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total pressure rise across the pump. The pressure fluctuations on the vane pressure
side were significantly smaller than those on the vane suction side. Impeller blade
pressure measurements were made at three impeller bladé pressure taps located on
the impeller suction and pressure side, and at the trailing edge, using four different
diffusers. Independent of the specific diffuser, the largest fluctuations were found
to occur at the impeller blade trailing edge. As the diffuser vane fluctuations, they
were found to be of the same order of magnitude as the total pressure rise across
the pump. In contrast to the pressure fluctuations on the front half of the diffuser
vane which were found to decrease with decreasing flow coefficient, the impeller
blade trailing edge pressure fluctuations were found to increase with decreasing flow
coefficient. For most flow coefficients, the blade pressure fluctuations were found to
be larger at the trailing edge tap than at the pressure side tap, and smallest at the
.suction side tap. Vane angle (i.e., the vane leading edge mean line angle) and vane
number were found to have a significant influence on the impeller blade pressure

fluctuations.
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Fig. 6.1. Performance curves for Diffusers F,G,H and S.



- 175 —

1.0 [T ] T T T
| |
L—I -
& - A ‘A A‘ Iy %
A
i A n
I |
S |
’ 4 Rs/Rp; =105 ¢ =0.10 RPM=1200 1
| A R3/R2 =1.08 ]
0.0 {1 | | ! ] J
LE TE

Fig. 6.2. Steady pressure measurements at mid vane height for Impeller Z1 and
Diffuser S (¢ = 0.10, R3/ R = 1.05 and 1.08, rpm = 1200).
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Fig. 6.3. Steady pressure measurements across the span of the vane for Impeller Z1

and Diffuser S (¢ = 0.10 and 0.135,s = 0.10, R3/Rz = 1.05, rpm = 1200).
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Fig. 6.4. Steady pressure measurements across the span of the vane for Impeller Z1
and Diffuser S (¢ = 0.10 and 0.135,s = 0.37, R3/R, = 1.05, rpm = 1200).
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Fig. 6.5 Diffuser vane with pressure taps at mid vane height.



8!4

Cp,av

-814

- 178 -

- — 8 . . =
FP FS £ tHz] 3208
TAP: S2C )
RS/R2:1.05 h
RPM=3000 d
¢=0.10

12

Fig. 6.6. Spectrum of unsteady vane pressure measurements and ensemble aver-

“aged unsteady vane pressure measurements at pressure tap S2C for Impeller Z1 and
Diffuser S (¢ = 0.10, R3/R; = 1.05, rpm = 3000).
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Fig. 6.7. Spectrum of unsteady vane pressure measurements and ensemble aver-

aged unsteady vane pressure measurements at pressure tap P2C for Impeller Z1
and Diffuser S (¢ = 0.10, R3/Ry = 1.05, rpm = 3000).
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Fig. 6.8. Magnitude of ensemble averaged vane pressure fluctuations at mid vane
" height for Impeller Z1 and Diffuser S (¢ = 0.10, R3/R; = 1.05 and 1.08, rpm =
3000).
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Fig. 6.9. Magnitude of ensemble averaged vane pressure fluctuations at mid vane
height for Impeller Z1 and Diffuser S (¢ = 0.135 and 0.10, R3/R, = 1.05, rpm =
3000).
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‘Fig. 6.10. Magnitude of ensemble averaged vane pressure fluctuations at mid
vane -height for Impeller Z1 and Diffuser S (¢ = 0.135,R3/R; = 1.05, rpm =
3000 and 1200).
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Fig. 6.11. Magnitude of ensemble averaged vane pressure fluctuations at pres-
sure tap S2C for Impeller Z1 and Diffuser S (¢ = 0.06 — 0.135, R3/R, =
1.05 and 1.08, rpm = 1500).
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Fig. 6.12. Magnitude of ensemble averaged pressure fluctuations across the span
of the vane for Impeller Z1 and Diffuser S (¢ = 0.135 and 0.10, R3/R, = 1.05,s =
0.10 and 0.37, rpm = 1200).
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Fig. 6.14. Magnitude of Fourier coefficients of impeller blade passage harmonics
for Impeller Z1 and Diffuser S (¢ = 0.10, R3/R, = 1.05, rpm = 1200).
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Fig. 6.15. Phase of Fourier coefficients of impeller blade passage harmonics for
Impeller Z1 and Diffuser S (¢ = 0.10, R3/R, = 1.05, rpm = 1200).
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‘'Fig. 6.16. Ensemble averaged lift on the diffuser vane at vane mid height for

Impeller Z1 and Diffuser S (¢ = 0.10, R3/R, = 1.05 and 1.08, rpm = 1200).
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Fig. 6.17. Ratio of ensemble averaged lift to steady lift on the diffuser
vane at vane mid height for Impeller Z1 and Diffuser S (¢ = 0.10,R3/R: =
1.05 and 1.08, rpm = 1200).
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Fig. 6.18. Mégnitude of ensemble averaged pressure fluctuations at mid vane
height for Impeller R and Diffuser S (¢ = 0.12, R3/R, = 1.045, rpm = 1800), and
Impeller Z1 and Diffuser S (¢ = 0.10, R3/Rs = 1.05, rpm = 3000).
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Fig. 6.19. Spectrum of unsteady blade pressure measurements and ensemble av-
“eraged unsteady blade pressure measurements at the trailing edge pressure tap for

Impeller Z2 and Diffuser S (¢ = 0.10, rpm = 1500).
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Fig. 6.20. Spectrum of unsteady blade pressure measurements and ensemble av-

eraged unsteady blade pressure measurements at the trailing edge pressure tap for
Impeller Z2 and Diffuser S (¢ = 0.135, rpm = 1500).



- 188 -

8.4

F - D Do P Pl P :

Ch,av . S A P I P P S
T oAl T A A AN T A N S B
RIERN A RN LIRS SWRAY/ WAV IAC SIEAV SINAV + NAY.

6.8 A4 R A BT T T Py g
i A O L A B T A A YA B AR A O
LG UP I (TR L P PV
i W IRV A P P P P .

-8.4

f [Hz] 1680

Blade Trailing Edge
= Diffuser S 7
RPM=1500 .

i ] $=0.06 ]
8 M o
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eraged unsteady blade pressure measurements at the trailing edge pressure tap for
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Fig. 6.22. Spectrum of unsteady blade pressure measurements and ensemble av-

eraged unsteady blade pressure measurements at the pressure side pressure tap for

Impeller Z2 and Diffuser S (¢ = 0.10, rpm = 1500).
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Fig. 6.23. Spectrum of unsteady blade pressure measurements and ensemble av-
eraged unsteady blade pressure measurements at the suction side pressure tap for
Impeller Z2 and Diffuser S (¢ = 0.10, rpm = 1500).
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Fig. 6.26. Magnitude of ensemble averaged pressure fluctuations at the pres-
sure tap on the blade pressure side for Impeller Z2 and Diffuser S (¢ = 0.06 —
0.135, R3/R2 = 1.05, rpm = 1500 and 2100)
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Fig. 6.30. Spectrum of unsteady blade pressure measurements and ensemble av-

eraged unsteady blade pressure measurements at the pressure side pressure tap for

Impeller Z2 and Diffuser G (¢ =

0.10, rpm = 1500).
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Fig. 6.31. Spectrum of unsteady blade pressure measurements and ensemble av-
~ eraged unsteady blade pressure measurements at the suction side pressure tap for

Impeller Z2 and Diffuser H (¢ = 0.10, rpm = 1500).
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Fig. 6.32. Magnitude of ensemble averaged pressure fluctuations at the pressure
tap at the impeller blade trailing edge for Impeller Z2 and Diffusers F, G and H
(¢ =0.06 —0.135, R3 /Ry = 1.05, rpm = 1500).



- 195 -

0.6 T T T T ] T T T T T ' T '
RPM =1500 O Diffuser G
Ra/Rs5 =1.05
0.5 3772 O Diffuser H —
4 Diffuser F
0.4 |- 7
, Cb L av , Pressure Side 5
0.3+ 7
© a)
o o B o
0.2 F RBeoo” o o |
TANYN
5 A A n
0.1} ]
I il 1 i 4[ I 1 1 ! ' i ] 1 1
0 0.05 0.10 0.15

¢

| Fig. 6.33. Magnitude of ensemble averaged pressure fluctuations at the pressure
tap at the impeller blade pressure side for Impeller Z2 and Diffusers F, G and H
(¢ = 0.06 — 0.135, R3/Ry = 1.5, rpm = 1500).
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Fig. 6.34. Magnitude of ensemble averaged pressure fluctuations at the pressure
tap at the impeller blade suction side for Impeller Z2 and Diffusers F, G and H
(¢ =0.06 — 0.135, R3 /R, = 1.05, rpm = 1500).
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Fig. 6.35. Magnitude of ensemble averaged pressure fluctuations at the three im-
peller blade pressure taps for Impeller Z2 and Diffusers F (¢ = 0.06—0.135, R3/ R, =
1.05, rpm = 1500).
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Fig. 6.36. Magnitude of ensemble averaged pressure fluctuations at the three im-
peller blade pressure taps for Impeller Z2 and Diffusers G (¢ = 0.06—0.135, R3 /Ry =
1.05, rpm = 1500).
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Fig. 6.37. Magnitude of ensemble averaged pressure fluctuations at the three im-
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CHAPTER 7

- 7. Conclusion

An experimental investigation of unsteady flow in radial pumps focusing on

impeller blade—diffuser vane interaction was presented.

Steady and unsteady measurements of the flow discharged from two different
centrifugal impellers, a two—dimensional impeller, Impeller Z1, and one half of the
double suction pump impeller of the HPOTP (High Pressure Oxygen Turbopump)
of the SSME (Space Shuttle Main Engine), Impeller R, into vaneless diffusers were
made. The objective of these measurements was to obtain knowledge about the
‘magnitude of the flow nonuniformities at the impeller discharge due to the wakes
shed by the impeller blades and about how rapidly these nonuniformities decay
with increasing radial distance from the impeller discharge. In particular, the mea-
surements were aimed at investigating the nonuniformity of the flow in vaneless
diffusers at radial distances to the impeller discharge equivalent to the radial gaps
between impeller blades and diffuser vanes in diffuser pumps. These measurements

were performed using a total pressure and a three-hole tube.

The unsteady total pressure measurements showed that:
* the total pressure fluctuations very close to the impeller discharge

(r3/Ry = 1.02) are as large as the total pressure rise across the pump.

* the total pressure fluctuations decrease strongly with increasing radial

distance to the impeller discharge.

* for Impeller R significant total pressure nonuniformities occur from hub

to shroud.

Unsteady three-hole tube measurements of the flow discharged by a two-—

dimensional impeller (Impeller Z1) into a vaneless diffuser were made at two ra-
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dial locations, r3/R,; = 1.08 and 1.11, at the diffuser mid height. Comparing the
unsteady total pressure measurements obtained by a total pressure probe at the
same radial position in the vaneless diffuser, it was observed that the total pres-
sure profiles were qualitatively similar; the magnitude of the fluctuations, however,
was larger for the total pressure probe than for the three-hole tube. Hence, the
three—hole tube permits qualitative unsteady measurements, but not quantitatively
accurate unsteady measurements. However, even those qualitative measurements

provided some valuable information on the flow.

* The jet wake model by Dean and Senoo (1960) was qualitatively

confirmed.

* The impeller wakes, however, did not close as close to the impeller dis-

charge (r3/R; = 1.05) as predicted by Dean (1960). This coincides with

| observations made in radial compressor research among others by Eck-

hard (1975, 1976). For maximum flow, the jet—wake pattern could still
be distinguished at (r3/R; = 1.11).

* In addition to the fluctuations predicted by the jet—wake model, a signif-
icant pressure and total pressure drop, possibly resulting from the flow
around the thick impeller blade trailing edge, was observed at the pressure

side of the impeller blade trailing edge.

* Those pressure and total pressure deficits decayed slower than the jet
wake flow pattern with increasing distance to the impeller discharge. The

pressure and the total pressure had therefore not attained axisymmetry

at r3/Ry = 1.11.

The unsteady measurements in the vaneless diffusers showed that large pres-
sure, total pressure and flow angle fluctuations occurred at radial distances down-
stream of the impeller discharge corresponding to locations where the diffuser inlet
is located in vaned diffusers. Hence, the diffuser vanes in diffuser pumps have to be

expected to experience pressure fluctuations due to the impinging wakes shed by
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the impeller blades.

Steady and unsteady diffuser vane pressure measurements were made very ex-
tensively for Impeller R and a vaned diffuser, Diffuser S. Sets of measurements
were obtained for radial gaps of 1.5% and 4.5% of the impeller discharge radius
between impeller blades and diffuser vanes. These gaps are not unreasonably small.
Gaps of 4% are commonly used in high head diffuser pumps (Bolleter, 1988). The

investigations for Impeller R concentrated on:

* Magnitude of the pressure fluctuations.

*  Magnitude of the fluctuating lift.

* Difference in the pressure fluctuations caused by full and partial blades.

* Dependence of the magnitude of the pressure fluctuations on the radial

gap between the impeller blades and the diffuser vanes.

It was found that:

* The largest pressure fluctuations, of the same magnitude as the total
pressure rise across the pump, occurred on the vane suction side close to

the leading edge.

* The pressure fluctuations were largest for maximum flow.

* The pressure fluctuations were larger on the suction than on the pressure

side.

* Increasing the radial gap between impeller blades and diffuser vanes from
1.5% to 4.5% resulted in a significant decrease, especially of the large

pressure fluctuations on the front half on the suction side.
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* The magnitude of the low frequency components (i.e., frequency compo-
nents lower than impeller blade passage frequency) in the spectra obtained
from unsteady measurements made near the leading edge on the vane
suction side increased with decreasing flow coefficient and with increasing

radial gap.

* The fluctuating lift on the diffuser vane was two to three times as large

as the steady lift.

* The magnitude of the fluctuating lift decreased with decreasing flow co-

efficient.

* Significant differences in the vane pressure fluctuations caused by full and

partial impeller blades were observed for low flow coefficients.

Diffuser front shroud pressure measurements were made for the vaned and a
vaneless diffuser of identical side wall geometry as the vaned diffuser. It was found
that the magnitude of the front shroud pressure fluctuations increased with the

presence of the diffuser vanes.

For the two—dimensional impeller, Impeller Z1, a similar program was con-
ducted for radial gaps of 5% and 8% between impeller blades and diffuser vanes.
The vane pressure measurements for Impeller Z1 led to similar findings as those
for Impeller R and will not be repeated here. In fact, the magnitude of the vane
pressure fluctuations and the magnitude of the lift fluctuations were found to be
rather similar for Impeller Z1 for a radial gap of 5% and for Impeller R for a radial
gap of 4.5%. Unsteady total pressure measurements were made for Impeller Z1 at
the mid height of the vaned diffuser used for the vane pressure measurements and
a vaneless diffuser of identical side wall geometry. As for the front shroud pres-
sure measurements made for Impeller R, it was observed that the total pressure

fluctuations increased with the presence of the diffuser vanes.

Unsteady impeller blade pressure ‘measurements were made on a two-
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dimensional test impeller of identical blade geometry as Impeller Z1, reférred to
as Impeller Z2. Those measurements were made for the vaned diffuser used for
the diffuser vane pressure and a second diffuser of identical side wall geometry but
permitted variable diffuser vane geometry to investigate the influence of the vane
number and the influence of the vane angle on the impeller blade pressure fluctua-

tions.

* The largest blade pressure fluctuations occurred, independent of the dif-

fuser vane configuration at the impeller blade trailing edge.

* Those fluctuations increased significantly with decreasing flow coefficient,
in contrast to the largest pressure fluctuations at the diffuser vane suc-
tion side that decreased with decreasing flow coefficient. For a low flow
coefficient, ¢ = 0.06, and a radial gap of 5%, the magnitude of those fluc-

tuations reached = 60% of the total pressure rise at that flow coefficient.

* With the exception of the maximum flow coefficient, the pressure fluctu-
ations at the pressure side trailing edge were smaller than those at the

trailing edge.

* The pressure fluctuations at the pressure tap on the blade suction side
were for all diffuser vane configurations smaller than those at the trailing
edge pressure tap and smaller than those at the pressure side pressure

tap.

* Increasing the vane number from six to twelve resulted in a significant

decrease of the blade pressure fluctuations at all blade pressure taps.

* Decreasing the vane angle from 20 degrees to 10 degrees (for six diffuser
vanes) resulted in a decrease of the large pressure fluctuations at the blade
trailing edge, and an increase of the pressure fluctuations at the suction
side pressure tap (the total pressure rise across the pump was reduced for

all flow coefficients investigated).
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The large pressure fluctuations at the impeller blade trailing edge combined
with the low steady pressure at the pressure side of the impeller blade trailing edge
(measured with a three-hole tube in the stationary frame) may cause in pumps
running at extremely high speeds cavitation damage at the impeller blade trailing
edge, as observed for the pump impeller of the High Pressure Oxygen Turbopump
of the Space Shuttle Main Engine.

The impeller blade pressure fluctuations are the result of potential interaction
between the diffuser vanes and the impeller blades. From the steady vane pressure
measurements for Diffuser S, a significant increase in the lift on the diffuser vanes
(and hence of the circulation about a diffuser vane) was observed when the flow
coefficient was reduced. Hence, the circulation about a single diffuser vane, sensed
‘by the rotating impeller blades as a periodic fluctuation, is increasing with decreas-
ing flow coefficient. This may cause the increase of the pressure fluctuations at the
blade trailing edge with decreasing flow coefficient. Similarly, increasing the vane
number from six to twelve will result in a decrease of the loading of a single diffuser
vane. Hence, the circulation about a single diffuser vane, sensed by the rotating
impeller blades as a periodic fluctuation is decreasing with the doubling of the vane
number. Again, this may be the cause of the smaller blade pressure fluctuations

measured for the twelve vaned diffuser than for the six vaned diffuser.

The large pressure fluctuations on the diffuser vane near the diffuser vane lead-
ing edge behave, as a function of flow coefficient, qualitatively like the total pressure
fluctuations and the diffuser front shroud pressure fluctuations of the flow discharg-
ing into a vaneless diffuser; they are largest for the maximum flow coefficient, and
decrease with decreasing flow coefficient. Similarly, the fluctuating lift on the dif-
fuser vane decreases with decreasing flow coefficient. This may indicate that the
pressure fluctuations on the diffuser vane are dominated by the viscous wake in-
teraction, i.e., the impinging of the impeller blade wakes on the diffuser vanes. If

potential flow interaction was dominant, it should be expected that the vane pres-
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sure fluctuations increase with the flow coeflicient decreasing from maximum flow,
since the blade loading, and hence the blade circulation, is expected to increase
with decreasing flow coeflicient.

Therefore, it was shown that both potential flow interaction and the viscous
wake interaction can cause pressure fluctuations on impeller blades and diffuser
vanes that are of the same order of magnitude as the total pressure rise across the
pump, if the radial gap between impeller blades and diffuser vanes is small, i.e., of
the order of a few percentages of the impeller discharge radius.

Furthermore, it was shown that the fluctuating lift on the diffuser vanes can be
of the same order of magnitude as the steady lift. For high speed, high performance
pumps with extremely closely spaced blade rows, this should be considered in the

structural vane design.
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APPENDIX

Vane coordinates for a diffuser vane of Diffuser S.

Pressure Side Suction Side
M L M L
1 0.0000 0.0082 0.0000 0.0082
2 0.0080 0.0341 0.0281 -.0210
3 0.0221 0.0496 0.0485 —-.0238
4 0.0436 0.0653 0.0751 -.0221
5 0.1010 0.0932 0.1365 —-.0084
6 0.1586 0.1204 0.1980 0.0058
7 0.2165 0.1471 0.2594 0.0196
8 0.2746 0.1733 0.3209 0.0332
9 0.3330 0.1991 0.3824 0.0467
10 0.3917 0.2242 0.4438 0.0601
11 0.4506 0.2487 0.5051 0.0734
12 0.5098 0.2725 0.5664 0.0867
13 0.5694 0.2956 0.6276 0.1000
14 0.6293 0.3178 0.6856 0.1133
15 0.6896 0.3391 0.7496 0.1267
16 0.7503 0.3595 0.8103 0.1401
17 0.8114 0.3788 0.8710 0.1536
18 0.8729 0.3969 0.9315 0.1671
19 0.9349 0.4138 0.9916 0.1808
20 0.9973 0.4293 1.0520 0.1946
21 1.0602 0.4433 1.1121 0.2084
22 1.1236 0.4558 1.1720 0.2224
23 1.1873 0.4666 1.2319 0.2364
24 1.2515 0.4755 1.2916 0.2505
25 1.3161 0.4824 1.3513 0.2647
26 1.3810 0.4873 1.4111 0.2790
27 1.4461 0.4899 1.4709 0.2932
28 1.5115 0.4901 1.5308 0.3075
29 1.5769 0.4884 1.5909 0.3217
30 1.6452 0.4785 1.6817 0.3528
31 1.7230 0.4125 1.7230 0.4125

SUCTION SIDE

PRESSURE SIDE

L
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Coordinates of the front shroud pressure taps (Diffuser S). R is the radius from the diffuser center,
« the angle measured from the leading edge of the diffuser vane in the clockwise direction (leading
edge coordinates: R=3.424 in, « = 0°, M=0.0000 in, L=0.0082 in (see previous table)).

R «
3.554 15.8°
3.554 22.5°
3.554 29.2°
3.554 35.9°
3.850 24.8°
3.850 31.0°
3.850 37.2°
3.850 43 .4°
4.200 32.2°
4.200 40.2°
4.200 48.2°
4.200 56.2°

.
PRESSURE SIDE

Coordinates of the center of the orifice of the total pressure probe during the total pressure measure-
ments for Impeller Z1 and Diffuser S. R is the radius from the diffuser center, o the angle measured
from the leading edge of the diffuser vane in the clockwise direction (leading edge coordinates:
R=3.424 in, o = 0°, M=0.0000 in, L=0.0082 in (see previous table)).

R @
AS1 347 14.5°
AS2 3.47 21.0°
AS3 3.47 27.5°
AS4 3.47 34.0°




