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Geometry Effects in the Dynamic Response of Cavitating LE-7
Liquid Oxygen Pump

Takashi Shimura*
National Aerospace Laboratory, Kakuda, Miyagi 981-15, Japan

The dynamic response of the cavitating LE-7 liquid oxygen (LOX) pump, which is essential for POGO analysis
of the H-II rocket, was determined by generating sinusoidal flow perturbation with a slit-type perturbation
valve installed in the main pump discharge line. In a study of suppressing the LE-7 LOX turbopump rotor
vibration due to cavitation, it was found that a kind of rotor vibration, thought to be caused by rotating
cavitation, disappeared when a certain geometry of inducer housing was used. Therefore, the effects of inducer-
housing geometry on cavitation compliance and on the mass flow gain factor were investigated. Comparison of
the test results showed that cavitation compliance for the geometry in which the rotor vibration due to rotating
cavitation disappeared was much larger than that for the geometry in which the rotor vibration existed.
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Nomenclature
inducer inlet area, m2

cavitation compliance, —dVc/dhl m2

nondimensional cavitation compliance,

inducer tip diameter, m
frequency, Hz
resonant frequency, Hz
nondimensional frequency, f/(nu,/2rr2d)
gravitational acceleration, m/s2

Laplace transform of fluctuating pressure
pressure head, m
vapor pressure head, m
imaginary index
cavitation number, (hl - /zr)/(w~/2g)
damping rate of disturbance
propagation velocity ratio
inertance, s2/m2

axial distance, m
mass flow gain factor, —dVJdq^ s
nondimensional mass flow gain factor,
Mh/(Trd/nut)
rotational speed, rpm
net positive suction head, hl + v2/2g - hv, m
number of inducer blades
flow rate per minute, mYmin
Laplace transform of fluctuating flow
flow rate, m-Ys
resistance, s/m2

suction specific speed,
complex variable
tip speed, m/s
cavity volume, m3

pump inlet flow speed, m/s
characteristic impedance, s/m2

phase delay, deg
propagation constant, m"1

head coefficient, head/(w2/g)
pump dynamic gain, 1 + 3(h2 — hl)/dhl
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Subscripts
d
P
u
0
1
2

= downstream
= pump
= upstream
= large accumulator
= pump inlet
= pump outlet

Superscripts
= fluctuating value
= mean value

Introduction

P OGO is the self-excited longitudinal vibration of rockets
due to coupling of rocket structures and propulsion sys-

tems, which often occurs in large liquid rockets.1 In POGO
analysis, an accurate description of the characteristics of each
component is crucial in order to obtain correct results. With
propulsion systems it is well known that the dynamic response
of liquid oxygen (LOX) pumps under cavitating conditions is
very influential in POGO phenomena. Therefore, accurate
dynamic-response data for the cavitating LE-7 LOX pump
are critical for the POGO analysis of the H-II rocket.2 Fur-
thermore, cavitation affects not only system vibration such as
POGO, but also local vibration such as rotating cavitation in
which the cavitation pattern at the inducer inlet rotates with
respect to the inducer blades. Rotating cavitation is consid-
ered to cause rotor vibration, and this was the case with the
LE-7 LOX pump. However, it was possible to suppress the
supersynchronous vibration caused by rotating cavitation in
the LE-7 LOX pump almost completely by changing the ge-
ometry of the inducer housing3 as shown in Fig. 1. A theory
that explains rotating cavitation phenomena was also pre-
sented for the first time.4 This theory showed that k* and
k J were largely affected by a combination of cavitation com-
pliance and the mass flow gain factor as shown in Fig. 2,
which is based on Fig. 7 of Ref. 4. Cavitation compliance is
defined as cavity volume change rate due to pump inlet pres-
sure fluctuation. The mass flow gain factor is defined as cavity
volume change rate due to pump inlet flow fluctuation. Case
1 and case 2 test values and a calculated value, which are
plotted in Fig. 2, will be discussed in the results and discussion
section. Based on rotor vibration test results and the rotating
cavitation theory, it was concluded that the effects of the
geometry of the inducer housing on cavitation phenomena
were great.

In a study of the dynamic response of the LE-5 rocket
engine liquid oxygen pump,5 components of the pump transfer
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LE-7 LOX pump rotor vibration: a) original and b) modified
housing.
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Fig. 2 Effects of AfJ and K* on rotating cavitation.

matrix,6 except cavitation compliance and the mass flow gain
factor, were determined. It was assumed that cavitation com-
pliance and the mass flow gain factor were estimable by in-
ducer water test results.7 However, comparison of nondi-
mensional cavitation compliance values between cryogenic
fluid test results for rocket pumps and water test results for
rocket pump inducers showed that they were considerably
different from each other. As to the mass flow gain factor,
experimental values for cryogenic fluid tests are few. Con-
sequently, we attempted to determine cavitation compliance
and the mass flow gain factor for the cavitating LE-7 LOX
pump by generating sinusoidal perturbation in the pump flow.

Cavitation compliance and the mass flow gain factor were
determined for two geometries of the inducer housing.

One of the most difficult problems in the experiments was
measuring the dynamic flow rate of cryogenic fluid. In the
present study, a type of rapid-response ultrasonic flow meter8

was used. This is the only flow meter that can measure the
dynamic flow rate of cryogenic fluid without flow disturbance.
The flow meter worked well under high-pressure test condi-
tions and made it possible to determine the pump resistance
and inertance. Measurement by this flow meter becomes dif-
ficult under low-pressure conditions due to diffused reflection
from bubbles generated in the line. In the case of the LE-7
LOX pump, because the pump inlet pressure is comparatively
high under H-II rocket flight conditions, the flow meter was
expected to be usable. However, it was not usable under the
estimated pump inlet pressure conditions because of mal-
functions caused by ultrasonic signal deterioration due to bub-
ble generation. Therefore, cavitation compliance and the mass
flow gain factor could not be determined by use of the dynamic
flow rate. Under these circumstances, determination of cav-
itation compliance and the mass flow gain factor by pressure
data was attempted. In this method, the transfer function
between the pump outlet fluctuating pressure and the pump
inlet fluctuating pressure was determined experimentally by
sweep perturbation tests. This transfer function was compared
with the transfer function derived from a mathematical model
that included pump dynamic response. Substituting cavitation
compliance and the mass flow gain factor as parameters into
the mathematical transfer function, values which made the
mathematical transfer function equal to the experimental
transfer function, were determined. These values were as-
sumed to be the true cavitation compliance and the mass flow
gain factor.

In the method where cavitation compliance is determined
by pressure data, compliance existing in the upstream line of
the pump is a big problem. A large accumulator was installed
in the vicinity of the pump inlet in order to eliminate the
upstream effects. The mass flow gain factor was assumed to
exist only in the pump region because it is defined as the
cavity volume change rate due to the pump inlet flow rate
fluctuation. Thus, by restricting the relatively shorter region
of the concerned system extending from the large accumulator
to the pump outlet, it was expected to be possible to determine
the mass flow gain factor and cavitation compliance by pres-
sure data. However, as a result of installing a large accu-
mulator in the vicinity of the pump inlet, resonant frequency
of the pump inlet line increased. Therefore, the effect of the
phase delay of the cavity volume change to pressure fluctua-
tion ceased to be negligible. This phase delay considerably
reduced the calculated gain of the transfer function between
the pump outlet pressure and the pump inlet pressure. Con-

Table 1 Main design values of LE-7 LOX pump

Rotational speed, rpm 20,000
Shaft power, kW 6,400
Main pump flow rate, m3/s 0.2
Main pump pressure rise, MPa 20.9
Main pump impeller tip diameter, mm 196.1
Inducer tip diameter, mm 149.8
Number of inducer blades 3
Inducer tip blade angle, deg 7.5
Inducer inlet flow coefficient 0.0775

Table 2 Dimensions of inducer housing

Case 1
Case 2

Upstream
diameter,
D, mm

150.3
154.0

Front-half
diameter,
D2 mm

151.0
151.5

Rear-half
diameter,

Z)3 mm

151.6
151.5



332 SHIMURA: CAVITATING LE-7 LIQUID OXYGEN PUMP

sequently, the effect of the phase delay was compensated for
by use of phase delay values derived from the data in the
literature.7

Artificial perturbation was generated in the pump discharge
line in order to minimize fluctuation in the pump inlet line
so that linearity could be maintained. Because we restricted
the length of the region of the concerned system extending
from the large accumulator to the pump outlet, compressi-
bility of the pipe system was considered to be negligible.
However, we attempted to examine the effect of pipe system
compressibility by comparing the results for a compressible
distributed parameter system model with the results for an
incompressible lumped parameter model.

Test Pump
The pump tested was the LE-7 LOX pump, a schematic of

which is shown in Fig. 3. Its main design values are given in
Table 1, and its performance has been previously reported.9

Tests were carried out on two geometries, these geometries
being shown in Fig. 4. Dimensions of the inducer housing in
Fig. 4 are listed in Table 2.

Test Facility and Test Conditions
A schematic of the test facility is shown in Fig. 5. A large

accumulator of 0.3-m3 helium gas capacity was installed in the
upstream line, 2.5 m away from the pump. Perturbation was
generated by a slit-type perturbation valve installed in the
main pump outlet line. The maximum frequency of this per-
turbation valve is 50 Hz. Dynamic pressure was measured by
piezoelectric-type flush-mounted pressure sensors with built-
in preamplifiers. Dynamic flow rates were measured by rapid-
response ultrasonic flow meters.8 Initially, pump resistance
and inertance values were determined by constant frequency
perturbation tests under relatively high pump inlet pressure '
conditions by the same procedure used for the LE-5 LOX
pump.5 Then, sweep perturbation tests were carried out under
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Fig. 3 Schematic of LE-7 LOX pump.
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Table 3 Pump operating conditions (sweep test)

Test Speed,
no. rpm

1 12,500
2 12,500
3 12,500
4 12,500

1 9,900
2 9,900
3 12,500
4 12,500
5 12,500
6 12,500
7 12,500
8 12,500
9 15,900

10 16,000

4000
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CO
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£
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0: sooo
0
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o
W 2000

,

Main pump
flow rate, %

Case 1 geometry
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100

Case 2 geometry
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99

100
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97

100
98

100
99
99

Cavitation
number

0.056
0.052
0.041
0.030

0.064
0.049
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Fig. 6 Predicted suction conditions.

low pump inlet pressure conditions in which dynamic flow
rate measurement was impossible. By employing sweep per-
turbation tests, transfer functions between the pump outlet
and inlet pressures were determined. Pump inlet pressure
conditions were determined based on predicted conditions

of cavity volume change to flow fluctuation was neglected
because its effect on the transfer function was small. The
pump inlet line was assumed to be incompressible and shown
by two lumped parameters, namely, Rl and Ll. Based on
these assumptions, the hydraulic system from the large ac-
cumulator to the pump outlet was modeled as shown in Fig.
7. Linearized equations of motion and continuity for this model
are as follows:

-h, = R,q, + L,

H2 - h, = - Rpq,_ - Lp

(1)

(2)

n _q2
d/z,
__ -i. _,

Based on the pump suction performance test results shown
in Fig. 8, 1 + (JL was determined to be 1. Suction performance
tests under conditions down to breakdown points and per-
turbation tests under various flow coefficients other than near
the design flow coefficient were not carried out due to reasons
of safety, and budget and time restrictions on the number of
tests that could be conducted. Lp and Rp were determined by
constant frequency perturbation tests under high inlet-pres-
sure conditions. Rl9 which was very small, was determined
by generally used values for pipes. Ll was determined by
constant frequency perturbation tests using the following re-
lation:

(4)

The L! value calculated by pipe geometry was almost the same
as the experimental values.

Execution of Laplace transform on Eqs. (1-3) yields:

(5)

(6)

(7)

Using Eqs. (5-7), the transfer function between the input
H2(s) and the output H,(s) was determined as follows:

-//,(*) = R{Q,(s) + LtsQ2(s)

H2(s) - Ht(s) = /*//,(«) - RpQ2(s) -

2(s) - Qt(s) = -Qe -'•<-"

LlS

H2(s) {[1 + M + (R. + Lps)Che- - (Rp + Lps)(Mhs - 1)} (8)

during the H-II rocket flight. Figure 6 shows the predicted
suction specific speed and cavitation number of the LOX
pump during the first-stage flight of the H-II rocket. Around
90 s after liftoff, pump suction conditions become most severe
because of the pump inlet pressure decrease due to separation
of the solid rocket motors. Besides cavitation number, rota-
tional speed was also selected as a parameter of the sweep
perturbation tests. Table 3 shows the pump operational con-
ditions in the sweep perturbation tests. The main pump flow
rate is shown as a percent of the flow rate that makes the
velocity triangle similar to the design velocity triangle. Liquid
nitrogen was used as the pump fluid.

Determination of Cb and Mb
In the present study, a pump dynamic model of lumped

parameters was adopted for simplicity, although there is also
a nonlumped parameter model.10 The pump dynamic re-
sponse was assumed to be shown by C/,, M/7, 1 + /x, Rp, and
Lp. Phase delay of cavity volume change to pressure fluctua-

Substituting j2irfc into s and other known values except Cb
and Mb into the variables, calculation was carried out with Cb
and Mb parametrically. Results of the calculation showed that
the Cb values that yielded the peak gain of H{(s)/H2(s) were
scarcely affected by the Mh values. It was also shown that
resonant frequency for this Cb was scarcely affected by Mh as
shown in Fig. 9. Therefore, this Cb was assumed to be the
actual C,,. Substituting this Ch into H{(syH2(s) and using Mh
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tion was included by multiplying Cb by e -/(«7T/180) Phase delay Fig. 7 Model of hydraulic system.



334 SHIMURA: CAVITATING LE-7 LIQUID OXYGEN PUMP

0.4-

I °-3
g
u_
LL
g 0.2-
o
Q

LU
X 0.1-

o-V/

MAIN PUMP

X, + CASE1, FLOW RATE=1 01 96, N=18000 rpm

D, O CASE2, FLOW RATE=10096, N=17700 rpm

-H-+4-

INDUCER

0.01 0.02 0.03 0.04 0.05 0.06

CAVITATION NUMBER, K
Fig. 8 Suction performance of LE-7 LOX pump.

2.0

40

FREQUENCY (Hz)

Fig. 9 Effects of Mf on resonant frequency.

0 10 20 30 40 50

FREQUENCY (Hz)

Fig. 10 Effects of phase delay on gain.

as a parameter, gains of Hl(s)/H2(s) were calculated. The Mh
value that yielded the same gain as the experimentally ob-
tained gain determined by FFT analysis of the pump inlet and
outlet pressure data was assumed to be the actual Mb. As
mentioned in the introduction, in the case of high frequency,
phase delay of cavity volume change to pump inlet pressure
fluctuation was not negligible. Figure 10 shows the effect of
delay in degree on the transfer function .gain between the
pump inlet pressure fluctuation and the pump outlet pressure
fluctuation. As shown in Fig. 10, the effect of phase delay on
the gain is conspicuous, but resonant frequency is not affected
by the delay. The values of a were derived from test results
in the literature,7 because they were the only data available.
Figure 11 shows the a values.

In Eqs. (1-3), the connecting pipe system was treated as
an incompressible lumped parameter system. More precisely,
the connecting pipe system was treated as a compressible
distributed parameter system in the next step. In this com-
pressible treatment, downstream pressure fluctuation and flow
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K
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Fig. 11 Values of phase delay.
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fluctuation values were determined using upstream values as
follows11:

h(l = hlt cosh yl — qltZc sinh yl (9)

yl + qu cosh yl (10)

Results and Discussion
In Fig. 12, as an example of sweep test data, the transfer

function between the pump inlet pressure and the pump outlet
pressure obtained by FFT analyzer is shown. Without install-
ing a large accumulator in the vicinity of the pump inlet,
resonant frequency could not be clearly determined. How-
ever, by installing such an accumulator, it became easy to
determine resonant frequency as shown in Fig. 12.

In Fig. 13, the LE-7 LOX pump cavitation compliance for
two geometries of the inducer housing is presented. Dimen-
sions of the two geometries are listed in Table 2. Cavitation
compliance for the geometry in which rotor vibration due to
rotating cavitation disappeared, case 2, was considerably larger
than that for the geometry in which the rotor vibration oc-
curred, case 1. This tendency is consistent with the results of
the rotating cavitation analysis4 shown in Fig. 2, in which the
damping rate of disturbance increases with Cb.

Although water was used in the experiment, cavitation com-
pliances and the mass flow gain factors of inducers were de-
termined by measuring the dynamic flow rate.7 Equations
based on these experimental results that were used to estimate
quasistatic Ch and Mh have been previously presented.7 Cal-
culated Ch values determined by substituting specific values
of the LE-7 LOX pump into these equations are also shown
in Fig. 13. These calculated Ch values agreed relatively well
with the test results in the region of large cavitation numbers,
but they were quite different in the region of small cavitation
numbers. The difference of the pump fluids is assumed to be
the reason for this. The latent heats of vaporization of LN2

0.968
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Fig. 12 Example of transfer function
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Fig. 13 Cavitation compliance.

and LOX are much smaller than that of water (199.1 kJ/kg
for LN2, 213.1 kJ/kg for LOX, 2260 kJ/kg for water). The
specific heats of LN2 and LOX are also smaller than that of
water (2.03 kJ/kg - K for LN9 at 77.3 K, 1.70 kJ/kg - K for LOX
at 90 K, 4.19 kJ/kg-K for water at 293 K). Therefore, gen-
eration of vapor bubbles due to heat inflow through walls and
kinetic energy of backflow at the pump inlet is considered to
be more active in the case of LN2 and LOX. In the case of
cryogenic fluid, as the pump inlet pressure decreases, cavi-
tation is assumed to begin in places other than the pump. The
fact that the ultrasonic flow meter installed in the pump inlet
line didn't work in low inlet pressure tests, probably due to
bubble generation, supports this assumption. On the other
hand, the pump rotational speed was varied as a parameter,
as shown in Table 3, to investigate whether a similarity law
exists for rotational speed. Cavitation compliances of each
rotational speed fell on a second-order regression curve well,
as shown in Fig. 13, demonstrating the existence of a similarity
law for rotational speed.

In Fig. 14, the mass flow gain factor of the LE-7 LOX pump
is shown for two geometries of the inducer housing compared
with calculated values determined by substituting specific val-
ues of the LE-7 LOX pump into equations derived from water-
test results. Calculated values and case 1 test values increase
with cavitation number reduction. On the other hand, case 2
test values decrease with cavitation number reduction in the
cavitation number region between 0.035-0.055. The reason
why case 2 test values decrease with cavitation number re-
duction has not yet been clarified. However, the test results
clearly explain why rotor vibration due to rotating cavitation
was suppressed almost completely by modification of inducer
housing. In Fig. 2, examples of test data, of case 1 and case
2 are plotted for this explanation. Case 2 falls in the stable
region, and case 1 falls in the unstable region. By modification
of inducer housing of case 1, the value of Ch increased, and
that of Mh decreased, and these values became the values for
case 2. If the value of Mh remains constant or increases due
to the modification, case 2 still remains in the unstable region,
although the value of Ch increases due to the modification.
Therefore, modification of the inducer housing resulted in a
situation in which Ch became larger and Mh became smaller.
Further research to clarify why Mh decreases with the reduc-
tion of K is necessary.

In Fig. 15, the LE-7 LOX pump cavitation compliances are
compared with results reported in the literature.12 In the past,
cavitation compliances of F-l, J-2, H-l, LE-5 rocket engine
LOX pumps were compared by nondimensionalization, di-
viding cavitation compliances by the pump inlet cross-sec-
tional areas. The results did not show a good correlation
among the pumps. However, in the present study, a fairly
good correlation was obtained, as presented in Fig. 15, by
nondimensionalization in which inducer tip speed and inducer
geometry were taken into account. However, these nondi-
mensionalized cavitation compliances are different from the
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Fig. 16 Effects of pipe system compressibility.

values of the LE-7 LOX pump in the region of large cavitation
numbers as shown in Fig. 15. This is considered to be the
result of installing the large accumulator in the vicinity of the
pump inlet in order to eliminate upstream compliances. The
effect of the accumulator is considered to have become con-
spicuous in the region of large cavitation numbers where the
ratio of the pump cavitation compliance to the total compli-
ance was small. Such nondimensionalization did not result in
a good correlation between the LOX pumps and the LH2
pumps of the rocket engines, probably due to the great dif-
ference of the thermal and physical properties of the fluids.

In Fig. 16, effects of pipe system compressibility on the test
results of Ch are shown. The solid lines show the results de-
termined by the incompressible lumped parameter model, and
the dashed lines show the results determined by the com-
pressible distributed parameter model. The difference be-
tween the two results was small, especially in the small cav-
itation number region where resonant frequency was smaller.

Concluding Remarks
The effects of geometry on dynamic response of the cavi-

tating LE-7 engine LOX pump were investigated by pertur-
bation tests using cryogenic fluid. Determination of cavitation
compliance and the mass flow gain factor by transfer function
between the pump inlet pressure and the pump outlet pressure
utilizing resonant frequency was attempted. Nondimension-
alized test results were compared with the calculated values
and values presented in the literature. Conclusions are sum-
marized as follows:

1) Cavitation compliance for the geometry in which rotor
vibration due to rotating cavitation disappeared was consid-
erably larger than that for the geometry in which the rotor
vibration occurred. This tendency is consistent with the results
of the rotating cavitation analysis.

2) Calculated values and original inducer housing test values
of the mass flow gain factor increased with cavitation number
reduction. On the other hand, modified inducer housing test
values decreased with cavitation number reduction in the cav-
itation number region between 0.035-0.055. These test re-
sults clearly explained why rotor vibration due to rotating
cavitation was suppressed almost completely by modification
of inducer housing.

3) The large accumulator installed in the vicinity of the
pump inlet eliminated the upstream effects and made resonant
frequencies clear.

4) In the region of small cavitation numbers, cavitation
compliance values determined by cryogenic fluid tests were
much larger than those determined in tests employing water.

5) Nondimensionalization of cavitation compliance, in which
inducer tip speed and inducer geometry were taken into ac-
count, correlated with cavitation compliances of several rocket
LOX pumps very well.
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