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A rocket system characterized by large thrust and high performance uses cryogenic fluids as its propellant. To realize high
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combustion efficiency;, it is necessary to supply the propellant at a high flow rate and high pressure to the combustion chamber.
Therefore, a turbopump is installed in the rocket engine. Furthermore, at the inlet of the turbopump, the employment of
inducers is necessary to meet the suction head requirement for the main impeller. However, due to low inlet pressure of the
turbopmp, these inducers are used in cavitating condition.

Basically, cavitation is unstable, and many serious problems caused by cavitation occur in fluid machinery, such as noise,
erosion, performance decrement, and instability. Furthermore, liquid rocket propellants are cryogenic fluids, such as liquid
hydrogen and liquid oxygen, and cryogenic fluids generally have a large thermodynamic effect, which suppresses cavity growth.
This thermodynamic effect influences the suction performance and the cavitation instabilities of the rocket turbopump. This
thermodynamic effect also results in a decrease of the derived force, which is the difference between the ambient pressure and
the saturated vapor pressure, for the cavity growth. This phenomenon is caused by the temperature depression due to
vaporization, which removes evaporative latent heat from the ambient liquid. Although water is often used as the fluid in
cavitation research, the characteristics of cryogenic fluids are considered to be quite different from those of water. Studies on the
thermodynamic effect of cavitation have been done since the 1950's, but the influence of the thermodynamic effect on the
performance of pumps and the degree of the thermodynamic effect in cryogenic fluid have not yet been clarified. One of the
reasons for the lack of understanding of these factors is the difficulty of observing the cavitation in rotating blades. In particular,
the difficulty increases when cryogenic fluids are used as the working fluids of the pump.

However, it is necessary to observe the developmental state of cavitation in a cryogenic inducer to improve our understanding

of the thermodynamic effect because the thermodynamic effect is caused by cavitation. Therefore, the purpose of the present



study was to clarify the characteristics of the thermodynamic effect in cryogenic fluid, and furthermore, to clarify the influence of
the thermodynamic effect on the cavitation performance and the onset of cavitation instabilities of the inducer of the rocket
turbopump. For this purpose, two types of experiments were conducted, namely, those in which the thermodynamic effect can be
disregarded and those in which it distinctly appears.

To observe cavitation phenomena occurring in a eryogenic inducer in more detail, inducer experiments in liquid nitrogen, as
experiments in which the thermodynamic effect distinctly appears, were conducted at the Cryogenic Inducer Test Facility (CITF),
conducted by the Japan Aerospace Exploration Agency (JAXA) at the Kakuda Space Propulsion Center. Some equipment and
sensors in the facility have special specifications because of the cryogenic environment. The temperature of liquid nitrogen can be
changed from 73 K to 86 K in this facility, and the experiments in which thermal properties are changed can be conducted by
using this function. Furthermore, to determine the developmental state of cavitation, fluctuating pressure sensors are installed
on the casing because direct optical visualization cannot be done in liquid nitrogen. As direct optical visualization could not be
done in liquid nitrogen, unsteady pressure sensors were installed on the casing to estimate the cavitation region. This region can
be estimated by using the fluctuating pressure sensors. Here, cavity length of the tip cavitation was adopted as an indication of
cavitation.

Examination of the relation of cavity length to cavitation performance and the onset of cavitation instabilities (i.e.,
sub-synchronous rotating cavitation and cavitation surge) was conducted by comparison of results in liquid nitrogen set at
different temperatures, 76 K and 80 K, with those in cold water at 296 K. From the experimental results, the temperature
depression A7 can be estimated from the difference of the cavitation numbers, .- 6; of two corresponding conditions. The value o
¢is obtained from the experimental result without the thermodynamic effect (i.e., in cold water), while the value o is obtained
from the experimental result with the thermodynamic effect (ie., in liquid nitrogen). The estimated temperature depression A7
was found to increase with an increase of the cavity length, particularly when the cavity length extended over the throat of the
blade passage, and that indicated a limit in the case of 76 K. From these results, it was found that the thermodynamic effect
depends on the cavity length and that the temperature depression is limited when the temperature in the cavity nearly reaches
the temperature of the triple point of liquid nitrogen. It was inferred that the small margin between the temperature and that of
the triple point of the cryogenic fluid, e.g., liquid nitrogen, results in a limitation of the degree of the thermodynamic effect.

In addition, cavitation instabilities occurred both in liquid nitrogen and in cold water when the cavity length increased.
Sub-synchronous rotating cavitation appeared both in liquid nitrogen and in cold water. In the experiment using liquid nitrogen,
the temperature difference between 76 K and 80 K affected the range in which the sub-synchronous rotating cavitation occurred.
It was concluded that sub-synchronous rotating cavitation is one type of the cavitation instability, mainly depending on the

cavity length. On the other hand, deep cavitation surge appeared only in cold water at lower cavitation numbers. Cavitation



surge is a kind of system instability which depends on the pump gain and unsteady characteristics of cavitation, i.e., mass flow
gain factor and cavitation compliance. In the present experiment, it was inferred that the thermodynamic effect decreased the
mass flow gain factor in liquid nitrogen and suppressed deep cavitation surge at lower cavitation numbers. From these
experimental results, it was concluded that when the cavity length extends over the throat, the thermodynamic effect also affects
the cavitation instabilities as a “thermal damping” through the unsteady cavitation characteristics.

Furthermore, the influence the thermodynamic effect on the blade load was investigated. Distribution of the blade load is
important information as one of the design parameters for a cavitating inducer. The distribution of blade load gradually changes
when cavitation occurs and develops in inducers. On the other hand, the thermodynamic effect on cavitation is significant in
cryogenic fluid. Thus, the cavitation changes the distribution of the blade load and also causes the thermodynamic effect in
cryogenic fluid. Therefore, to clarify this relationship, experiments in both cold water and liquid nitrogen were conducted with a
focus on the development of cavity length.

In these experiments, the pressure rise along the blade tip was measured. In water, the pressure increased almost linearly
from the leading edge to the trailing edge at higher cavitation number. After that, with a decrease of cavitation number, pressure
rise occurred only near the trailing edge. On the other hand, in liquid nitrogen, the pressure distribution was similar to that in
water at a higher cavitation number, even if the cavitation number as a cavitation parameter decreased. As the experimental
result, the distribution of the blade load does not change even at lower cavitation number in the experiment in liquid nitrogen
because the cavitation growth is suppressed by the thermodynamic effect. By contrast, the pressure distribution in liquid
nitrogen has the same tendency as that in water if the cavity length at the blade tip is taken as an indication of cavitation. From
these results, it was found that the shift of the blade load to the trailing edge depended on the increase of cavity length and that
the distribution of blade load was indicated only by the cavity length independent of the thermodynamic effect. It was also found
that “the same extent (length) of cavitation results in the same blade load distribution and results in the same damage to the
performance in any working fluid.” This is the “converse” of Stepanoff’s assumption that “the same value of volume ratio Vi/ Vi
would mean the same extent of cavitation condition and the same damage to the performance”, and it was confirmed in present
study.

To estimate the influence of rotational speed (= velocity) on the thermodynamic effect, experiments in which the inducer
rotational speed was changed in liquid nitrogen were then conducted. The temperature of liquid nitrogen was 79 K, and the
rotational speed was set at 18300 rpm, 14000 rpm, and 10000 rpm. Furthermore, an experiment in which the ﬂuid.temperature
was changed was also conducted. From comparison of these results, the difference between the influence of the transit time and
that of the fluid properties on the thermodynamic effect was investigated. The temperature of liquid nitrogen was 86 K, and the

rotational speed was 18300 rpm. As the experimental result, in the experiment with lower rotational speed, suction performance



was improved, Comparison of results of the experiments in liquid nitrogen at the same cavitation number showed that the cavity
length was suppressed at lower rotational speed. Thus, it was confirmed that the degree of the thermodynamic effect depends on
the rotational speed as lower rotational speed suppresses cavity length. In addition, it was found that the degree of temperature
depression became smaller when the rotational speed was lower.

The thermodynamic effect as estimated from the shift of cavitation number Ao cannot be expressed entirely by the
non-dimensional thermodynamic parameter .V, which consists of thermal properties of the fluid and dynamic fluid parameter,
which are related to the velocity. Then, considering the condition at the temperature decreasing process, the modified
non-dimensional thermodynamic parameter 2" was suggested. It can indicate the relation with the shift of cavitation number
Ao, better than 2% Thus, the effect of nonlinearity of the vapor pressure curve should be considered to evaluate the
thermodynamic effect, especially in the case of a large increase of the temperature depression A7

In addition, the influence of the temperature decreasing process on the thermodynamic effect was examined using a
two-dimensional cascade model proposed by Watanabe et.al. In this analysis, instead of the Clapeyron equation, the actual
(non-linear) /- T'curve is applied corresponding to the temperature depression due to the thermodynamic effect. The shift of the
cavitation number /o due to the thermodynamic effect becomes smaller in the higher fluid temperature, even if that has the
same V. This analysis result gives a good explanation of the present experimental result. When the thermodynamic effect occurs
with large temperature depression, rather than considering the gradient of the linearized vapor pressure curve at the
temperature of the infinity reference point, the physical properties changing with temperature depression in the process of cavity
growth should be considered.

Furthermore, the shift of cavitation number Ao due to the thermodynamic effect in the present experimental results was
examined with the convective heat transfer model, which evaluated the degree of the thermodynamic effect based on the
comparison between the transit time z and the thermal time required for the phase change z7 It was found that the shift of
cavitation number /o assumes a good correction by non-dimensional thermodynamic parameter #zz. The degree of influence of
rotational speed /depends on how the Nusselt number Nuis defined in the model. Thus, more investigation is needed to apply
the equation to define Nusselt number Nz,

Through the present study, a fundamental understanding of the thermodynamic effect was attained based on the cavity
length of the tip cavitation. The characteristic of the thermodynamic effect in cryogenic fluid and the influence of thermodynamic
effect on the cavitation performance and on the onset of cavitation instabilities were clarified. These findings are quite important
information that should be considered when deciding the operational conditions and designing a new inducer. Therefore, these
findings are useful for the progress not only in the development of a rocket turbopomp but also in physical research on the

thermodynamic effect.
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