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With regard to the development of a liquid rocket engine, knowledge of unsteady characteristics of
turbopump is essential in attempts to increase the rocket reliability. The turbopump is a key component of
liquid rocket engine, which makes high-pressure combustion possible. To realize a high performance rocket,
there must be a high-pressure turbopump which is both compact and light, and for realization of these
characteristics, such a turbopump must rotate with a very high speed. An inducer is attached to the front of
the main impeller to prevent cavitation from occurring there in, since such cavitation results in deterioration
of pump suction performance. However, cavitation also arises in the inlet section of the inducer because a
very high suction performance is needed for a high-pressure turbopump. Dynamic characteristics of a
cavitating turbopump are determined by the system design. They can cause considerable vibration and
oscillation problems in a propellant feed system, Therefore, they are known to be the most critical and
complex factors on the stability of a rocket engine. The rotating cavitation and the cavitation surge, which
are the typical examples of the cavitation-induced instabilities, are main problems in rocket pumps. During a
launch sequence, a rocket engine experiences many transient stages such as chilling and engine start, thrust
control, engine shutdown and reignition, etc. Stable operations of an engine during these stages are very
important design criteria for the rocket engine reliability, and thus unsteady performance tests constitute the
major part of rocket engine tests. However, many cost and long time are consumed for the test. Therefore,
numerical simulation method is necessary. By conducting the numerical simulation, it is also possible to
know the unsteady behavior of a system with a large amplitude oscillation.

In 1960s, many space launch vehicles were developed and launched in USA and Russia. In early attempts,
many launches failed because of a system vibration, which was known as the POGO instability. POGO is the
longitudinal motion of vibration produced by the interaction between the vehicle structure and the propulsion
system. To solve this problem, many numerical simulation tools were developed. Sack was the first
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researcher who had analyzed this instability from the aspect of an auto-oscillation of a hydraulic system.
However, the modeling of cavitation was not accurate enough and a quantitatively accurate result was not
obtained. Therefore, it was necessary to analyze dynamic characteristics of a cavitating turbopump more
quantitatively. At first, only the cavitation compliance was focused on and analyzed. The cavitation
compliance ( Cp ) is defined as the ratio of the cavity volume change rate to the pump inlet pressure change
rate. Many researchers had attempted to obtain the experimental data about the cavitation compliance and the
numerical simulation result from the cavitating hydrofoil model by Acosta and Stripling was used for
comparison. However, there were also some differences. Pratt and Whitney had also analyzed the dynamic
characteristics of an inducer and Young et al. had found that the cavitation surge was caused by the increase
of the cavity volume related to the decrease in the flow rate. The parameter representing this effect was
known to be the mass flow gain factor ( Mj ), which is defined as the ratio of the cavity volume change rate
to the change rate of the pump inlet flow rate. Brennen and Acosta studied the dynamic characteristics of
cavitating inducers analytically and tried to express their characteristics by a transfer matrix.

Most analytical models to date for the cavitating flows in rocket engine feed system are based on the
incompressible flow. Moreover, many of them are solved by linear methods. However, rocket engine feed
system is characterized by compressibility and non-linearity. Therefore, a new analytical model that includes
the effect of compressibility and the effect of non-linearity is necessary. In this paper, a new mathematical
model of a cavitating compressible flow was developed and the effect of the compressibility of cryogenic
propellants, such as liquid hydrogen and liquid oxygen, on the dynamic response of a pumping system was
analyzed. Each pumping system of the LE-7 engine, including pipes, was modeled by a one-dimensional
non-linear compressible model and the simulation results of dynamic response to the tank pressure drop or
pump outlet blowdown pressure drop were compared with those of a non-linear incompressible model.
Effects of the cavitation compliance and the mass flow gain factor on system stability were quantitatively
analyzed by spectral analyses of the time-dependent simulation results. Moreover, an accumulator, which is
used for the POGO suppressor, was modeled and the POGO suppression mechanism was analyzed.

Figure 1 shows the mathematical model for the analysis of a cavitating compressible flow. The pumping

system is composed of 3 components, namely, the inlet pipe, the pump, and the outlet pipe. Each component -
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< Figure 1 > Mathematical model of a compressible flow
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is divided into many cells and each cell is composed of a node and a branch. Inlet pipe, pump and outlet pipe
are divided into L, M, and N cells, respectively. In the figure, P represents an arbitrary property of fluid,
namely, pressure, temperature, and density. Mass flow rate is also defined in each node and branch. The
system is modeled so that mass and energy are conserved in each node and momentum is conserved in each
branch. Equation of the state is applied in each branch. Cavitation model is applied to the last cell of the inlet
pipe.

As the reference values for Cz and Mp of cryogenic propellants, the analytical result by Brennen and
Acosta were used. However, these values do not involve the effect of compressibility because those were
calculated from water. Therefore, some scale factors were multiplied to these factors and stability analyses
were conducted. Simulations were conducted for two cases, one is a case that tank pressure drops suddenty
by 5% and the other is a case that pump outlet blowdown pressure drops suddenly by 5%. Inlet boundary is a
tank and the outlet boundary is a branch of the last cell of outlet pipe. Pressures of inlet boundary and outlet
boundary were used as input variables. Temperature and density of the tank were kept constant and Neumann
conditions were applied to the temperature of inlet boundary and the density of outlet boundary, respectively.
The time constant of a disturbance was assumed to be 5x10™second. The resistance coefficient of each cell
was determined so that the steady state calculation results were consistent with the experimental data of the
LE-7 engine. The inertance coefficient of each cell was calculated taking the system geometry into
consideration. Unsteady conditions were calculated using the 4th order Runge-Kutta method until 1 second
for a LH, pumping system and until 5 seconds for a LOX pumping system.

At first, the effect of dynamic characteristics of turbopump on the dynamic response of a high pressure
LH, pumping system was analyzed. For the compressible model as well as for the incompressible model, the
cavitation compliance ( Cp ) had a dominant effect on system frequency and the mass flow gain factor ( Mz )
had a dominant effect on system stability. The effect of Cp in a compressible model was less than that in an
incompressible model. The effect of compressibility is summarized as follows. The dynamic response
frequency of a compressible model is less than that of an incompressible model and oscillations of the
pressure and mass flow rate of a compressible model are more rapidly damped than those of an
incompressible model. Particularly, compressibility in the pump absorbs the energy of the disturbances
upstream and downstream of the pump and thus the system stability tends to increase.

The effect of the difference of a working fluid was also analyzed. Simulation results of the LOX pumping
system were compared with those of the LH, pumping system. In the stability analysis maps of the LOX and
LH, pumping systems, width between the neutral stability lines of the compressible and incompressible
models was examined. The width of the LOX pumping system was less than that of the LH, pumping system.
Difference between the response frequencies of the compressible and incompressible models for the LOX
pumping system was also less than that for the LH, pumping system. These results show that a LOX
pumping system is closer to the incompressible flow than a LH, pumping system. For the disturbance
downstream of the pump, the damping effect of the compressibility was weak in the LOX pumping system
comparing to that in the LH; pumping system. As a result, we could know that a disturbance downstream of
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the pump for the LOX pumping system can have a dominant effect on the cavitation-induced instabilities.
The effect of pipe elasticity was analyzed. It was similar to the effect of cavitation compliance and that
effect was large in the LOX pumping system rather than in the LH, pumping system. The reason for this
seems to be that the LH, pumping system has a large compliance due to the large compressibility of LH;, and
has large stability. By attaching an accumulator in the inlet section of the pump, system frequency became
low and damping effect became large. Unstable system became stable by attaching the accumulator. The
mechanism of POGO suppression by the accumulator could be analyzed by comparing the fluctuation phases
of the inlet pressure and the cavity volume. The cavity volume had the same phase with the inlet pressure
when the accumulator was not installed. However, it had a different phase from that of the inlet pressure
when the accumulator was installed. In this case, the gas volume of the accumulator had almost same phase
with that of the inlet pressure. From this result, we could know that an accumulator makes the correlation

between the cavity volume and the inlet pressure to be weak and the system stability increases by this effect.
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