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Densification of cryogenic fluids is expected as a method to improve the performance of a rocket transportation
system. Liquid hydrogen and liquid oxygen are used as the propellants of Japanese H-1IA rockets, which are
so-called cryogenic fluids. Cryogenic ﬂuids have much low density, which makes the propellant tanks huge. The
huge propellant tanks increase total launch weight of rocket and depress the performance of rocket transportation
system. Therefore, densified rocket propellants will be used.

Thermophysical properties of cryogenic fluids have a strong dependence on the fluid temperature. Thus,
cryogenic rocket propellants are easily densified by subcooling. Subcooling of cryogenic rocket propellants has
several advantages such as an increase in liquid density and a reduction in saturated vapor pressure. An increase in
liquid density reduces a volume of rocket propellant tanks as mentioned above. A reduction in saturated vapor
pressure suppresses occurrence of cavitation in rocket engine turbo pumps, which enables to improve the
performance of rocket engine turbo pumps.

However, densified cryogenic propellants also have several disadvantages. Cavitation can still occur in the
densified cryogenic propellants, although it is rare. Once cavitation occurs, cavitation can grow dramatically in
subcooled propellants because thermodynamic effect suppressing bubble growth becomes weak in subcooled
cryogenic propellants. Dramatic growth of cavitation amplifies flow instabilities in flow machineries. In particular,
choking at throats between blades of an inducer can occur with cavitation because speed of sound reduces as an
increase in void fraction and a reduction in the fluid temperature. Choking by cavitation always occurs in water
because speed of sound with void fraction is much lower at the throats than the flow velocity required for
cavitation. However, choking by cavitation does not always occur in cryogenic fluid because speed of sound with

void fraction closes to the flow velocity required for occurrence of cavitation at the throats. Consequently, flow
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Fig. 1 Schematic diagram of a converging-diverging nozzle

Fig.2 Picture of cavitation (Cavitation is shown as black shadow.)

instabilities are considered to be amplified by repeating choke and release at the throat.

Flow instabilities induced by choking in cavitating flows have not yet been clarified in subcooled cryogenic
fluids. Therefore, experiments on cavitating flows at a converging-diverging nozzle with subcooled liquid
nitrogen were carried out in order to clarify the characteristics of flow instabilities induced by cavitation choking
flows in subcooled cryogenic fluids. In particular, attention was paid to the dependence of flow instabilities on the
fluid temperature in the present study.

In experiments, visualizations of cavitating nozzle flows were carried out with a high-speed video camera. A
converging-diverging nozzle used in the present study is shown as a schematic diagram in Fig. 1 and a visualized
picture of cavitation is shown in Fig. 2. Moreover, pressure fluctuations upstream and downstream are measured

by piezoelectric pressure sensor so that high-frequency pressure fluctuations can be captured in detail.

Cavitation characteristics in liquid nitrogen nozzle flows

In this chapter, flow instabilities occurred in cavitating nozzle flows with subcooled liquid nitrogen was
elucidated by comparison between cavitation in normal liquid nitrogen at 77 K and that in subcooled liquid
nitrogen at 69 K.

1. Cavitation can continue to occur stably in the normal condition at 77 K. The upstream static pressure of the
visualization nozzle increases gradually when the flow begins and tends toward the first steady-state value
as long as cavitation does not occur. Once cavitation occurs, the upstream static pressure of the nozzle
increases gradually again and tends toward the second steady-state value during cavitation. Although a
pulsed pressure fluctuation is observed with the occurrence of cavitation, the amplitude of this fluctuation
is not so large.

2. Cavitation cannot continue to occur stably in the subcooled condition at 69 K. As in the case of the normal
condition, the upstream static pressure of the visualization nozzle increases gradually when flow begins
and tends toward the first steady-state value as long as cavitation does not occur. However, a dramatic
pressure fluctuation occurs upon the occurrence of cavitation, and the cavitation behavior becomes pulsed
and cannot be maintained stably. The upstream static pressure does not increase toward the second

steady-state value, and only a pulsed pressure fluctuation is observed.
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Fig. 3 Distribution of cavitation instabilities (Circle: continuous cavitation,

Square: Intermediate cavitation, Triangle: Intermittent cavitation)

The instability of cavitation in the subcooled condition is considered to be caused by a reduction in the

. speed of sound in a gas-liquid two-phase flow with an increase in the void fraction and a reduction in the

fluid temperature. A reduction in the speed of sound causes a choking flow at the nozzle throat, which
results in an increase in the upstream static pressure. The increase in the upstream static pressure induces
an oscillation in the piping system and the disappearance of bubble clouds. Consequently, cavitation

cannot be maintained stably in the subcooled condition.

Cavitation instabilities in subcooled liquid nitrogen nozzle flows

In this chapter, the dependence of the flow instabilities on the fluid temperature was elucidated by experiments

of cavitating nozzle flows at various fluid temperatures.

1.

Cavitation behaviors can be classified to three types: continuous cavitation, intermediate cavitation, and
intermittent cavitation. The distribution is shown in Fig. 3. Continuous cavitation occurs above 76 K. In
case of continuous cavitation, the upstream static pressure increases gradually, and cavitation can continue
to occur stably. Intermediate cavitation occurs between 73 K and 76 K. When cavitation occurs in this
temperature range, cavitation appears and disappears repeatedly. A strong pulsed pressure fluctuation then
occurs with the occurrence of cavitation, and the volumetric flow rate decreases dramatically. Intermittent
cavitation occurs below 73 K. When cavitation occurs in this temperature range, cavitation cannot be
maintained and so occurs intermittently. Furthermore, pulsed pressure fluctuation occurs with the
occurrence of cavitation, although the amplitude is smaller than that of intermediate cavitation.

The first boundary of cavitation behaviors is considered to exist at 76 K in this experimental system and is
considered to be an intersection between the estimated curve of the speed of sound with a 1% void
fraction and the estimated curve of the required volumetric flow rate for the occurrence of cavitation. The
second boundary of cavitation behaviors is considered to exist at 73 K in this experimental system and is

considered to be an intersection between the estimated curve of the speed of sound with a 1% void
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fraction and the estimated curve of the required volumetric flow rate for cavitation conservation.

The pressure fluctuation is divided to three regions based on frequency and is considered to correspond to
cavitation behaviors. The low-frequency component of the pressure fluctuation indicates a pulsed
behavior and corresponds to the occurrence of cavitation. The middle-frequency component of the
pressure fluctuation indicates an oscillation of several hundred Hertz and corresponds to the oscillation of
bubble clouds. The high-frequency component of the pressure fluctuation indicates an oscillation that has
a frequency characteristic that is proportional to # and corresponds to bubble collapse downstream of the

nozzle.

Mechanisms and characteristics of subcooled cryogenic cavitation

In this chapter, the mechanism of flow instabilities caused by cavitation and the characteristics of pressure

fluctuations induced by the flow instabilities are clarified.

1.

Cavitation instability is considered to be caused mainly by a dramatic reduction in the speed of sound in a
gas-liquid two-phasé flow with an increase in the void fraction at the nozzle throat and a reduction in the
fluid temperature. Continuous cavitation occurs above a temperature at which the estimated curve of the
speed of sound with a certain void fraction intersects with the estimated curve of the required flow
velocity for the occurrence of cavitation. Intermittent cavitation occurs below a temperature at which the
estimated curve of the speed of sound with a certain void fraction intersects with the estimated curve of
the required flow velocity for cavitation conservation. Intermediate cavitation occurs between the
above-described temperatures.

The instability of the intermediate cavitation is considered to be caused by the wideness of the cavitation
hysteresis, which is the difference between the required flow velocity for the occurrence of cavitation and
the flow velocity at which cavitation disappears. When cavitation occurs at high flow velocity, which is
required for the occurrence of cavitation in this temperature range, the flow velocity is depressed to the
speed of sound with a certain void fraction and a strong pressure fluctuation occurs. Since the required
flow velocity for cavitation conservation is lower than the speed of sound, cavitation can occur
continuously. However, since the difference between the disappearing flow velocity and the speed of
sound is small, cavitation may disappear.

The instability of the intermittent cavitation is considered to be caused by the narrowness of cavitation
hysteresis. When cavitation occurs in this temperature range, the speed of sound decreases dramatically
instantly to below the required flow velocity for cavitation conservation, and cavitation then disappears
before the flow at the nozzle throat becomes completely choked. Therefore, the amplitude of the pressure
fluctuation is small. ‘

Low-frequency components of pressure fluctuations are caused by the water hammer phenomenon with
the occurrence of cavitation. High-frequency components of pressure fluctuations are induced by
fluctuations of the void fraction at the nozzle throat. These amplitudes are affected by the degree of
superheat before cavitation occurs, and the assumption was validated by experiments in which cavitation

easily occurs before the saturated condition by using liquid nitrogen with numerous bubble nuclei.
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