JOURNAL OF PROPULSION AND POWER
Vol. 22, No. 1, January—February 2006

Effect of Tip Clearance on the Cavitation
Performance of a Turbopump Inducer
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The characteristics of steady and unsteady cavitation in a two-bladed inducer for a turbopump are investigated.
A helical inducer with inlet tip blade angle of 7.8 deg and a tip solidity of 2.7 is tested using water as a working fluid.
To determine the effect of tip clearance on the inducer performance, a series of experiments is conducted at three
different tip clearances. As the tip clearance increases, the inducer head decreases and the critical cavitation number
increases. Unsteady pressure measurements at the inducer inlet indicate the existence of attached cavitation and
cavitation surge, but no rotating cavitation in the test inducer. Attached cavitation and cavitation surge appear for
all three cases of tip clearance. The cell number and propagation speed of the attached cavitation are determined
through a cross-correlation analysis. In the case of attached cavitation, one cell rotates at the same speed as that
of the inducer. In addition, the surge frequency decreases with a decrease in the cavitation number, and the ratio
of surge frequency to inducer rotational frequency is found to range from 0.07 to 0.20.

Nomenclature
c = tip clearance
fcs = oscillating frequency of cavitation surge
fyv = inducer rotational frequency
H = inlet blade height
h = inducer total head
py = vapor pressure
po1 = inlet total pressure
p’ = pressure fluctuation
0 = flow rate
0, = nominal flow rate
U, = inducer tip speed
Ay = coefficient of inlet pressure fluctuation, p’/(0.5pU 12,)
o = cavitation number, (po; — p,)/(0.50U32)
o, = critical cavitation number
¥ = head coefficient, 1/ (UZ /2g)

Introduction

ITHIN a liquid rocket engine turbopump, inducers are often

placed upstream of the main impeller to improve the cavita-
tion performance. They pressurize the flow sufficiently to enable the
main centrifugal impeller to operate without cavitation. However,
inducers often suffer from cavitation instabilities such as rotating
cavitation, cavitation surge, and attached cavitation.

Many studies' =6 on inducer cavitation have been conducted, but
most of them are experimental due to the difficulties in prediction by
numerical modeling. Hashimoto et al.' observed supersynchronous
shaft vibrations in the inducer of a liquid oxygen turbopump for the
LE-7 engine. They concluded that these shaft vibrations were caused
by rotating cavitation. A simple modification to the inducer housing
almost completely eliminated the shaft vibrations. Tsujimoto et al.?
investigated various forms of oscillating cavitation, such as rotating
cavitation, attached cavitation, and surge mode oscillations. They
found that the speed of the rotating cavitation was 1.1-1.3 times
higher than that of the inducer with three blades. It is known that
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rotating cavitation occurs in the case of an odd number of blades
and that attached cavitation appears in the case of an even number
of blades. Uchiumi et al.> observed a noticeable deterioration of
suction performance of the LE-7A fuel turbopump, and they found
that the deterioration was a result of rotor vibration caused by a
rotating-stall-type oscillation.

The blade tip clearance of an inducer should be as small as possi-
ble to reduce tip clearance losses, but always sufficient to preclude
detrimental rubbing between the inducer and housing. The rubbing
may induce explosions in the case of oxidizer pumps. A practically
attained minimum value of the ratio of inducer tip clearance to blade
height is 2% for oxidizer applications.® Janigro and Ferrini’ inves-
tigated the effect of tip clearance on the cavitation performance
of an inducer, but they did not consider cavitation-induced flow
instabilities.

We have tested a number of turbopump inducers with various
solidities® and blade angles® to determine the effect of these design
parameters on steady-state performance. In this paper, cavitation
instabilities and the effect of blade tip clearance on the inducer
performance are presented.

Experimental Apparatus

The working fluid used for the test is water at room temperature.
Figure 1 shows an outline of the test loop, where the main pipe
line has a nominal diameter of 100 mm. The inducer is driven by
a variable-speed motor with a capacity of 10,000 rpm and 37 kW.
The flow rate is controlled by a regulating valve. The pressure of
the water tank with 0.9-m* volume is adjusted by using a vacuum
pump and compressed air. A booster pump is employed when the
inducer head is not high enough to circulate water in the test loop.
The booster pump has no effect on the inducer performance.

The inducer for the test (Fig. 2) is a scale model, two times larger
than the original oxidizer pump inducer. Table 1 shows the geome-
try and operating condition of the inducer. The inlet flow coefficient
is defined as the ratio of the mean axial velocity to the tip speed
at the inducer inlet. Three cases of the tip clearance, defined as the
radial gap between the inducer tip and the casing, were tested by
using three casings with different inner diameters for the same test
inducer. The clearance ratio ¢/ H is defined as the ratio of the clear-
ance c to the inlet blade height H (Fig. 3). The baseline clearance
is 1.0 mm, which corresponds to the clearance ratio ¢/ H =0.026.
For the present study, the rotational speed of the inducer is fixed at
6000 rpm with variation of 0.1%. The mean flow rate is measured
by a turbine-type flow meter with the error less than 1%. The in-
ducer head is evaluated from the pressure difference between the
inlet settling chamber and the collector outlet. Four fast-response
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pressure transducers (Kulite ETM-375 model with natural frequency
of 285 kHz given by manufacturer) are installed 33-mm upstream of
the inducer, at four evenly spaced circumferential locations, 90 deg
apart as shown in Fig. 3. Ateach cavitation number, the four pressure
signals are simultaneously acquired for 3 s at a 5-kHz sampling rate.

Results and Discussion

The comparison of noncavitating head performance of the inducer
at the three levels of tip clearance is shown in Fig. 4, in which
the head coefficient is plotted against the flow rate ratio. The head
coefficient decreases linearly with the flow rate. At a nominal flow
rate, the head coefficient decreases with the tip clearance. A study
indicates that the loss in performance may be estimated from the

Fig. 1 Plane view of test loop: 1) water tank, 2) turbine flow meter,
3) settling chamber, 4) test inducer, 5) collector, 6) torque meter,
7) motor, 8) booster pump, 9) regulating value, and 10) heat exchanger.

Table 1 Inducer geometry and operating condition

Tip clearance ¢, mm

Item 1.0 2.0 3.0
Clearance ratio, ¢/ H 0.026 0.053 0.079
Inlet flow coefficient at nominal flow rate 0.073 0.070 0.067
Inlet blade height H, mm 38
Inlet tip diameter, mm 106
Outlet tip diameter, mm 78
Inlet tip blade angle, deg 7.8
Outlet tip blade angle, deg 13.2
Sweepback angle of leading edge, deg 20
Inlet tip blade thickness, mm 1.5
Blade number 2
Tip solidity 2.7
Axial length of blade on the hub, mm 88
Rotational speed, rpm 6,000
Nominal flow rate Q,, at 6000 rpm, 1/s 20.5
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following empirical relationship®:

v =o(1 —ky/c/H)

We obtained vy =0.188 and k =2.47 from the curve fitting of the
current test result, as shown in Fig. 5.

The cavitation characteristics of the inducer are presented in
Fig. 6 at three different tip clearances. The data for ¢/H =0.079
at 0/0, =1.2 were not available due to the system head loss of
the test loop. In Fig. 6, points for the unsteady cavitation such as
attached cavitation and cavitation surge are marked. To investigate
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these unsteady cavitation phenomena, a spectral analysis of the in-
let pressure fluctuation at ¢/ H =0.026 and Q = Q,, was conducted
(Fig. 7).

InFig. 7, results of the spectral analysis are displayed at the region
of cavitation number o < 0.2 of Fig. 6a. When the cavitation number
o is decreased, attached cavitation is first observed at o =0.107.
Note that peaks at rotational frequency fy are also found at region
of 0 > 0.107 in Fig. 7, but the peaks increase significantly during
attached cavitation. The cell number and frequency of the attached
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Fig. 7 Spectral analysis of inlet pressure fluctuation for ¢/H = 0.026 at
0 =0)j: attached cavitation (AC) and cavitation surge (CS).
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Fig. 8 Inlet pressure at attached cavitation for ¢/H =0.026 at o =0.08, 0 =Q,,.

cavitation will be identified later. With a further decrease in the
cavitation number, cavitation surge is observed at o < 0.07. Violent
oscillations in the pressure and the flow rate in the entire system
occur when cavitation surge is initated.

The cross-correlation coefficients of the unsteady pressure signals
obtained from four unsteady pressure transducers installed at the in-
ducer inlet are analyzed to investigate whether the cavitation cells
rotate. Figure 8 shows an example of the analysis with ¢/ H =0.026
at 0 =0.08 and Q = Q,,. Time signals of unsteady pressure mea-
sured at four evenly spaced circumferential locations are shown in
Fig. 8a, in which the ordinate is the coefficient of absolute pres-
sure normalized by 0.5pU? . A time lag is observed at two adjacent
signals, which implies that the pressure pattern rotates circumfer-
entially. The Fourier transform of the pressure signal at & =0 deg
is shown in Fig. 8b, where 100 Hz is the dominant frequency. The
cross-correlation coefficients of pressure signals at 6 = 90, 180, and
270 deg, compared to the signal at & =0 deg, are shown in Fig. 8c.

The cell number and propagation speed of the attached cavitation
are determined from the following formula':

m = 2u/A0)(t,/12)
fi =2n/m7,

©))
3

where m is the number of cells, A6 is the angular displacement be-
tween two sensors, 7; is a time lag between two signals, 7 is a period

of periodic signals at two sensors, and f; is an angular propagation
speed of the cells. When this method is applied to the pressure sig-
nals in Fig. 8, it is found that one cell rotates at 100 Hz, which is
the same frequency as the inducer rotational frequency, 6000 rpm
(100 Hz). This implies that one cell fixed to the rotating inducer
rotates at the speed same as the inducer. This might correspond to
attached uneven cavitation for the case with an odd number (three)
of blades.? Tsujimoto et al.> observed one shorter cavity and two
longer cavities fixed to three blades of the rotating inducer by using
a high-speed camera. They found that one cell rotated at the same
speed as the inducer from the spectral analysis of the inlet pressure
fluctuations.

Figure 9 shows the Fourier transforms of the signals at each
flow rate at three different tip clearances. At ¢/H =0.026, the
amplitude of the pressure fluctuation of the attached cavitation
increases but that of the cavitation surge decreases when Q/Q,
decreases from 1.0 to 0.8. The amplitude of the pressure fluctu-
ation at Q/Q,=1.2 is lower than that at Q/Q,=0.8 and 1.0.
The pattern of the pressure fluctuation amplitude at ¢/H =0.053
is similar to that at ¢/H =0.026. At ¢/H =0.079, the pressure
fluctuation amplitude decreases noticeably. It is found that one cell
of the attached cavitation rotates at 100 Hz for the three clear-
ance levels tested. Rotating cavitation is known to rotate faster
than the inducer.? For the test inducer, rotating cavitation was not
observed.
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Fig. 10 Ratio of oscillating frequency of cavitation surge to inducer Q/Qn

rotational frequency. Fig. 11 Critical cavitation number vs flow rate.

Table 2 Oscillating frequency of cavitation surge The oscillating frequency of cavitation surge depends on the tip
clearance and flow parameters. The oscillating frequency for each

c/H flow rate is summarized in Table 2. Figure 10 shows how the reduced

0/0n 0.026 0.053 0.079 surge frequency, fcs/fv, varies with flow rate, tip clearance, and
08 7 Hz 13 Hy 812 Haz cavitation number. Whereas the surge frequency shows no clear
1.0 10-15 Hz 7-15 Hz 13 Hz dependence on either the flow rate or the tip clearance, it decreases

12 12-20 Hz 18 Hz with decreasing cavitation number. The reduced surge frequency
ranges from 0.07 to 0.20.
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Figure 11 presents the critical cavitation numbers, which are de-
rived from the cavitation performance curves of Fig. 6. The critical
cavitation number o, is defined as the cavitation number where
the head drops by 30% of the head at a noncavitating condition.
One usually looks for at least 10% head drop as o, and it is not
uncommon to consider a 50% head drop.!! The critical cavitation
number increases with an increase in the flow rate. At the same flow
rate, the critical cavitation number increases with an increase in tip
clearance. The clearance effect on the critical cavitation number,
however, is small at the nominal flow rate.

Conclusions

Three cases of tip clearance were tested for a two-bladed inducer.
With increasing tip clearance, the inducer head decreased and the
critical cavitation number increased. Attached cavitation and cav-
itation surge were observed at all levels of tip clearance. During
attached cavitation, one cell rotated at the same speed as the in-
ducer. The surge frequency decreased with decreasing cavitation
number, and the ratio of surge frequency to inducer rotational fre-
quency varied from 0.07 to 0.20.
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