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Characteristic Analysis of Flow-Induced
Vibrations on Inducer of Oxygen Pump

Liang Hengli¤ and Chen Zuoyi†

Tsinghua University, 100084 Beijing, People’s Republic of China

Characteristics of � ow-induced vibrations in liquid-rocket-engine oxygen turbopump inducers are analyzed
because the inducers were damaged in a test. Oscillating � uid mechanics theory and parametric polynomial
method are used to solve the three-dimensional, steady and unsteady basic equations. It is found that the damage
was caused by the oscillating pressure propagation, where a small external perturbation from the outlet of the
inducer can be transformed to a very large oscillating pressure at some low frequencies. Some characteristics of
inducers are analyzed to improve the severe � ow-induced vibration, such as increasing the inlet section length or
the pitch, which can all decrease the pressure amplitudes effectively.

Nomenclature
a = coef� cient of parametric polynomial method for Wr

b = coef� cient of parametric polynomial method for Wµ

c = coef� cient of parametric polynomial method for Wz

d = coef� cient of parametric polynomial method for P
e = coef� cient of parametric polynomial method for NWr

f = coef� cient of parametric polynomial method for NWµ

fr = frequency of perturbation
g = coef� cient of parametric polynomial method for NWz

h = coef� cient of parametric polynomial method for NP
i = imaginary unit
P = pressure
q = any parameter of � ow� eld
Wr = velocity component in the r direction
Wz = velocity component in the z direction
Wµ = velocity component in the µ direction
¹ = coef� cient of turbulent viscosity
½ = density
Ä = angular velocity of the inducer
! = angular velocity of the perturbation

Subscript

0 = upstream of the inducer

Superscripts

» = steady component
- = oscillating component

Introduction

W ITHIN a liquid-rocket-engine, inducers are widely used to
improve cavitation of the turbopump, which make it oper-

ate steadily under the condition of high state speed and low inlet
pressure.1 However, during operation inducers will be subject to
oscillating pressure load, which is induced by oscillation, cavita-
tion, upstream shock, or other pressure-wave vibration source of
the pump system. When the � ow condition is beyond a certain
range, pressure and � ow vibrations will occur in most inducers.
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The vibrations are in a low-frequencyrange from 5 to 40 Hz, which
is the direct result of hydrodynamiccouple of the inducer and parts
of � ow systems. They can weaken performance of the inducer in a
delivery system. So far, many attentions have been paid to inducer
instabilities, especially to the effects of rotating cavitation.2¡10

Last year, in a running test of liquid-rocket-engine, the inducer of
a liquid-oxygen turbopump was damaged. The posted-test analysis
of the inducer showed no pitting corrosion causing by cavitationon
the surface, but the inlet blades were fracturedobliquely.Therefore,
it should not be destroyed by cavitation. Figures 1 and 2 illustrate
the seriously damaged inducers from the test. The sample in Fig. 1
was made of aluminum alloy and is the same size as the one in
Fig. 2, which was made of alloyed steel. When the inducer made
of aluminum alloy was damaged, the researchers conjectured that
it was not strong enough for the condition. They chose the alloyed
steel inducer with much greater strength than the aluminum alloy.
However, it was destroyedimmediately at the same � ow conditions
too. Analysis of the inducer showed that the inducer damage was
caused by low-cycle fatigue caused by tremendous pressure vibra-
tions. Therefore, the main objective of this paper is to analyze the
characteristic of the � ow-induced vibrations in the inducer to � nd
out the real cause of the accident.

Four oxygen turbopump inducers were analyzed to study the ef-
fects of the � ow-induced vibrations. The characteristicsof the four
inducers are shown in Table 1.

Water was used instead of liquid oxygen in the test as the � uid.
The rotation speed of inducer was 13,000 n/min, the design volume
� ow rate was 0.0613 m3/s, and the inlet pressure of the inducer was
0.29 MPa. The � ow-induced vibrations were analyzed for external
perturbations ranging from 20 to 1000 Hz and � ow rates for 0.8,
0.9, 1.0, 1.1, and 1.2 of the design � ow rate.

Mathematical Method
Flow-induced vibrations of a liquid-oxygen turbopump inducer

are related to the propagation of external perturbations within the
inducer. The propagation of the oscillations is an unsteady, three-
dimensional viscous � ow phenomenon. However, analysis of all
kinds of geometries, frequencies, and � ow rates would require a
large number of calculations. For example, to analyze four types
of inducers with � ve perturbation frequencies and � ve � ow rates
would need 100 analyses. If some of the geometries were changed
to observe their effects on the � ow, then hundredsof analyseswould
be needed. Therefore, it is impractical to solve the problem with
conventional three-dimensional, unsteady viscous � ow numerical
methods. In this paper the oscillating� uid mechanicsmethod11 and
theparametricpolynomialmethod12 are appliedto solvetheproblem
quickly.The oscillating� uid mechanics theory transformsthe three-
dimensionalviscous� ow equationsintoamplitudeequations,which
are solved using the parametric polynomial method.

289



290 HENGLI AND ZUOYI

Table 1 Characteristics of inducers

Hub inlet Hub outlet Tip Shaft Blade
Serial Blade diameter, diameter, diameter, length, thickness,
number number mm mm mm mm mm Blade lead

0-04 3 32 76 120 63 1.2 0 » 146.8 deg is 49.6 mm;
146.8» 318.1 deg is variable;
318.1 » 374.4 deg is 70 mm

0-04J 3 42 76 120 63 1.2 0 » 146.8 deg is 49.6 mm;
146.8» 318.1 deg is variable;
318.1 » 374.4 deg is 70 mm

0-04J2 3 42 76 120 63 1.2 60 mm
0-04J3 3 42 76 120 63 1.2 70 mm

Fig. 1 Aluminum alloy sample.

Fig. 2 Alloyed steel sample.

According to the oscillating � uid mechanics theory, a complex
oscillation is superposed by simple harmonic oscillations. An un-
steady � ow is composed of steady � ow and oscillating � ow. If a
very small perturbation is considered to cause the oscillating � ow,
then the � ow parameters can be represented as

q.t; r; µ; z/ D Qq.r; µ; z/ C Nq.r; µ; z/ei!t (1)

Parameter Qq designates steady component, and Nq designates the
amplitudeof oscillatingcomponent.Therefore, the governingequa-
tions can be decomposed to steady equations and oscillating equa-
tions, which can be solved sequentially.13

Fundamental equations for a liquid-oxygen turbopump inducer
use turbine circular cylindrical coordinates. Because the � uid
through the inducer is liquid, the � ow is considered to be incom-
pressible.

In a three-dimensional viscous � ow the basic steady-state equa-
tions are 14 as follows:

Continuity equation:
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Circumferentialmomentum equation:
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Axial momentum equation:
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Wall boundary conditions:

Wr D 0; Wµ D 0; Wz D 0 (6)

Inlet boundary conditions:

Wr D Wr 0; Wµ D Wµ0; Wz D Wz0 (7)

The steady-state parameters can be represented in parametric
polynomial form:

Wr D
JX

j D 0

KX

k D 0

a j kr
j zk (8)
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Wz D
JX

j D 0

KX

k D 0

c jkr
j zk (10)

P D
JX

j D 0

KX

k D 0

d jkr
j zk (11)

where J D 3 and K D 3.
The � ow is calculated along circumference, which is divided

equally to 300 computer stations. For each state, a jk , b jk , c j k , and
d jk , which are independent of r and z, have their corresponding
values by solving the preceding equations.

Similarly, in a three-dimensionalviscous� ow thebasicoscillating
equations are as follows:

Continuity equation:
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Circumferential momentum equation:
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Axial momentum equation:
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The amplitudeparameters can be representedin parametricpoly-
nomial form:
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where J D 2 and k D 2. They are then substitutedinto the oscillating
governing equations to be solved for the oscillating � ow� eld.

Results and Discussions
Calculationswere performed for external perturbationsfrom 5 to

1000 Hz. Here we present results for 20 and 60 Hz because they
provide a representative sampling of the effect of perturbation fre-
quencies.Figures 3 and 4 show the pressureamplitudedistributions
along circumference for four inducers, which are induced by outlet
externalperturbationat 20Hz. Figures5 and6 show thepressuream-
plitude distributionsinducedby inlet external perturbationat 20 Hz.

Fig. 3 Pressure distributions of outlet perturbation (fr = 20 Hz).

Fig. 4 Pressure distributions of outlet perturbation (fr = 20 Hz).

Fig. 5 Pressure distributions of inlet perturbation (fr = 20 Hz).
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Fig. 6 Pressure distributions of inlet perturbation (fr = 20 Hz).

Fig. 7 Pressure distributions of outlet perturbation (fr = 60 Hz).

Fig. 8 Pressure distributions of inlet perturbation (fr = 60 Hz).

From these � gures we can see that vibrations in 0-04 are the largest,
then 0-04J, and vibrations in 0-04J3 are the smallest. There is a
very large pressure amplitude in the inlet section of the inducers.
Actually, the fracture accident occurred just at that section. Com-
parison of Figs. 3 and 5 also shows that the effect of inlet external
perturbationsis much slighter than the outlet perturbations.Figure 7
shows that the oscillations induced by outlet external perturbations
at 60 Hz are decaying. Analyses of other perturbation frequencies
show that when the perturbation frequency is more than 60 Hz it is
always a decaying process. Although the oscillations in Fig. 8 are
increasing, it is much lower than that of 20 Hz. Because we want
to know how the liquid-oxygenturbopumpinducerswere damaged,
we will analyze mainly the effect of outlet external perturbation at
20 Hz.

In the runningtest, when the relative� ow rate was increasedfrom
0.8 to 1.1, 0-04J was fractured suddenly, which was proved in our
calculation results. Figures 9–12 show the similar distributions of

Fig. 9 Pressure distributions with different � ow rate (0-04, 20 Hz,
outlet).

Fig. 10 Pressure distributions with different � ow rate (0-04J, 20 Hz,
outlet).

Fig. 11 Pressure distributions with different � ow rate (0-04J2, 20 Hz,
outlet).

Fig. 12 Pressure distributions with different � ow rate (0-04J3, 20 Hz,
outlet).
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oscillating pressure amplitude, which are increased with the � ow
rate.

Figures 3 and 5 show that a larger hub inlet diameter is helpful
to reduce the vibrations, where the � ow passage of 0-04J is more
gentle than 0-04. Figures 4 and 6 show that a larger pitch is also
helpful to reduce the vibrations, where the � ow passage of 0-04J3
is also more gentle than 0-04J2. Therefore, we have an idea that
a gentle � ow passage should be important to improve the � ow-
induced vibrations of inducers. Because great vibrations occur at
the inlet section of inducer, we did a test to relax the change of the
inlet section. Three kinds of circumferential length are shown in
Fig. 13. From Figs. 14–17 we can see that � ow-induced vibrations

Fig. 13 Three kinds of circumferential length of inlet section (90, 120,
150 deg).

Fig. 14 Pressure distributions with different inlet length (0-04, 20 Hz,
outlet).

Fig. 15 Pressure distributionswith different inlet length (0-04J,20 Hz,
outlet).

Fig. 16 Pressure distributions with different inlet length (0-04J2,
20 Hz, outlet).

Fig. 17 Pressure distributions with different inlet length (0-04J3,
20 Hz, outlet).

are greatly decreased for all of the inducers. The design change
has been used in later running tests, which effectively increased the
service life of inducers.

However, we only analyze the � ow-induced vibration character-
istics of an inducer. The results should also be considered together
with cavitation and other factors, which would also affect the � ow
within inducers. Our method can calculate the � ow with very fast
speed, but it cannot compute the precise value of each parameter.
Therefore, it is better in unveilinga tendencyor characteristic.Also
we can say it a qualitative analysis.

Conclusions
The � ow-induced vibration characteristics of liquid-oxygen tur-

bopump inducers were analyzed using the oscillating� uid mechan-
ics theory and the parametric polynomial method. Oscillating fre-
quenciesof externalperturbation,relative� ow rates,andgeometries
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of inducerwere discussedfor their effect on the vibrationsof induc-
ers. The main results that emerge from the present study led to the
following conclusions:

1) The liquid-oxygen turbopump inducer damage is caused en-
tirely by severe � ow oscillations induced by the outlet external low
frequency perturbations, which will generate large � ow-induced
pressure oscillations at the inlet section.

2) Vibrations induced by external high-frequency perturbations
will be decaying in the inducer.

3) Vibrations induced by the outlet external perturbations are
much larger than those induced by the inlet external perturbations.

4) Pressure oscillations are increased along with the � ow rate
increasing.

5) Gentle � ow passage is helpful to reduce the � ow-induced vi-
brations in the inducers, such as grade reduction, pitch increment,
inlet section extension, and so on.
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