbine impeller comprises the following 
basic stages:

1. Stand tests of the basic version which is to be improved.
2. Theoretical investigations of the basic impeller operat

ing process by means of a computer-aided mathematical experiment. 
For this purpose, use was made of an Applied Programs Package 
APP/ for computer-aided investigating of vane hydraulic machi
nes, worked out at the Central Institute of Automation, Sofia 
(1). The APP represents an improved and extended version of the 
algorithm (2) for solving the direct hydrodynamic problem. With 
preset operating conditions and geometric parameters of the 
vane, the APP secures the determination of the distribution
of relative speed W and' the pressure f along the profile, the
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peripheral component of the absolute speed at the impeller out
put Cu2 * the relative profile losses ^ 1 , and the cavitation 
coefficient 6> ̂ . Thus, the power and cavitation features of 
the investigated impellers' vane systems can be assessed.

3. Analysis and comparison of the results obtained from 
stand tests with those of the computer-aided theoretical inves
tigation. Assessment of the possibility for u s i n n  дрр in inves
tigating the same-speed impellers.

4. Planning of theoretical investigations of the various ver
sions of the basic impeller. For this purpose, statistical 
methods are used, the theory of experimental planning in parti
cular. An appropriate plan is chosen (3).

5. Profiting the required versions of the impeller in the 
items of the plan.

6. Computer-aided solution of the direct hydrodynamic prob
lem concerning these versions.

7. Processing the results obtained (4). Approximation by the 
least-squares method is used, as a result of which the regres
sion coefficients of the multifactor relations is found, and 
the impeller optimum version is determined.

8. Making the impeller /an optimum version/.
9. Stand testing of this impeller.

10. Comparing the results obtained with those of the theore
tical investigations /Item 6/. Final conclusions.
III. INVESTIGATION RESULTS
The above scheme has been applied when making a new impeller 
for the Francis turbines at the "Aleko" Water Power Station, 
which are of a low specific frequency of rotation:ns = 73 m i n ' 4  
Power testing of the basic P073-0 impeller made at the Hydrau
lic Machines Department at the Higher Institute of Mechanical 
and Electrical Engineering, Sofia (5) pointed to a certain dis
charge displacement Q! of the optimum ( n )  operating condi
tions compared to the estimated (0) operating conditions, i.e.

Q, n >  Qlo , where Q' = Q / D f v H  is the discha
rge reduced per meter. The power and cavitation features of the
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basic impeller were investigated by means of the APP (1) on 
a computer. The practical application of the APP in studying 
the vane grades of low-speed Francis turbines is given in (6). 
Comparing the experimental results with the data obtained from 
the computer-aided investigation showed that the operating 
process of low-speed Francis turbines can be studied by means 
of the APP (1). Afterwards, a series of 6 basic impeller ver
sions and 18 modifications was worked out by varying the num
ber of vanes m  /Table 1/. Vane profiling in this case has 
been done by using one-dimension methods. The P073-A1 and 
P073-A2 impellers are designed with different inlet angles 
D 1 , and the P073-C1 and P073-C2 - with different evolution
angle of the vane ß . Profiling of the P073-P impeller vanes 
has been done under the conditions of equal-speed meridian 
stream, and as for all remaining types - under the conditions 
of a potential meridian stream.
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ Tabi e 1 .
No Impeller Type of meri- о0 у0 m
_ _ _ _ _ _ _ _ _ _ _ _ _ _ dian stream_ _ _ _ _ '_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
1-4 PO73-0 potential 69,5 57-60 15,11,13,17
5-8 P073-A1 potential 80 57-60 15,11,13,17
9-12 P073-A2 potential 60 57-60<i# 15,11,13,17
13-16 P073-C1 potential 69,5 47-50 17,11,13,15
17-20 P073-C2 potential 69,5 67-70 13,11,15,17
21-24 P073-P equal-speed 69,5 57-60 15,11,13,17
The study о-f the impellers characteristics from Table 1 has 
been done by solving the direct hydrodynamic problem accord
ing to Plan No. 14 (3). The number of calculations is consi
derably reduced in comparison with the one in (7), where the 
solution concerns all possible combinations of the independent 
/? m , Q  and ^  parameters. The obtained data processing is 
done by means of the REGRA program (4), the following relat
ions being obtain ed:

= f ( $ , m .Q:) /1/
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£ , = f ( ^ , m . C Ű  /2/
§,  = f (  ß, , m  .Q',) / з /
6^=f ( 'P, m  .Q ') /4/

The relative profile losses 'S, are determined by the well- 
known method of the "Polzunov" Central Turbine and Boiler Ins
titute (8), and the cavitation coefficient of the impel 1 er 6* is:

c  WK -  U K U g  Cu2 / 5/

^  2 9 H  9 H
where W« ( U K is the relative and peripheral speed at a pro
file point where the rarefaction is at its
m a x i m u m ;

H  is the head;
g is the gravitational acceleration.

Relations /1/ - /5/ have been obtained by approximation after
the least-squares method in the following form:

Д. ü a J
y  = B(0) + Z  B d ) X ( l )  * Z Z b ( I ; ) X ( I ) X ( 3 ) > Z b (I.I)XZ(1) / 6 /

1-г 14 1>1 14

where X ( 1 ) / X ( 2 ) ,  ХГЗ)  are the independent factors w h i c h
in this case are A  (or *P ), m  and

Qi , respectively; У is the function ( 5, or б”к ). 
pigs. 1-6 show a part of the results obtained in the computer- 
aided solution of /6/, namely:

- variation of the cavitation coefficient &4 /Figs. 1-2/;
- variation of profile relative losses /Figs. 3-4/;
- variation of the relative circulation = CUJ(/2gH and 

total Sj = S, + S г losses for the various types of impel
lers /figs. 5-6/.
IV. ANALYSIS OF THE RESULTS OBTAINED
The purpose of the analysis of the theoretical data obtained 
in studying the power and cavitation characteristics of the 
whole series of impellers is to solve the basic problem, i.e. 
to choose the optimum version. This analysis is a good reason
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to come to the following conclusions:
- The relative circulation losses increase with the increase
of the inlet angle ß^ and the angle of the guide vanes opening, 
as well as with the decrease of the evolution angle .
- The relative circulation losses increase with the decrease 
of the ß,| angle and the evolution angle ф , having thpir m i 
nimum for a defined value of Q|
- The variation of the total relative losses Z3 under various 
turbines operating conditions corresponds in quality to the 
variation of § 2  due to their greater value. This, to a great 
extent, determines the optimum turbine operating conditions.
- The number of vanes on some of the tested impellers consi
derably affects both and . Increasing m  leads to im
proving the impeller cavitation indices.
- The Values of the cavitation coefficient ^ i n c r e a s e  fast 
together with the increase of Q , ' > Q j n
The variation of the pressure coefficient p = - 6 * along 
the profile (7) has also been analysed, whereby it is shown 
that the pressure distribution for the mean cross-section of 
the P073-A1 impeller is the most favourable. With it, the zone 
of rarefaction is the shortest and it lies most closely to the 
output edge, the pressure on the sectional are being the high
est at the same time.
As a result of the complex assessment of the tested impellers 
characteristics, we come to the conclusion that the P073-A1 
/ m  = 1 3 / impeller satisfies to the highest degree the preset 
requ i rements. This is also confirmed by the experimental tests 
carried out afterwards /Table 2/.
Experimental results from Table 2 show that the improved 
P073-A1 impeller has the lowest cavitation coefficient Sy 
/the Thomas coefficient/, while the maximum value of its ef
ficiency is by 5,6% higher than the efficiency of one of the 
turbines at "Aleko" Water Power Station.
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Table 2.

No. Impeller D, Q, Q

m m3/s

1. "Aleko" W.P.S. 2,0 0,155 0,862 0,033
2. P073-0 0,4 0,163 0,905 0,033
3. P073-A1_ _ _ _ _ _ _ _ _ _ _ _ _ _ 0_j4_____ 0,1 58 0,918 0,029
V. CONCLUSION
Economic effectivity of the proposed approach in improving tur
bine impellers is chiefly determined by the following factors:

1. Reducing the volume of experimental tests because of re
placing a considerable part of the required physical experi
ment by a numerical computer-aided experiment.

2. Increasing the turbine efficiency as a result of impro
ving its stream part.

3. Machine-time economizing due to the reduction of the vo
lume of calculations when using mathematical methods of plan
ning the numerical experiment.
In this particular case when improving the Francis turbines 
at "Aleko" Water Power Station, the economic effectivity of 
the applied approach is estimated at 450 thousand Leva.
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I N F L U E N C E  O F  A E R O D Y N A M I C  L O A D  O N  T H E  S H A P E  
O F  V E L O C I T Y  P R O F I L E S  IN T H E  A X I A L  F L O W  C O M P R E S S O R  S T A G E

Andrzej Witkowski

S U M M A R Y
T h e  theoretical and experimental investigations of the flow structure 

in the axial flow compressor stage at the three operating conditions 
have been described. In the theoretical part the relationships for 
simplifying analysis of real flow have been developed. A  series of 
velocity free stream profiles obtained from an axisymmetric flow cal
culation upstream and downstream of a row campressor impeller blades 
have been fitted together with diffrend boundary layers model profiles. 
T h e  results of theoretical prediction are compared with experimental 
investigation. T h e  analysis of influence of aerodynamic load of axial 
compressor impeller on the annulus boundary layer parameter has 
been presented.

I N T R O D U C T I O N

T h e  shape and inclination of velocity profiles downstream of axial 
compressor inpeller have been conditioned by the magnitude flow loss 
fraction in the stage as well as by operating conditions. T o  be able 
to work out effective methods of defining aerodynamic performances 
of axial flow compressor stage with known geometry it is necessary 
to know the methods of setting the quasireal velocity profiles. T h e 
problem has been solved by fitting main velocity distribution into 
annular boundary layer velocity profiles where friction forces dominate.

T H E O R Y  

Mainstream Flow
T h e  mainstream flow for the compressor stage w a s  calculated by 

the Streamline Curvature Method program using design flow angles 
[l]. T h e  general equation of axisymmetric motion for a fluid flowing 
relative to a turbomachine rotor in cylindrical rotating coordinates, 
г, z is:

<t)W 2 /XW  ^  + P W  + Q W  + R  = 0 (l)

T h e  procedure for utilizing equation (l) to obtain a solution on a 
prescribed stream surface is to estimate the function P(q), Q(q),
R(q) [l] so that equation 1 can be integrated on the condition 
that the continuity be satisfied.
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T h e  flow calculation in model compressor stage O S S  750/06/l [2] has 
been performed in 33 quasi-orthogonals and 11 streamlines (Pig. l). 
T h e  computer program S T O - P Z D W  [з] has been applied.

E n d  Wall BouAdary Layer Theory
Velocity distribution obtained from solving axial symmetrical flow 

model has been used to set boundary layer parameters [4]. These 
calculations have been performed with the use of momentum integral 
equation [ 5 ]

dW 0 it'4- (w2e ) + и e = —  (w2£f ) + —  (2 )d z  ' z  z '  z d z  d z v z '  9

T o  d e f i n e  b o u n d a r y  la y e r  p a r a m e t e r s  & , 0 z , S"f it i s  n e c e s s a r y  to  

k n o w  v e l o c i t y  p r o f i le s  c l o s e  to  t h e  w’a l l s .

T h e  Velocity Distribution in Turbulent Boundary Layers
In turbulent boundary layer the unknown exceed in number the 

governing equations and some degree empiricism must be introduced. 
Additional information among others can be obtained in the formulas 
which make computing velocity distribution in turbulent boundary 
layers possible. T h e  simplest model of so called power law velocity 
profile has been used here for introductory definition of boundary 
layer parameters. Computing formulas introduced by Coles [б] and 
Kool [ 7 ] have been experimentally verified as well.
Coles model. T h e  Coles profile m a y  be written in its velocity defect 
form to evaluate the boundary layer thicknesses and the form parame
ter
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- - ' с ---21 = £  ín [2 - W ( Y IS)] - loge y á  (3)
m  . V J

W(y/<T) is a universal wa k e  function which analytical expression w a s  
suggested by Hinze [в]

W ( y IS) = 1 - cos (TTyiS) (4)
T h e  well established empirical expression worked out by Ludwig and 
Tillmann has been used to calculate wall friction

U > 2  -  0 . 1 2 3  X  1 0 “ ° ' 6 7 8 ( 6  w J ^ ) ~ ° ’2 6 8  ( 5 )

T o  evaluate the initial values of the Coles w a k e  parameter the 
equation resulting from equation 6 transformation has been used [в]:

1.5 П 2 + (3.179 - £ * Ь 1 ) П  + (2 - £ ^ Z Í )  - 0 С6 )

Local parameter П distribution along the radius in the real flow have
been defined taking into account experimentally set values C  /Cm' m e
and 60 from equation

[l - (С /С ) l-yJ-—  + In у IS1 v m' me'exp J 00 exp
^local 1 + c o s T  (yIS) ^7 ^

Other boundary layer parameters have been computed from the 
dependence:

Í =00*^ j““(l + n ) (8)

0 - w i  ~  (1 + П  ) ^  ~  (2 + 3,179П + 1.5П ) (9)
к

Kool's model f71. T h e  hole boundary layer profile is written as

= 1 - b(l - у IS)П (1 - e“K y  ) (10)C m e
where:

+ y-cV
y
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Other boundary layer parameters have been computed from the 
dependence

C - s - b - - á i  < 1 2 )

■ s  b ( ^ i - b  ( 1 3)

E X P E R I M E N T A L  I N V E S T I G A T I O N S  

Test Stand
T h e  results of theoretical predictions are compared with experi

mental investigation which has been performed on the test stand for 
determining the flow structure in axial compressor stage (Fig. 2).
T h e  flow system of the examined compressor stage consists of an 
impeller row with eighteenth blades the design beeng free vortex, 
discharge back stator vane and the outflow curvilinear diffuser. A  
detaited description of the research stand is in the authors paper
[2]. Plow traverses were made before and behind rotor at three flow
coefficients C  /Um  = 0,317, 0,37 and 0,4475. In the main stream of m  T
five hole probe w a s  used but for the boundary layer flows a three 
tube Conrad type probe w a s  needed to make accurate measurements 
close to the walls.
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Results of experiments
Mainstream velocity profiles. Figures 3, 4 and 5 show the theoretical 
and experimental results for the axial velocity distribution at the 
upstream and downstream of the rotor. T h e  influence of annulus 
boundary layer growth on theoretically defined velocity distributions 
in the main flow has been considered by applying blockage factor.
T h e  resulting velocity free stream profiles have been matched with 
boundary layer velocity profiles. T h e  same tendences in theoretically 
and experimentally set in meridional velocity profiles in the down
stream of the impeller should be stressed. T h e  meridional velocity 
along the radius m a y  increase, remain constant or decrease depending 
on the flow ceofficient. These changes in axial velocity are very 
important w h e n  considering the boundary layers.

Boundary Layer Parameters. T h e  influence of the operating conditions 
and traversing probe position on the velocity profiles shape in the 
boundary layers and the values of the boundary layers parameters 
0 ,  S, H  , OJ and Г1 has been checked. Figures 6, .7, 8, 9, 10, 11 and 
12 show the comparison between theoretically and experimentally 
set boundary layers velocity profiles at the hub in upstream and 
downstream impellers. Th e s e  theoretically set have been computed 
using the power law velocity profiles and Coles and Kools formulas.
In every cases measuring velocity profiles are best aproximated by 
Coles formula specially in the inner region of the boundary layer. 
From equation 8 the distribution of local values of free parameter 
across the layer has been set making use of experimentally defined 
values о and G  /С . Figs. 6, to 12 show that local П does not 
remain exactly constant across the layer, taking very large positive 
and negative values particularly nearerer to the outer edge of the 
layer. T h e  free parameter П calculated locally takes the same value 
as that one determined from (7) only at the point of intersection 
between experimental and theoretical velocity curves. From equations 
6, 7, 9 and 10 the values of annulus wall skin friction coefficient C^ 
annulus wall boundary layer shape factor H, free parameter П and 
boundary layer thicknesses i*and 0  have been set. T h e  boundary 
layer thickness grows between of the impeller inlet and outlet 
measuring cross section w h e n  C^/u = 0,37 and = 0,447 5
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I

b u t it d e c r e a s e s  s l ig h t ly  w h e n  C ^ /Ú ^  = 0 ,3 1 7  w h a t  i s  m o s t  p r o b a b ly  

th e  r e s u l t  o f f lo w  s e p a r a t io n  a t  th e  h u b . W ith th e  g r o w in g  b o u n d a r y  

la y e r ,  t h e  w a ll  fr ic t io n  c e o f f ic i e n t  i s  d e c r e a s i n g  a n d  th e  form  p a r a m e te r  

H a n d  fr e e  p a r a m e te r  П a r e  i n c r e a s in g .  T h e  in f lu e n c e  o f  th e  p o s i t io n  

o f  m e a s u r in g  c r o s s  s e c t i o n  o n  th e  p r o f i le s  s h a p in g  in  t h e  b o u n d a r y ,  

l a y e r  r e g io n  i s  s h o w n  o n  F ig u r e s  1 3  a n d  1 4 . O n F ig u r e  1 3  th e  

v e l o c i t y  p r o f i le s  in  b o u n d a r y  la y e r  o n  th e  in n e r  w a ll  in  th e  d i s t a n c e  

o f 0 ,0 1 5  a n d  0 ,0 2 5  m b e h in d  im p e lle r  b l a d e s  h a v e  b e e n  c o m p a r e d .

T h e  g r e a t e s t  th e  d i s t a n c e  th e  t h ic k e r  i s  th e  b o u n d a r y  la y e r  a n d  th e  

s l o p e  o f  v e l o c i t y  p r o f i le .  S im ila r  t e n d e n c e s  c a n  b e  n o t i c e d  o n  F ig u r e

1 4 .  In b o th  c a s e s  th e  th ic k e r  b o u n d a r y  la y e r  i s  th e  h ig h e r  fr e e  
p a r a m e te r  v a lu e  a n d  th e  s m a lle r  v a lu e  o f  c o e f f i c i e n t  C^.
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F ig .  1 3 F ig .  1 4

C O N C L U S IO N S

A  m e th o d  fo r  c a lc u la t in g  th e  flo w  in  a x ia l  c o m p r e s s o r  s t a g e  

in c lu d in g  t h e  e f f e c t s  o f  t h e  b o u n d a r y  l a y e r s  h a s  b e e n  d e v e lo p e d  a n d  

e x p e r im e n ta l ly  v e r i f i e d .  S tr e a m lin e  C u r v a tu r e  M e th o d  h a s  b e e n  p r o v e d  

s a t i s f a c t o r y  fo r  th e  m a in s tr e a m  flow  c a lc u la t io n .  T h e  m a in s tr e a m  

p r o f i le s  w ith  b o u n d a r y  la y e r  p r o f i le s  h a v e  b e e n  m a tc h e d . If th e  

s u b l a y e r  i s  e x c lu d e d ,  a  tu r b u le n t  b o u n d a r y  la y e r  v e l o c i t y  p r o f i le  i s  

b e s t  r e p r e s e n t e d  b y  th e  C o l e s  p r o f i le .  T h e  s h a p e  o f  v e l o c i t y  p r o f i le s  

b e t w e e n  b la d e  r o w s  d e p e n d s  o n  th e  c h o ic e  o f  w o r k in g  c o n d it io n  a n d  

c r o s s  s e c t i o n  p o s i t io n .  W ith t h e  b o u n d a r y  la y e r  g r o w th  th e  w a l l  fr ic t io n  

c o e f f ic i e n t  d e c r e a s e s  b u t th e  s h a p e  p a r a m e te r  H a n d  f r e e  p a r a m e te r  

П i n c r e a s e .  T h e  f r e e  p a r a m e te r  П h a s  b e e n  c o m p u te d  m a k in g  u s e  

o f  e x p e r im e n t a l ly  s e t  v e l o c i t y  v a l u e s  a n d  b o u n d a r y  la y e r  t h i c k n e s s e s .  

It h a s  p r o v e d  n o t  to  b e  c o n s t a n t  a c r o s s  . b o u n d a r y  la y e r  t a k in g  th e  

v a l u e s  w h ic h  d if fe r  c o n s id e r a b ly  from  th e  c o m p u te d  b y  C o l e s  form u la  

v a l u e s  p a r t ic u la r ly  in  t h e  o u te r  r e g io n  o f  b o u n d a r y  la y e r .
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RESULTS OP THE CALCULATION OP THE AXISYMMETRIC PLOW IN AN 
AXIAL PLOW COMPRESSOR AND COMPARISON WITH MEASURED DATA

H. Wolf

ABSTRACT
A numerical method for the calculation of the axisymmetric 
flow is applied to an axial flow compressor stage. The cal
culated radial distributions of the axial velocity are com
pared with experimental data in the planes at the entry to 
and the exit from blade rows. Secondly an approximation 
method is derived which can be applied to the design of bla
ding as well as the calculation of a given blading. The com
parison of the results obtained by this simple approach 
shows very small differences.

1. INTRODUCTION
At the sixth Conference on Pluid Machinery in BUDAPEST in 
1979 we presented a paper on the calculation of the axisym
metric flow in axial flow turbomachines [1]. In the following 
years we have continued our investigations. We have conti- 
nously improved both the method and the computer programme 
and calculated numerous axial flow gas turbine and compressor 
stages and as far as possible compared the results with ex
perimental data, too. Some results were published inL2].
This paper deals with our investigations on axial flow com
pressor stages. Por the purpose of the comparison the data 
of the compressor stage from BOOS[3] are available. This 
compressor stage was designed for high subsonic Mach numbers 
and the flow measurements were performed from hub to tip up
stream and downstream of the rotor and stator blading. These 
investigations resulted in essential information on the se
condary and leakage flows in the rotor and stator blading 
and on the differences of the losses and the deflection angle 
compared with the values of straight cascades.
The exact determination of the radial flow distribution in 
axial flow stages requires the solution of the boundary value 
problem for the complete meridional plane with consideration 
of the tangential velocity distribution in this plane. This 
distribution is given by the cascade geometry or obtained by 
the law of moment of momentum for the range outside the cas
cades, respectively. But the detailed blade geometry is only 
known for the calculation of a given blading (direct problem). 
The design of blading (indirect problem) requires a more or 
less iterative procedure. This procedure takes a great deal 
of time and is expensive, too. The extent of solving the in
direct problem can be reduced essentially if the influence 
of the meridional streamline curvature on radial equilibrium 
can be evaluated in a simple way. In part 3 an approach for
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determination, of the complete radial equilibrium is suggested. 
This approximation renders possible the integration of the 
differential equation of radial equilibrium in the case of 
the indirect as well as the direct problem.
2. NUMERICAL CALCULATION AND RESULTS
The flow is assumed to be steady and axisymmetric. The losses 
of mechanical energy caused by friction on the blade surfaces 
and on the annulus walls and by secondary and leakage flows 
are taken into consideration by loss coefficients which in
crease in a determined way within the cascades from section 
to section. Therefore experience is necessary to evaluate the 
increase dependent on the x-coordinate. We can obtain some 
information by boundary layer calculations.
Due to axisymmetric flow the quantities are only dependent on 
the meridional plane coordinates. A grid in the meridional 
plane, as shown in Pig.2, is used for the calculation. The 
grid consists of a number of parallel straight lines x=const. 
the so-called calculation sections (RS) and the calculation 
streamlines z=const. The complete numerical calculation is 
performed in the intersection points (RP) of these two groups 
of lines. The method for solving the system of nonlinear par
tial differential equations was described in [2]. The differ
ential equation system involves in addition to the continuity 
and energy equation the important condition of the radial 
equilibrium, and furthermore, involves relations on the kine
matic conditions within and outside the cascades and function 
of the thermodynamic quantities. The following function for 
the static pressure dependent on x and r or x and z, respec
tively, is assumed in the numerical solution procedure

p(«,n = l b;(t) Pifcz-1) (1)
i=0

where P. are the LEGENDRE polynomials. Because P =1, the 
first term in eqn.(1) does not influence the radial pressure 
gradient, it ir used for fulfilling the continuity equation. 
Due to the iterative solving procedure we also have to as
sume a first approximation of the stream function and
we have to take into consideration that the total quantities 
of the flow, e.g. the total enthalpy, are carried along the 
streamlines ̂ =const. The continuity equation is identically 
fulfilled by the relations

r _  i r _ 'I dY

A first flow state can be determined by using a first appro
ximation of the distribution p(x,r). This flow fulfills all 
equations except the radial equilibrium equation. We have to 
correct the coefficients b^ in eqn.(1) in such a way that
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the deviation from the radial equilibrium becomes zero. The 
first approximation of the coefficients b. can be rough. The 
start approximation of the stream funktion results from an 
assumed distribution of a constant flux density and the given 
mass flow rate in every calculation section RS. So we can 
calculate the gradient of the streamlines in every RP. The 
solution of the boundary value problem is given, if that 
pressure distribution is found out to be the deviation of 
the radial equilibrium F(x,z) is zero in every RP. But since 
the number of the streamlines and, consequently, the number 
of the calculation points in every section RS is generally 
greater than m (3-5; we define m integrals for every RS

■i

G,-(x) -  jF (x ,z .)z ,~'rdz (3)
z=o

and require the integrals to become zero by the iteration 
process.
In Fig.1 the calculated radial distributions of the axial 
and radial velocity components and of the static pressure 
are shown together with the measured axial velocity. The 
measured values are a little lower than the calculated ones 
although the mass flow rate has exactly the equal value. The 
difference between the theoretically and experimentally ob
tained density has the opposite tendency. After involving 
considerations on the accuracy of the experimental investi
gations we can conclude that the difference is mainly caused 
by measurement uncertainties.
Some of the calculated meridional streamlines are shown in 
Fig.2. The curvature of these streamlines is only small. But 
if we consider the proportion of the terms in the radial 
equilibrium equation we obtain the values in Table 1 for 
the mean radius.

Table 1
rotor row rotor row stator row
inlet outlet outlet

Orderly+Crdct~ldh 0>7653 1,0623 -3,4272

3. AN APPROXIMATION METHOD
The meridional flow in axial flow turbomachines can be rather 
exactly calculated using numerical methods according to part 
2. However we can only apply this method or similar ones for 
solving the direct problem because the detailed blade geo
metry must be known. Of course, we can design a blading in 
an iteration procedure although the expense is enormous and 
the application of an approximation is mostly more favourable. 
The deviations caused by the approximations can be easily
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evaluated by comparison with the results of the more accurate 
method. In this part we present a simple approach.
If we apply the equation of the radial equilibrium

C Ä  + сгЦг _ ----(4)
d* dF r * f dr f

to the range outside the blade rows the blade force is zero 
and, furthermore, if we introduce the entropy and the total 
quantities, we can transform eqn.(4) to

1 'dV*_(T-T*)h + _ c for Ъос dCu (5)
f*d~r ~ l Jdr + r c*dx +c*dr + C“dr

Assuming perfect gas and adiabatic conditions (dT*/<3r=0) we 
obtain

к  »  _  A  (6)
dr 'p*' or

and eqn.(5) yields

от *тd p r_ / c i _ ,  dcr. (1) 
*'тгТ"~(~ хдГ ~̂ 7F/ + Г  (7)

She first term in brackets in eqn.(7) can be calculated as 
follows: Due to design of axial flow blading a distribution 
of the tangential component of the mean stream velocity

^  _  fr j 1 (8)
Г-U-CD I  ̂)

is stated and the exponent q is chosen. If, furthermore, the 
specific blade work shall be constant along the blade length, 
the relation

- ^ r  =  (9)
A Cu I t )
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is valid. Using eqns.(8) and (9) we can easily calculate the 
term c^/r in eqn.(7)

(io>

Our investigations have shown that the influence of the other 
two terms in brackets of eqn.(7)» especially the curvature 
term as the more important one, can be taken into conside
ration, if the following approximation in regard of eqn.(10) 
is made.

^  J|£ Jf.
The correction factors<x,/3 , are essentially dependent on 
the related blade width and on the exponent q. An influence 
of Mach number is to be expectet, too.
We substitute the expression in brackets of eqn.(7) by 
eqn.(11) and if we neglect the temperature alteration, the 
differential equation can be integrated. The error is very 
small for small integration steps. The integration for q=f=1 
yields

*■ x-1 ,.*2- f r, 29-,

- ( Ю

02)

For q = 1 the second term has to be replaced by the 
expression

-ß*M*aucoAM*au Ái С*#—  (13)

The Mach numbers nave to be related to the velocity of sound 
a* or a^ , respectively.
The stepwise calculation begins at the mean radius using the 
known values of the one dimensional calculation. After the 
first calculation inclusive the comparison of the mass flow 
rate with the given value the Mach number at the mean radius
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has to be corrected and the calculation has to be repeated. 
For determining the total pressure p*(r^) by using loss coef
ficients it is sufficient to use the known velocity c(r,) or 
w(r(), respectively.

jlL
In the case of total pressure p (r) = const, we can easily 
integrate eqn.(7). We ubtain the radial distribution of the 
axial velocity component (q ф 1)

For q = 1 the third term of the root has to be replaced by 
the expression

^ 2 р % м лси 1 (15)

In the case of the indirect problem we usually cannot take 
into consideration the exact distribution of the losses 
especially in the range of the walls, because the blade twist 
would be very complicated. The application of eqn.(14) is 
favourable. Using this equation together with eqns.(8) and 
(9) and a chosen exponent q we obtain the radial distribution 
of the angles а-гд (r). The problem consists in the evaluation 
of the factors a,’**, ß*, . For the investigated axial flow
compressor stage (Fig.2) with q = o,6 we obtained л * = 0,771 
/?*= 0,608 /*■= 0,711.
If we will take into account the influence of secondary and 
leakage flow on losses and flow angles especially in the case 
of a given blading we have to apply eqn.(12) and to calcu
late step by step. The results of this approach are also 
shown in Fig.1. The agreement with the results of the nume
rical method according to part 2 is good. Of course, this 
good agreement is also caused by the fact that accurate 
values of the correction factors were known for this example. 
In our further investigations in this field we will obtain 
more knowledge on the correction factors <x*, /3* , .
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Fig.1 Radial distributions of velocity components and pres
sure in the reference planes of the compressor stage 
r = 0,205 m, n = 175 1/s, m = 13,89 kg/sEL
numerical method---  simple approach---- measured О
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Pig.2 Meridional plane of the axial flow compressor 
stage and some calculated streamlines
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NOTATION
c absolute velocity
c , c , c axial, radial and tangential

components, respectively, of c
Fr radial component of blade force
к blockage factor
Ma Mach number related to critical

condition
m mass flow rate
n rotational speed
p, p* static pressure, stagnation pressure
r, r radial coordinate, reference radius
s specific entropy
T, T absolute temperature, absolute stag

nation temperature



x axial coordinate
z dimensionless radial coordinate
a angle between absolute velocity

and peripheral velocity
X. specific heat ratio
у, у density, density of stagnation condition
Subscripts
1, 2 rotor row inlet, outlet
3 stator row outlet
00 main stream flow
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