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In this fiscal year, we have carried out two types of simulations which are related to vibrations in rocket engine turbop-

umps. One is a simulation of unsteady cavitating flows in a liquid oxygen pump, and the other is that of a phenomenon of

rotor-stator interaction in a liquid hydrogen pump. We have successfully simulated both cases and the simulations have shown

potentials to clarify some unstable axial vibration problems which should be solved to develop more reliable rocket engines.
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1. Cavitation Instability Analyses in Liquid Oxygen

Pump

To achieve stable operations at a high rotational speed
under a low inlet pressure, rocket engine turbopumps are
generally equipped with an axial-flow inducer stage. As the
inlet pressure is decreased and local pressure becomes lower
than the vapor pressure, cavitation gradually develops on the
suction side of inducer's blades and/or near their tip and
finally leads to the breakdown of the inducer performance.
In addition, cavitation instabilities, such as rotating cavita-
tion and cavitation surge, are often observed in experiments
and cause serious shaft vibration and/or fluctuations of the
blade stresses. Therefore, it is an important issue to under-
stand the physical mechanism of unsteady cavitation phe-
nomena related to internal flows of a turbopump inducer.

In the past, we have developed a Large Eddy Simulation
(LES) code for accurate computations of unsteady flows in
turbomachinery, and performed computations of cavitating
flows for a test inducer. Our LES code solves the Navier-
Stokes equations of weakly-compressible flow, in which
standard or dynamic Smagorinsky model is implemented as
sub-grid scale (SGS) model. The code is based on a finite
element method with hexahedral elements and has the sec-
ond-order accuracy both in time and space”. By the multi-
frame of reference function based on an overset method, it is
possible to compute rotor-stator interactions”. For computa-
tion of cavitating flows, we have used the cavitation model
proposed by Okita et al.? In this model, the evolution of cav-
itation is represented by source/sink of the vapor phase.

In this fiscal year, we have carried out LES analyses of
unsteady cavitating flows where flow rate or pressure at inlet
is fluctuated at a certain frequency. This kind of analyses has
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a potential to define a so-called "dynamic gain factors"
which can be used to make judgements whether unstable
cavitation occurs or not.

In this simulation, we have employed a test inducer with
three helical blades. The total mesh consisted of approxi-
mately 8.5 million hexahedral elements. The main calcula-
tion conditions were as follows; inlet flow rate was 23
liters/s, rotating speed was 17,700rpm, and inlet cavitation
number was o = 0.04. Two kinds of inlet boundary condi-
tions were imposed to calculate the dynamic gain factors.
One was that flow rate was fluctuated with pressure being
constant. The other was that pressure was fluctuated with
flow rate being constant. We can calculate a head gain (for
flow rate change) and mass flow gain factor from the former
calculation, and can calculate another head gain (for pressure
change) and cavitation compliance from the latter calcula-
tion. Generally, the larger mass flow gain factor makes the
system unstable while the larger cavitation compliance
makes them stable. Therefore, these parameters are useful to
judge the cavitation instability although the evaluation is not
easy in experiments, at least in the current measurement tech-
niques. The present simulation image is shown in Fig. 1. The
fluctuation frequency of flow rate or pressure at inlet is given
as 4 times slower than the rotating frequency of the inducers.

Before giving fluctuation, we calculated the cavitation
flow around the steady operation point. The obtained flow
field is shown in Fig. 2. Although the cavitation development
is insufficient, we could confirm a structure of tip vortex cav-
itation which is originated from a shear stress. (see Fig. 2(a).)
This structure was captured by our LES analyses. Figure 3 is
the calculated cavity volume and mass flow gain factors in
the case of "inlet flow fluctuation" condition, and Fig. 4 is
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Fig. 1 Schematic of the present method to calculate dynamic gain factors.
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(a) averaged reduced axial velocity field (b) instantaneous cavity distribution

Fig. 2 Flow field before giving fluctuation. (Iso-surface of the void fraction 2% is shown in (b).)
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(a) Time change of reduced cavity volume (b) Time change of mass flow gain factor

Fig. 3 Calculation results for an "inlet flow rate fluctuation" condition. (Each horizontal axis is the number of revolution.)
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(a) Time change of cavitation compliance (b) Time change of a dynamic gain

Fig. 4 Calculation results for an "inlet pressure fluctuation" condition. (Each horizontal axis is the number of revolution.)

150



the corresponding results for the "inlet pressure fluctuation"
condition. As shown in Fig. 3, we could extract the cavity
volume change that was originated from the flow rate
change. One of the accomplishments in these calculations is
that we could directly calculate the cavity volume change and
dynamic gain factors such as mass flow gain factor and cavi-
tation compliance. To our knowledge, it is the first results
where the dynamic gain factors are calculated using unsteady
cavitation CFD with LES analyses. Although the validation
of the calculated parameters is under progress, it is predicted
that our code has a potential to calculate dynamic gain factors
directly which is very important to predict whether cavitation
instability occurs or not in advance.

2. Impeller-Diffuser Interaction in the Liquid Hydrogen

Pump

The objective of this simulation is to propose a one-way
coupled simulation method that combines CFD and structur-
al analyses for impeller-diffuser interaction in a liquid
hydrogen pump. The internal flow of the pump is computed
to obtain the pressure fluctuations as shown in Fig. 5, and is
fed to the structural analyses to compute the elastic wave
propagation in the solid portion of the pump. In the internal
flow computations, we assumed no feedback effect from the
structural vibration of the pump to the internal flow.

The source fluctuations of the flow field are computed by

a large-eddy simulation (LES) with the Dynamic
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Smagorinsky Model (DSM). Four cases of LES were carried
out as shown in Table 1 for comparison with water tunnel
experiments in the present simulations. Cases 1 through 3
are to check the influence of the phase difference between
the blades of the first and second impeller. Case 4 is to check
the influence of the impeller-diffuser distance. If the phase
of the blades have a strong influence on the fluid-induced
vibration, case 2 will show maximum pressure fluctuations.
If the impeller-diffuser distance has a strong influence, we
believe that case 4 will show minimum pressure fluctuations.
All computations were carried out under non-cavitating con-
ditions, to coincide with the experiments.

The main result in the present simulations is Fig. 6, where
the velocity vector and static pressure distributions are
shown. This figure shows that the origin of pressure fluctua-
tions is evidently induced by impeller-diffuser interaction.
Both instantaneous and time averaged results are presented
in the figures. As shown in the figure, pressure fluctuations
occur when the impeller blade interacts with the diffuser
vane. We can also confirm that flow separation occurs at the
pressure side of the full blades, as the primary flow of the
impeller is on the right side of the splitter vanes. Thus, the
jet-wake like velocity patterns at the impeller exit coincide
with the number of the full blades.

We have confirmed that the phase difference between the
first and second impellers, and the impeller-diffuser distance

were the dominant phenomenon of the fluid-induced vibra-

Fig. 5 Calculated pressure field in the liquid hydrogen pump. (left; front view, right; rear view)

Table 1 Computational conditions for comparison with water tunnel experiments.

Case Inlet flow rate Phase difference between Impeller-diffuser
No. 0/0On Ist and 2nd impeller blades distance (1st stage only)
1 1.00 7.4 degrees Nominal
2 1.00 0.2 degrees Nominal
3 1.00 14.6 degrees Nominal
4 1.00 14.6 degrees Expanded
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Instantaneous velocity and pressure distribution

Time averaged velocity and pressure distribution

Impeller-diffuser interaction at the first stage

ke

Instantaneous velocity and pressure distribution

Time averaged velocity and pressure distribution

Impeller-diffuser interaction at the second stage

Fig. 6 Impeller-diffuser interaction at the first stage (upper half) and second stage (bottom half).

tion. Although we spare the detailed comparison with exper-
iments in this report, the computed pressure fluctuation and
static pressure distribution agree fairly well with the meas-
ured data, which demonstrates that the proposed method can
serve as a practical tool for predicting unsteady flows in a
rocket engine pump, in the near future.
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