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Summary

A finite-difference procedure is employed to predict the three-dimensional turbulent flow in a rotating
radial impeller. The flows are treated as ‘partially parabolic’ and the turbulence phenomena are represented
by a two-equation turbulence model involving the solution of two differential equations, one for the kinetic
energy of turbulence and the other for its dissipation rate. Parametric computations have been performed to
study:

(a) the effect of rotation on the three-dimensional flow pattern;

(b) the effect of geometrical and flow parameters on the performance of the impeller.

* Replaces A.R.C. 37 188.
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1. Introduction

1.1. The Problem Considered

The present paper describes the application of a ‘partially-parabolic’ procedure to the prediction of
three-dimensional turbulent flows in, and the performance parameters of, a radial impeller.

1.2. Past Work

The literature on flow in rotating passages is extensive and has been systematlcally reviewed by Johnston
(1970)°. However, few experimental investigations (e.g. Moore (1973)°, Rothe and Johnston (1975) % on
rotating radial impellers have been reported so far. Recently Eckardt (1976)' presented a detailed
measurement of flow in a ‘mixed’ flow impeller.

The earlier theoretical investigations on rotating passages are mostly based on the inviscid-flow theory of
Stanitz and Ellis (1949)'!. Recently Moore (1973)° presented an analysis, based on an integral method, to
predict the secondary flows in a rotating radial impeller. An earlier communication (Pratap et al. (1976)° )
demonstrated that the three-dimensional parabolic solution procedure of Patankar and Spalding (1972)
was accurate enough only for the situations when the rotational effects are small, and the exit influences are

not appreciable. On the other hand, a recent communication (Ma]urndar and Spalding, 1976)° demonstrates
that the partially -parabolic procedure of Pratap and Spaldmg (1976)° gives a satisfactory agreement with the
experimental results of Wagner and Velkoft (1 972)".

1.3. Present Work

Computations have been performed for the situation illustrated in Fig. 1 by the partially-parabolic
procedure. Turbulence is represented by a version of the two- equatlon turbulence model (Launder and
Spalding, 1974)* originally proposed by Harlow and Nakayama (1967

The main objective of the present work is to study the influence of rotation and exit conditions on the
three-dimensional flow pattern and to predict the performance parameters (e.g. non-dimensional pressure
rise) for various flow and geometrical parameters.

The effects of the following parameters on the non-dimensional pressure-rise characteristics have been
studied:

A. Reynolds number (R =pw,H1/u)*.

B. Exit-to-inlet radius ratio (7ep/Fintet)-

C. Inlet aspect ratio (F/B,).

C. Number of blades (N =27/ 61).

E. Exit-to-inlet height ratio (H»/Hy).

2. Prediction Procedure

2.1. Equations of Motion

With reference to the co-ordinate system shown in Fig. 1, the equations of motion to be solved are:

Continuity:
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* The notation is explained in the List of Symbols.
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Here it should be noted that the terms expressing the diffusion of momentum in the radial direction have
been omitted, so as to preclude all influences from downstream other than that of pressure.

2.2. Turbulence Model

The effective vnscosnty, Metr, appearing in equations (2) to (4) is calculated from a version (Launder and
Spalding, 1974*) of the two- -equation turbulence model first proposed by Harlow and Nakayama (1967).
No special terms have beer. included for the production and dissipation of turbulence energy by rotational
effects.

The governing differential equations for turbuleat kinetic energy, k, and its dissipation rate are thus:

Kinetic energy for turbulence:
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The expression for g is:
tett = 1+ Copk’/e ®)

The model contains five empirical constants, to which are assigned the following regular values (Launder and
Spalding, 1974)".



Cp- C1 C2 Ok T

009 | 1-44 {1-92 | 1.0 | 1-3

A ‘wall-function’ treatment as described by Launder and Spalding (1974)* is adopted for the near-wall
regions.
2.3. Solution Procedure

The governing differential equations as described in Sections 2.1 and 2.2 are solved by the partially-
parabolic procedure of Pratap and Spalding (1976)°. The details of the finite-difference equations and the
solution procedure appear in Appendix A.

3. Details of Parametric Study

3.1. Flow Situation Considered

Fig. 1 describes the flow situation considered. Plane 1 and Plane 2 indicate the inlet and exit plane
respectively.
3.2. Boundary Condition

3.2.1. Inlet Condition. At inlet, the three velocity components (i, v and w) are prescribed.
The radial-velocity distribution has been determined from the inviscid analysis of Moore (1973)° which
states that: '

1 ow
plvEy 20 ®
The resulting expression becomes:
_ O
w(0,y)=w+20r<0——-—2—- (10)

where Oy is the included angle of the diffuser, W is the cross-sectional average velocity, () is the angular
velocity of the diffuser.
Secondary velocities (4 and v) are set to zero.

3.2.2. Exit condition. In the majority of the test cases to be described in this report, the pressure
distribution in the exit plane conforms to a quasi-one-dimensional inviscid solution (Rothe and Johnston,
1975)10. According to this analysis, the pressure distribution at exit plane can be written as

i ex;;;;i"‘“ =1~ et 4Ro(1 —f;) (1)
where
P=p—3pQ°7,
AR = (rp0m)/ (Finiee ),
OB,

Ro= (‘QrinletolN)/Wl =

1

One test case has been selected to study the influence of exit-pressure distribution. In that particular test
case, the pressure distribution at the exit plane has been assumed to be uniform, i.e. 9p/98 = 0.
This implies that the fluid at the exit of the duct is discharged into a uniform pressure surroundings.



3.3. Classification of the Test Cases

The present parametric study is constituted of sixty-seven test cases. The parameters considered are
already described in Section 1.3. Table 1 describes in detail the scope of the present study.

It may be noted that the test case selected to study the influence of exit pressure distribution has not been
classified in Table 1.

3.4. Computational Details

All the test cases (except Bl and B2, see Table 1) have been computed with a 9(é-direction)x 9(y-
direction) X 21(r-direction) grid nodes. In test cases under serial numbers B1 and B2, the grid nodes in the
radial direction are reduced to 16 and 11 respectively as in these test cases the radius ratio has been reduced
to 2-0 and 2-5 respectively; the grids in the x- and y-direction are kept the same.

The convergence is checked by examining the magnitude of the normalised integrated mass imbalance,
Sn.. This is defined as:

s = Y1 |mass imbalance in each cell|

inlet flow

where n is the number of cells in a two-directional marching plane.
The maximum permissible value of this non-dimensional measure of mass imbalance was 0-005. Typical
computation times was 33 seconds on a CDC 6600 computer for a complete impeller calculation.

4. Results and Discussion

4.1. Efiect of Rotation on Flows

In this section, the effects of rotation on overall flow pattern and on the individual flow properties are
examined.

4.1.1. Particle tracks. Fig. 2 represents the computer-generated particle tracks at Ro =0-05. At inlet, a
number of particles are injected near the hub and shroud surfaces, as well as on the centre line.

This demonstrates that the particles in the hub and shroud boundary layers are transported to the suction
side. In the central plane, the particles move to the pressure side.

Fig. 3 represents a similar set of particle tracks at Ro =0-09. Evidently the flow pattern is similar.
However the turning of the tracks is relatively more than that observed in Fig. 2.

A clearer demonstration of the relative turning of the tracks for two different rotation numbers (Ro = 0-05
and 0-09) has been provided in Figs. 4 and 5.

A detailed discussion of the flow pattern in a rotating rectangular passage has been presented by
Majumdar and Spalding (1976)°. The same arguments are also applicable here.

4.1.2. Radial velocity distribution, w. Figs. 6 and 7 represent the radial velocity (w = w/Ww,) contours at
three different radial planes (7/ry, = 0-33, 0-66 and 0-97) for Ro = 0-05 and 0-09 respectively.

It should be noted here that, at inlet, the prescribed velocity distribution (equation (10)) has its peak on
the suction side. It is observed that, as the flow develops, the velocity maximum is shifted towards the

pressure side. When the rotational effects are large (Fig. 7) the retardation of suction-side boundary layer is
relatively greater.

4.1.3. ‘Blade-to-blade’ velocity distribution, u. Figs. 8 and 9 represent the ‘blade-to-blade’ velocity
contours (i = u/w) at three different radial planes (r/rs,=0-33, 0-66 and 0-97) for Ro =0-05 and 0-09
respectively.

It has been observed that the non-dimensional ‘blade-to-blade’ component of velocity increases as the
flow develops in the radial direction. With the increase of rotational effect, i has also been found to increase.

4.1.4. Pressure distribution. Figs. 10 and 11 represent the pressure contours at the central plane (y/H =
0-5) for Ro =0-05 and 0-09 respectively.

These indicate that the predicted pressure distribution in the #-direction (pressure to suction) is almost
linear. It should also be noted that the non-dimensional pressure increases with increase of rotational
number.



4.1.5. Turbulence quantities. Figs. 12 and 13 represent the turbulence energy contours at three different
radial planes (#/ry,=0-5, 0-66 and 0-97) for Ro = 0-05 and 0-09 respectively.

Turbulence energy has been found to increase with rotational number and, as expected, the turbulence
energy is relatively higher near the wall than that in the middle of the duct.

4.1.6. Turbulence length scale. Figs. 14 and 15 represent the turbulence-length-scale contours at three
different radial planes (r/ry, = 0-5, 0-66 and 0-97) for Ro = 0-05 and 0-09 respectively.

It may be noted that, unlike other quantities, the length-scale distribution is not appreciably affected by
the increase of rotational number.

4.2. Efiect of Exit Pressure Distribution

Fig. 16 represents the pressure distribution for the test case in which a uniform exit-pressure distribution is
assumed. It is observed that, near the exit, the pressures at suction and pressure side adjust themselves to
match the uniform exit distribution. This produces a favourable pressure gradient on the pressure side and
an adverse gradient on the suction side.

Fig. 17 represents the particle tracks for this test case. It may be noted that the effect of exit conditions is
insignificant at inlet, and for the first three quarters of the passage length. The distinctive features of the
observed flow pattern from those of test cases examined earlier (Figs. 2 and 3) appear in the last quarter of
the passage length. The fluid particles in the hub and shroud boundary layer also move towards the pressure
side. This is due to the fact that the flow is accelerated on the pressure side under the action of favourable
pressure gradient whereas in the suction side it is decelerated due to adverse pressure gradient. Thus, a
relatively larger amount of fluid is discharged from the pressure side.

4.3, Performance of Rotating Impeller

This Section presents the results of parametric studies on the predicted non-dimensional pressure-rise
characteristics. The details of the parameters studied have already been described in Section 3.

The predicted results have been compared with the quasi-one-dimensional potential-flow analysis of
Rothe and Johnston (1975)'° (described in Appendix B).

4.3.1. Effect of Reynolds number. The variation of average pressure rise (C, .y} with rotation number (Ro)
has been shown in Fig. 18. The inviscid solution also appears in the figure.

The difference between the inviscid solution and the predicted solution is evidently due to viscous and
secondary losses. It should be noted that the pressure rise increases with the increase of Reynolds number as
viscous losses are less at higher Reynolds number.

Tables Al, A2 and A3 provide the tabulated results of the predicted non-dimensional pressure rise and
the maximum secondary velocities at exit,

4.3.2. Effect of radius ratio, tip/tiner. Fig. 19 represents the variation of non-dimensional pressure rise
(Cp.av) with rotation number (Ro) for different radius ratios. Tables B1, B2 and A2 provide the tabulated
result for this study item.

Evidently, with the increase of radius ratio, the pressure rise increases. The predicted distributions are in
agreement with the expectation.

4.3.3. Effect of inlet aspect ratio, Hi/B1. A similar representation of pressure-rise (C,.y)~ rotation-
number (Ro) characteristics for three different inlet aspect ratios have been provided in Fig. 20. Tables C1,
C2 and A3 provide the tabulated results for these cases.

It has been found that the pressure rise increases with the increase of inlet aspect ratio.

This is due to the fact that the secondary losses are reduced in a narrower channel. Tabulated results
(Table C1, C2 and A3) indicate that the maximum secondary velocities are reduced with an increase of
aspect ratio in an otherwise identical situation.

4.3.4. Effect of number of blades (N =21/6m). The effect of the number of blades on C,.,— Ro charac-
teristics has been shown in Fig. 21. Tables D1, D2 and A3 provide the tabulated results for these cases.

It is observed that the pressure rise appreciably increases at higher rotation numbers with an increase of
the number of blades.

The cause of such a phenomenon can be explained by examining the magnitude of secondary velocities. It
has been found (Tables D1, D2 and A3) that the magnitudes of the secondary velocities are appreciably



reduced by increasing the number of blades. This is due to the fact that the aspect ratio (H/B) increases with
the increase of number of blades although the inlet aspect ratio (H,/B,) has been kept constant.

4.3.5. Effect of exit to inlet height, H,/H,. The effect of exit-to-inlet height ratio on C,,,~ Ro charac-
teristics has been investigated and appear in Fig. 22. Tables E1, E2 and A3 provide the tabulated results for
this study item. The pressure rise is found to decrease with the decrease of exit to inlet height ratio (H,/H)).

This observation is also in agreement with the expectation as a decrease of H,/H, implies a reduction of
area ratio and hence a decrease of pressure rise.

5. Conclusions

Predictions have been obtained for detailed flow patterns, as well as performance parameters, in radial
impellers. The predictions show physical realism and are in reasonable agreement with the expectation.
Further tasks are the following:

(1) Extension of the present procedure to handle the curvature effects at inlet.

(2) Predictions of flows in Eckardt’s (1976) impeller.
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APPENDIX A

Details of the Partially-Parabolic Solution Procedure

A.1. Finite-Difierence Equations

The finite-difference equations are obtained by integrating the differential equations expressing the con-
servation of mass (equation (1)), momentum (equations (2)-(4)) and the scalar flow properties (equations 5)
and (6)) over a control volume. The details of derivation of the finite-difference equations from the
differential equations are identical to that in the parabolic calculation procedure and are described by
Patankar and Spalding (1972)’.

The three velocity components and pressures are stored in staggered positions on the finite-difference
grid. The definitions of control volumes and storage of variables are shown in Fig. 23.

The difference equations can be stated as follows:

Continuity:
C*[(pu)e — (pu)p]+ C°[(p)n — (pv)p] + C*[(pw), —(pw)u] =0 (A.1)

Momenta:
UP=A1'<]UN+AEUS+AE‘UE+A"‘VUW+BH+DM(pp_pW), (A2)
VP=AR]VN+A§VS +AOEVE+AIéVvW+BU+DU(pp—ps), (A3)
WP=A?}WN+A§,W5+A2{‘WE+AV&/WW+BW+Dw(pp—pp), (A4)

Scalar property, ¢:

¢p=Afdn+ASps + Al + Abdw +B® (A5)

In the above equations, the A coefficients express the combined effects of convection and diffusion, linking
the property at P with its neighbours in the cross-stream plane (Fig. 23); the B coefficients express the
contribution of upstream convection and of source terms. The ‘C’s represent areas of cell faces across which
mass is convected, and the ‘D’s are coefficients linking pressure differences to corresponding velocities. The
subscripts P, N, S, E, W, D and U refer to variables at the grid nodes; and the subscripts p, », s, e, and w
denote the variables at the interface locations shown in Fig. 23. The symbol, ¢, stands for the kinetic energy
of turbulence, k and its dissipation rate, &.

A.2. The Solution Procedure
Main Features

The aim of the solution procedure is to seek a simultaneous solution of the finite-difference equations
expressed by equations (A1-A.5). The unknown in these equations are the three velocity components, u, v
and w, the pressure, p, and the turbulence properties (k and ). Since the three momentum equations (A.2,
A.3 and A.4) are coupled through the unknown pressure field, it has been necessary to employ an iterative
‘space-marching’ procedure for their solution. The main features of the present solution procedure are as

follows:

(1) The solution procedure employs a guess-and-correct procedure for the calculation of the correct
pressure field. Several ‘marching’ integrations along the predominant flow direction are made through the
flow domain and the pressure field is corrected each time so as to bring the velocities into conformity with
the continuity equation.

(2) The pressure field is stored as a three-dimensional array and is ‘updated’ in each ‘march’ through the
flow domain. All other variables and the coefficients are stored as two-dimensional arrays.

(3) The finite-difference equations are solved by a tridiagonal matrix algorithm (TDMA), along lines in
the @ and y directions; in this, when the equations are solved along lines of constant-6, the values of the
variables at adjacent y-locations are kept fixed; and vice versa.

Sequence of Calculation Steps

The sequence of calculation steps is the following:
1. The three-dimensional pressure field is first assigned guessed values.

11
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2. A marching integration in the radial (r) direction through the flow domain is initiated; and, from the
inlet distributions of u, v and w their distributions at the next downstream plane are calculated. The pressure
gradient terms are evaluated from the guessed pressure field; and the coefficients A, B etc. (appearing in
equations A.1 to A.5) are evaluated from variables in store at that instant. The equations are solved using a
tri-diagonal matrix algorithm (TDMA) (details are given by Patankar and Spalding (1972)).

3. The newly calculated distributions of 1, v and w are checked to satisfy the mass continuity at all the
control volumes in the current cross-stream plane. The pressure and velocity fields are then corrected by
solving a pressure-correction equation so as to remove errors in the mass-continuity. The derivation and the
solution of the pressure-correction equation have been described by Pratap and Spalding (1976)°.

4. The equations for k and ¢ are solved using the TDMA so as to provide new distributions of effective
viscosity, wesr, appropriate to the new downstream radial plane.

5. Another new downstream radial plane is chosen and the momentum, continuity, k and ¢ equations are
solved as described above. This stepwise march is continued until the end of flow domain is reached. By the
end of one complete marching integration, a new three-dimensional distribution of pressure has been
obtained.

6. Steps 2, 3, 4 and 5 are then repeated until the continuity error, S,. as defined in section 3.4, have
become smaller than a preassigned value (0-005).

APPENDIX B

Inviscid Analysis

In this Section, a simplified inviscid analysis is outlined; this analysis provides an expression for the exit
pressure distribution which has been used in the present study.

With the assumption that longitudinal velocity, w, is a function only of longitudinal coordinate, r, the
equation for the continuity and momentum for incompressible, potential flow can be written in the following
simplified form.

Continuity:
1'T;(r)relN = M—)lrinletolN (B].)
6-momentum:
.. 1lapP
209 ()=~ = 8.2)
r-momentum:
] w(r)z) 1ap
T\, ) ET T 3
ar( 2 p or (B.3)

The two-dimensional pressure field, P(6, r) can be determined by integrating the momentum equations

(Equations B.2 and B.3) with the aid of continuity equation (equation B.1). The resulting exit pressure
distribution can then be written as:

Pesit— PinierS 1 (fﬂ‘e_‘)z N (4QrinletolN)( [/} ) (B.4)

T3 - 1——
20W1 Fip W O
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TABLE 1

Details of Parametric Study

Flow and geometrical parameters

Inlet Exit to
Reynolds Radius aspect Number of | inlet height
Study Serial number ratio ratio blades ratio
items number* R Fiip/ Finlet H,/B; N H,/H,; |Remarkst
A. Effect of Al 0-5%10° 3-00 05 24 1 Table A.1
Reynolds A2 1x10° 3-00 05 24 1 Table A.2
number A3 2x10° 3-00 0-5 24 1 Table A.3
B. Effect of B1 1x10° 2:0 05 24 1 Table B.1
radius B2 1x10° 25 05 24 1 Table B.2
ratio B3 1x10° 30 05 24 1 Table A.2
C. Effect of C1 2x10° 3-0 1-5 24 1 Table C.1
inlet aspect C2 2x10° 30 1.0 24 1 Table C.2
ratio C3 2x10° 3-0 0-5 24 1 Table A.3
D. Effect of D1 2x10° 30 0-5 36 1 Table D.1
number of D2 2x10° 30 0-5 30 1 Table D.2
blades D3 2x10° 30 0-5 24 1 Table A.3
E. Effect of El 2%10° 3.0 0-5 24 0-64 |Table E.1
exit to inlet E2 2% 10° 3-0 05 24 0-80 |Table E.2
height ratio|  E3 2%10° 30 05 24 1-00 |Table A.3

* Under each serial number computations have been performed for six different rotation numbers
(Ro =0-01, 0-03, 0-05, 0-07, 0-09, 0-11).
t Tabulated results for each item appear in the table number shown in this column.
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TABLE A.1

Tabulated Results for Item No. A.1
Ttip/ Finter = 3+0
H,/B;=05
H,/H,=1-0
N=24
R=0-5x10*

1 2.2 1 2.2
_ (pexit.pressure —3p Q Tiip ) - (pinlet,suction - ZPQ Finlet )
CP_P = 1 -2
2pW

1 2.2 1 2.2
_ (pexit,suction —2p0 Q Ftip ) - (pinlet,suction 20 Q Finlet )
CP,S = T -2
2PW

Crpav= %(CP.P + Cps)

Non-dimensional pressure rise Predicted maximum
Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
(9?—‘) Cor | Cos | G | Cor | Gos | Cow | a=ltmed | polomsd
Wi Wi Wi
0-01 0-7442 | 0-7176 | 0-7309 | 0-9269 | 0-8909 | 0-9089 0-0132 0-0024
0-03 0-8022 | 0-7223 | 0-7623 1-003 0-8949 | 0-949 0.0372 0-00678
0-05 0-8613 | 0-7281 0-7947 1-079 0-8989 | 0-989 0-0576 0-0111
0-07 0-9211 0-7347 | 0-8279 1-155 0-9029 1-029 0-073 0-0147
0-09 0-9811 0-7414 | 0-8613 1-231 0-9069 1-069 0-0833 0-0175
0-11 1-041 0-748 0-8945 | 1-307 0-9109 | 1-109 0-0898 0-0193
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TABLE A.2

Tabulated Results for Item No. A.2.

rtip/rinlet =30

Hl/Bl = 0 5
Hz/Hl = 10 .
N=24
R=1x10°
Cov= (pexit,pressure - %P ertzip ) - (pinlet,suction - %P eriznlet )
PP 1 .2
2PpW1
Coc= ( Pexit,suction ™ %P er t2ip ) — ( Pinlet,suction %P QZ" i2n1et )
PS ™

1 -2
2PpW1

Cpav= %(CP,P + Cps)

Non-dimensional pressure rise

Predicted maximum

Rotation Secondary velocities
number Predictions Inviscid solution at exit plane
Ro
OB __\u v
( - 1) Crp Ces Crav Crp Cps Cray i= | TaXl b= | Taxl
W1 Wi Wy

0-01 0-7556 | 0-729 0-7423 | 0-9269 | 0-8909 | 0-9089
0-03 0-8135 | 0-7336 | 0-7735 | 1-003 0-8949 | 0-949
0-05 0-8727 | 0-7395 | 0-8061 | 1-079 0-8989 | 0-989
0-07 0-9326 | 0-7462 | 0-8394 | 1-155 0-9029 | 1-029
0-09 0-9931 | 0-7534 | 0-8733 | 1-231 0-9069 | 1-069
0-11 1-054 0-7610 | 0-9075 | 1-307 0-9109 | 1-109

0-0126 0-0022

0-0357 0-0063
0-0555 0-0103
0-0709 0-01377
0-0817 0-0165

0-0915 0-0185
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TABLE A.3.

Tabulated Results for Item No. A.3.
Fip/ Finter = 3-0
H,/B,=0-5
H,/H,=1-0
N=24
R=2x10°

1 2.2 1 2.2
Coo= (pexit,pressure - ZPQ T'iip )_— (pinlet.suction - ZPQ Finlet )
PP 1 -2
2pW1

1 2.2 1 2.2
C, _ (pexit,suction - ZPQ rtip ) - (pinlet,suction - ZPQ Finlet )
PS—

Wi
Cpav=3(Cpp+ Cps)
Non-dimensional pressure rise Predicted maximum
Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
QB max| - max
( - 1) Cpp Cps Cpay Crp Cps Cray i= |u_ | U= |v- |
Wi W1 W1
0-01 0-7671 | 0-7404 | 0-7538 | 0-9269 | 0-8909 | 0-9089 0-012 0-002
0-03 0-8254 | 0-7455 | 0-7854 | 1-003 0-8949 | 0-949 0-0342 0-006
0-05 0-8855 | 0-7524 | 0-8189 | 1-079 0-8989 | 0-989 0-0535 0-009
0-07 0-9474 | 0-7609 | 0-8542 | 1-155 0-9029 | 1-03 0-0686 0-013
0-09 1-011 0-7714 | 0-8912 | 1-231 0-9069 | 1-07 0-0805 0-0155
0-11 1-077 0-7839 | 0-9304 | 1.307 0-9109 | 1-109 0-0923 0-0176
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TABLE B.1.

Tabulated Results for Item No. B.1.

Féip/ Fintet = 20

H,/B,=0-5
Hz/Hl =1 0
N=24
R=1x10°
Cop= (pexit,pressure - %P ertZip ) '" (pinlet,suction - %P eriznlet)
PP = 1 -2
2pW1
Coc= (Dexit,suction ™ %P Qr gp )= ( Pintet,suction ™ %P 0 iznlet )
P,S — 1 =2
2PW1

Cpav= HCpp+ Ces)

Non-dimensional pressure rise Predicted maximum
Rotation ' secondary velocities
number Predictions Inviscid solution at exit plane
Ro
(Q—B 1) Cep Crs Crav Crp Crs Crav = luTaxl v= IvTa’J
w1 L1 Wi
0-01 0-6633 | 0-6367 | 0-65 0-788 0-752 0-77 0-0055 0-0024
0-03 0-7144 | 0-6345 | 0-6745 | 0-8640 | 0-7560 | 0-81 0-0137 0-0031
0-05 0-7599 | 0-6267 | 0-6933 | 0-94 0:76 0-85 0-0227 0-0043
0-07 0:7999 | 0-6135 | 0-7067 | 1-016 0-7640 | 0-89 0-0317 0-0058
0-09 0-8344 | 0:5947 | 07145 | 1-092 0-7680 | 0-93 0-0407 0-0073
0-11 0:8634 | 0-5704 | 0-7169 | 1-168 0-772 0-97 0-0504 0-0087
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TABLE B.2.

A Tabulated Results for tem No. B.2.
Piip/ Fintet = 253
H;i/B,=0-5
H,/H,=1-0
N=24
R=1x10°

1 2.2 . 1 2.2
_ (pexit,pressure - EP-Q T'tip ) - (pinlet,suction - ZPQ Finlet )
CP.P - 1 -2

2PW1
_ (pexit.suction - %P ertzip ) - (pin]et,suction - %P eriznlet )
Cps= T -7
2PpW1
Cpav=3(Cpp+ Cps)
Non-dimensional pressure rise Predicted maximum
Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
QB umax - vmax
( ~ 1) Crp Crs Cray Crp Crs Crav U= | - | U= | — |
Wy Wi L
0-01 0-7241 | 0-6975 | 0-7108 | 0-878 0-842 0-86 0-0085 0-0025
0-03 0-778 0-6981 | 0-7381 | 0-9540 | 0-846 09 0-0207 0-0042
0-05 0-8292 | 0-6961 | 0-7627 | 1-03 0-85 0-94 0-0351 0-0059
0-07 0-8779 | 0-6914 | 0-7847 | 1-106 0-8540 | 0-98 0-0505 0-0095
0-09 0-9239 | 0-6842 | 0-8040 | 1-182 0-8580 | 1-02 0-0620 0-0130
0-11 0-9672 | 0-6742 | 0-8207 | 1-258 0-862 1-06 0-0731 0-0142
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rtip/rinlet
Hi/B,
H,/H,
N

R=2x10°

CP,P -

CP,S

=3.0
=1-5
=1.0
=24

TABLE C.1.

Tabulated Results for Item No. C.1.

1 2.2 1 2.2
_ (Pexit,pressure - 2PQ Ttip ) - (pinlet,suction —2p O Finter )

)
20W1

1 2.2 1 2.2
_ (pexit,suction - ZPQ rtip ) - (pinlet,suction —32p Q rinlet)

Cpav=3(Cep+Cps)

12
2PW1

Non-dimensional pressure rise Predicted maximum
Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
(Q-B 1) Cpp Crs Crav Crp Cps Crav = lu'_naxl o= ‘UT“I
W1q Wy w1
0-01 0-7966 | 0-7701 | 0-7834 | 0-9269 | 0-8909 | 0-9089 0-0107 0-003
0-03 0-8539 | 0-774 0-8139 ; 1-003 0-8949 | 0-949 0-028 0-007
0-05 09123 | 0-779 0-8457 | 1-079 0-8989 | 0-989 0-047 0-011
0.07 0-972 0-785 0-8785 | 1-155 0-9029 | 1-029 0-066 0-014
0-09 1-033 0-7933 | 0-9131 | 1-231 0-9069 | 1-069 0-087 0-017

19



TABLE C.2.

Tabulated Results for Item No. C.2.
Ttip/ Finter = 3-0
H,/B,=10
H,/H,=1-0
N=24
R=2x10°

1 2.2 1 2.2
_ (pexit,pressure - ZPQ T'tip ) - (pin]et,suction - ZPQ rinlet)
= i3
2PW1

Crp

1 2.2 1 2.2
(pexit,suction —2p Q rtip ) - (pinlet,suction —3p0 Q Finlet )
1 -2
2PW1

CP,S =

Cpav=3(Cpp+ Cps)

Non-dimensional pressure rise Predicted maximum
Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
(Q__Bl> Crpp Crs Crav Crp Cps Crav U= luT“' V= lUTaxl
Wi Wi Wi
0-01 0-7897 | 0-7631 | 0-7764 | 0-9269 | 0-8909 | 0-9089 0-0115 0-003
0-03 0-8473 | 0-7674 | 0-8074 | 1-003 0-8949 | 0-949 0-0303 0-008
0-05 0-9061 | 0-7729 | 0-8395 | 1-079 0-8989 | 0-989 0-049 0-0122
0-07 0-9664 | 0-7799 | 0-8732 | 1-155 0-9029 | 1-029 0-068 0-0165
0-09 1-028 0-7885 | 0-9083 | 1:231 0-9069 | 1-069 0-0866 0-0195
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TABLE D.1.

Tabulated Results for Item No. D.1.

rtip/rinlet =3-0

Hl/B1 =0-5
Hz/H1 = 1 '0
N=36
R=2x10
Cop= (pexit,pressure - %P ertzip ) - (pinlet,suction _%p eriznlet)
PP 1 -2
2PW1

1 2.2 1 2.2
_ (pexit,suction - ZP\Q' Ttip ) - (Pinlet,suction - ZPQ Finlet )
Cps= T .2

2pW1

CP,av = %(CP.P + CP.S)

Non-dimensional pressure rise Predicted maximum
Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
(9:121) Cpp Crs Cpav Cep Crs Crav a= ‘u':ml v= |vt:ml
Wi Wi W1

0-01 0-7532 | 0-7266 | 0-7399 | 0-9269 | 0-8909 | 0-9089 0-0159 0-0029
0-03 0-8163 | 0-7364 | 0-7764 | 1-003 0-8949 | 0-949 0-0427 0-0091
0-05 0-8865 | 0-7533 | 0-8199 | 1-079 0-8989 | 0-989 0-0610 0-0142
0-07 0-9664 | 0-7801 | 0-8733 | 1-155 0-9029 | 1-029 0-0687 0-0164
0-09 1-061 0-8217 | 0-9414 | 1-231 0-9069 | 1-069 0-0665 0-0166
0-11 - 1-179 0-8863 | 1-0327 | 1-307 0-9109 | 1-109 0-0569 0-0151
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TABLE D.2.

Tabulated Results for Item No. D.2.

rtip/rinlet =3.0

H1/B1 = O 5
Hz/Hl = 10
N =30
R=2x10°
_ (pexit,pressure *%ﬂ ertzip ) - (pinlet,suction - %P erﬁxlet)
Cpp= 1 -3
2pW1
_ (pexit,suction - %P ertzip )— (pinlet.suction - %P eriznlet)
Cps= 1 -2
2PpW1
Cpav= %(CP.P +Cpgs)
Non-dimensional pressure rise Predicted maximum
Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
QB umax - Umax
( - 1) Cep Cps Cpay Cpp Cps Cpav U= | — l V= l - l
Wi W1 Wi
0-01 0-7606 0-7339 0-7473 0-9269 0-8909 0-9089 0-0139 0-0026
0-03 0-8208 0-7409 0-7809 1-003 0-8949 0-949 0-0388 0-0077
0-05 0-8847 0-7515 0-8181 1-079 0-8989 0-989 0-0582 0-0124
0-07 0-9528 0-766 0-8594 1-155 0-9029 1-029 0-0705 0-01604
0-09 1-027 0-7868 0-9069 1-231 0-9069 1-069 0-0755 0-01816
0-11 1-108 0-8153 0-9617 1-307 0-9109 1-109 0-075 0-01904

22



TABLE E.1.

Tabulated Results for Item No. E. 1.

Ttip/ Vinter = 30

H1/B1 = O 5
Hz/Hl = 064
N=24
R=2x10°
(pexit,pressure - %P er:tzip ) - (pinlet,suction - %P eriznlet )
Cpp= 1 -2
2PW1
(pexit,suction - %P ergp ) - (pinlet,suction - %P eriznlet )
Cps= T -2
IPW1

Crav=3(Cpp+ Cps)

Non-dimensional pressure rise Predicted maximum
Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
(Q—B 1) Crp Crs Crav Crp Crs Crav = IuTaxl D= |UTax|
Wi Wy L5
0-01 0-6321 | 0-6054 | 0-6188 | 0-7667 | 0-7307 | 0-7487 0-009 0-022
0-03 0-6895 | 06096 | 0-6495 | 0-8427 | 0-7347 | 0-7887 0-026 0-023
0-05 0-7479 | 0-6147 | 0-6813 | 0-9187 | 0-7387 | 0-8287 0-0437 0-0245
0-07 0-8076 | 0-6212 | 0-7144 | 0-9947 | 0-7427 | 0-8687 0-0604 0-0257
0-09 0-8692 | 0-6295 | 0-7494 | 1-071 0-7467 | 0-9089 0-0763 0:027
0-11 0-933 0-6403 | 0-7867 | 1-147 0-7507 | 0-9489 0-0915 0-028
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Table E.2.

Tabulated Results for Item No. E.2.

rtip/ Fintet = 3-0

H1/B1 = (). 5
H,/H;=0-8
N =24
R=2x10°
C _ (pexit,pressure - %p ertzip ) - (pinlet,suction - %P erizn]et )
PP = 1 .2
2pW1
C, . (pexit,suction - %P ertzip ) B (pinlet,suction - %pﬂzrizn]et )
PSS~ 1 -2
20W1

Cpay=3(Cpp+Cps)

Non-dimensional pressure rise

Predicted maximum

Rotation secondary velocities
number Predictions Inviscid solution at exit plane
Ro
(&_B—l) Crp Crs Cray Crp Crs Ceay u= lur_nax‘ v= lvTaxl
Wi Wy Wi
0-01 0-7230 | 0-6963 | 0-7097 | 0-8664 | 0-8284 | 0-8474 0-0076 0-011
0-03 0-7805 | 0-7006 | 0-7406 | 0-9404 | 0-8324 | 0-8864 0-0195 0-0123
0-05 0-8392 | 0-7060 | 0-7726 | 1-016 0-8364 | 0-9262 0-0306 0-0133
0-07 0-8994 | 0-7129 | 0-8062 | 1-092 0-8404 | 0-9662 0-0398 0-0156
0-09 0-9615 | 0-7218 | 0-8417 | 1-168 0-8444 | 1-006 0-0462 0-0151
0-11 1-026 0-733 0-8795 | 1-244 0-8484 | 1-046 0-0496 0-0202
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Plane 1 Side

Fic. 1. A schematic view of the rotating diffuser and the co-ordinate system.
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ROTATION NUMBER=0.05
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PRESSURE 3I0E
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ROTATING DIFFUSER

SUCTION SIDE

o

e

Fic. 2. A perspective view of particle tracks in rotating diffusers; Ro =005, R=2=10°, N= 24,
Hz/Hl = 1, Hl/Bl =0-5.
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ROTATION NUMBER=0.09

INLET

PRESSURE SIDE SUCTION SIDE

EXIT

ROTATING DIFFUSER

Fic. 3. A perspective view of particle tracks in rotating diffuser; Ro =009, R =2x10°, N =24,
Hz/Hl = 1, H]/Bl ={0-5.
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ROTATION NUMBER=0.0S

PRESSURE SIDE

SUCTION SIDE

ROTRATING DIFFUSER

[LOOKING FROM TOP)

FiGc. 4. A plan view of the particle tracks; particles are injected in the inlet plane at the boundary layer near
the shroud (top) surface; Ro =0-05, R =2x 10°, N=24, H,/H,=1, H/B;=0-5.
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ROTATION NUMBER=D0.08

PRESSURE SIDE

SUCTION SIDE

ROTATING DIFFUSER

(LOOKING FROM YOP)

Fi1G. 5. A plan view of the particle tracks; particles are injected in the inlet plane at the boundary layer near
the shroud (top) surface; Ro =0-09, R =2x10°, N =24, H>/H, =1, H,/B,=0-5.
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ROTATION NUMBER=0.05

PRESSURE SIDE

SUCTION SIDE

ROTATING DIFFUSER

(RADIAL VELDCITY CONTQURS)

FIG. 6. A perspective view of the radial velocity contours [W = w/#w], at three different radial planes
(r/rip=0-33, 0-66, 0-97); Ro=0-05, R=2X 10°, N=24, H,/H =1, H;/B;=0-5.
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ROTATION NUMBER=0.09

PRESSURE SIDE

SUCTION SIDE

ROTATING DIFFUSER

[RRDIAL VELOCITY CONTOURS)

F1G. 7. A perspective view of the radial velocity contours [w = w/ wq] at three different radial planes
(r/rip=0-33, 0-66, 0-97); Ro =0-09, R =2x10°, N =24, H,/H,=1, H;/B,=0-5.
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ROTATION NUMBER=0.0S

onf

‘ool

PRESSURE SIDE

SUCTION SIDE

ROTATING DIFFUSER

{BLADE TO BLADE VELOCITY CONTOURZ)

Fic. 8. A perspective view of the ‘blade-to-blade’ velocity [@ = u/w:] contours at three different radial
planes (#/rip, =033, 0:66, 0-97); Ro =0-05, R=2X 10°, N =24, H,/H;=1, H;/B;=0-5.
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ROTATION NUMBER=D .09

PRESSURE SI0E pp23 6013

SUCTLON S1DE

ROTATING DIFFUSER

(BLADE TO BLADE VELOCITY CONTOURS)

= u/w4] contours at three different radial

Fig. 9. A perspective view of the ‘blade-to-blade’ velocity [#
=0-33, 0-66, 0-97); Ro = 0-09, R=2X 10°, N =24, Ho/H =1, H,/B.1=05.

planes (7/ rep
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ROTATION NUMBER=0.05

PRESSURE SIOE

SUCTICN SIDE

ROTATING DIFFUSER

(PRESSURE CONTOURS)

F16. 10. Non-dimensional pressure (p) distribution at the central plane (Y/H = 0-5) of the diffuser;

5= (P - %p erz) - (pinlet,S - %P eriilet)
oW1

Ro=0-05, R=2x10°, N=24, Hy/H; =1, Hi/B;=0-5.
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ROTATION NUMBER=0.09

PRESSURE SIDE

4

SUCTICON SIDE

ROTATING DIFFUSER

{PRESSURE CONTOURS !
Fic. 11. Non-dimensional pressure distribution (p) at the central plane (Y/H = 0-5) of the diffuser;
(p— %P Q’r 2) —(Pintet,s— %P Qr i%ﬂet)
JoWwi

Ro=0-09, R=2%x10°, N=24, H,/H, =1, H;/B,=0-5.

p'“:
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ROTATION NUMBER=0.0S

PRESSURE SIOE

(=553 == SUCTION SIDE

ROTATING DIFFUSER

{ TURBULENCE ENERGY CONTOURS)

Fig. 12. A perspective view of turbulence energy [k =(k/ w2)x 10*] contours at three different radial
stations (#/rup = 0-5, 0-66, 0-97) Ro =0-05, R=12X 10°, N =24, Ho/H =1, Hi/B1=0'5.
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ROTRTION NUMBER=0.09

PRESSURE SIDE 23
{ 6.6 i
e ol
o [
== 1/3.22
9.9 SUCTION SIDE

ROTATING DIFFUSER

{ TURBULENCE ENERGY CONTOURS)

FiG. 13. A perspective view of turbulence energy [k = (k/ w1)x 10*] contours at three different radial
stations (r/rup =0-5, 0-66, 0-97) Ro =0-09, R =2X 10°, N=24, H,/H =1, H;/B;=0-5.

-
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ROTATION NUMBER=0.0S
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ROTRTING DIFFUSER

S TURBULEMCE LENGTH SCALE CONTOURS!

F1G. 14. A perspective view of turbulence length scale (I = I/ H; X 10%) contours at three different radial
stations (r/rip = 0-5, 0-66, 0-97); Ro=0-05, R =2x10°, N =24, H,/H, =1, H,/B, =0-5.

38



ROTATION NUMBER=z0.09

PRESSURE SIDE
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Vpaxlie 3.5
e N e A e B 4.5
6.5 /3.15 k18
_ =
SUCTION SIDE

ROTATING DIFFUSER

{ TURBULENCE LENGTH SCALE CONTQURS)

Fic. 15. A perspective view of turbulence length scale (I = I/ H; + 10%) contours at three different radial
stations (r/ryp = 0-5, 0-66, 0-97); Ro =0-09, R =2X 10°, N=24, H,/H,=1, H,/B,=0'5.
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ROTATION NUMBER=0.0S

PRESSURE SIQE

-2
160 38/ 32 16
58/ 1) S

SUCTION SIDE

ROTATING BIFFUSER

UNIFORN EX]1T PRESSURE
Fic. 16. Non-dimensional pressure distribution (5) at the central plane (Y/H =0-5) of the diffuser;
uniform exit pressure distributions is assumed.
(P =30 Xr") ~ (Pinters = 30 W rinier)
oW1

Ro=0-05,R=2x10°, N=24, H,/H,=1, H;/B;=0-5.

p-=
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! ROTATION NUMBER=0.05

PRESSURE SIDE SUCTION SIDE
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AN
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ROTATING DIFFUSER

UNIFORM EXIT PRESSURE

Fic. 17. A perspective view of particle tracks in rotating diffuser with uniform exit pressure distribution
Ro=0-05, R=2%x10°, N=24, H,/H,=1, H;/B; =0-5.
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1.02
Inviscid
solutian
0.98]
0.94
0.90

14

Predictions

Fic. 18.

Predicted effect of Reynolds number on pressure rise characteristics;

Cp.av=3Cpp+ Cpg
Co= (pexit _%pﬂzrtzip)— (Pinlet,S '"%pﬂzrifxlet)
P= .
30w}

rtip/-rinlet= 3'0, N= 24‘, Hl/B] =05, Hz/Hl =1-0.
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Inviscid Sclution

Ttip/Tinlet = 2
“SPREDICTIONS
0.6 Y T ' ! '
0 .02 .04 .06 .08 .10 12
RO = @B,
Wq

Fic. 19. Predicted effect of radius ratio on pressure rise characteristics; N =24, R=1X 10°, H,/B,=0-5,
H,/H,;=1-0. ‘
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Inviscid
Solution

Predictioqs
\ Hy/B=1.5 F

0.B8H
0.82
0.78
O-7 ¥ Y T T ¥
0 .02 .04 .06 .08 .10 .12
= R
RO B,
W1

Fic. 20. Predicted effect of inlet aspect ratio on pressure rise characteristics; R =2x 10°, Feip/ Finter = 3°0,
N=24, Hz/H1= 1
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1.024

Inviscid Solutio

0.941

U.829

0.78- Predictions

F1G. 21. Predicted effect of number of blades on pressure rise characteristics; ryp/rio = 3:0, H1/B;=0-5,
H/H;=1, N =30, R=2x10"
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Inviscid Solution

p,av

Predictions

0 .02 .04 .06 .08 .10 .12
RO = QB,/w,

Fic. 22. Predicted effect of exit to inlet height ratio on pressure rise characteristics; rup/¥inter= 30,
H,/Bi=10,N=24, R=2x10.

46



BOUNDARY

d

Control
volume for

UN
W ép and
continuity

VE

Control
volume for

L i Symhol
' l (1)
o (2)
; (1)»}\l
(I
" I (3)
- foor i ,:N ""L'( 2 ).J'L'D =L"‘ J'\E
Al b 'l i.r—— A% —--I
I : ,
L_+_f A
| (3ﬂ
- - > WS |
} } }
...}
: % :
§-y PLAMEZE
Symbol
. (4)
[C4)] ]
— — --%) {\{N = S s
| (5)
L
~ (6)
A, Y ﬁa_mép___f_’)go N A
mul
Pnd K 1 l
I(O)?*~T-~‘
- - A "“‘(é ,:j'.» =D —
YA .
UPSTREAM CURRENT DOWNSTREAM
L PLANE PLANE PLANE
—
r
INLET QUTLET
BOUNDARY BOUNDARY
y— FPPLANE

Fi1c. 23. Definition of control volumes.
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