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Newly developed launch vehicles in the world are mainly propelled by cryogenic engines,
which use liquid hydrogen and liquid oxygen as propellants for the reasons of high propulsive
performance of their combustion gases. However, because of low temperature and low density of
liquid hydrogen as compared with other propellants, there are a lot of problems to be solved for
development of a large size high pressure hydrogen engine, such that it is very easy to boil so that
excessive cavitations sometimes occur in liquid hydrogen pump, extremely high power is required
for hydrogen turbo-pump therefore it induces severe fluid vibrations which result in fatigue damage
to limited life design parts, and cryogenic hydrogen causes brittleness of materials and thermal
fatigue.

For the purpose of accomplishing launch missions to put payloads into the specified earth
orbits, launch vehicles accelerate space-crafts up to ultra-high speed in the concrete 8km/sec.
Accordingly, launch vehicles are required extremely light structures and tremendously high powers.
Consequently, developments of launch vehicles in the world belong to frontier technology area
where the success rate of newly developed launch vehicles is statistically only 85% and most of
causes of launch anomalies are occupied by engine troubles. Generally speaking, space-crafts are
very expensive, so that if launch missions were failed, tremendous losses were brought about.
Based on the reasons mentioned above, it is very important to enhance reliabilities of rocket engines
and it is also significant to estimate their reliabilities correctly. Improvements of reliabilities
concerning rocket engines are the key points in the world to minimize damage toward space
activities.

Japan developed the world wide level large launch vehicle named H-2 with domestic
technologies. H-2 Launch Vehicle was two-stage rocket augmented by a pair of large size solid
motors and she had the launch capability of putting a 10 ton-class payload into the low earth orbit.
The first stage of H-2 was propelled by the high pressure hydrogen/oxygen engine named LE-7,
which was adopted two staged combustion cycle as same as Space Shuttle Main Engine developed
by USA. During the developments of SSME, NASA encountered with serious engine system
anomalies, which incurred whole damage to engines, because extremely high power and high stress
stood right in the way of rocket engineers. Similarly, unexpected severe anomalies occurred in the
development of LE-7 Engine, and yet the difficulties were finally overcome. After the qualification
firing tests, the designs for flight engines were fixed and then the maiden flight of H-2 Launch
Vehicle achieved successfully.

In the 7™ flight of H-2 Launch Vehicle, material fatigue presumed to be caused by severe
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cavitation vibration happened to the LE-7 Engine, and it resulted in the fatal flight failure. On the
occasion of the flight accident, it was strongly recognized that to enhance the reliability of LE-7
Engine and to estimate its reliability correctly were very important for NASDA to maintain solid
space transportation system.

In case of developments of high pressure large size rocket engines, there are noticeable
characteristics concerning occurrences of engine troubles as follows. Establishment of start/stop
sequence is difficult, therefore, transient troubles occur frequently in early phase of engine
development. However, transient troubles decrease rapidly according as development phases
progress, on the other hand, it is difficult to root out fatigue failures by the last phase of
development, accordingly, they will cause flight missions to encounter serious failures. Most of
causes of flight failures are occupied by engine troubles, because, it is difficult to estimate
reliabilities of rocket engines correctly, in addition to that reliabilities of rocket engines are
sometimes overestimated.

In this paper, according to these backgrounds above mentioned, aiming at enhancing
reliabilities of rocket engines, first of all, the engine start anomaly, which occurred in the early
phase of development of LE-7 Engine, was analyzed. In the next place, the fatigue damage to the
hydrogen inducer presumed to be caused by severe fluid vibrations, occurred in the 7™ flight of H-2
Launch Vehicle, was picked up as an important subject to be improved. Finally, in order to estimate
reliabilities of rocket engines correctly, reliability estimation methods on LE-7 Engine and LE-7A
Engine were studied.

(1) Start transient anomaly

High pressure rocket engines, which are adopted two staged combustion cycle,
demonstrate good performance, but one of big disadvantages of this type of engine is the difficulty
how to build up start transient, because turbine power is extremely small at the beginning of
engine start. In the early phase of the development of LE-7 Engine, over spin phenomena were
observed at rapid transient phase in both liquid hydrogen pump and liquid oxygen pump. In this
case, the phenomena incurred serious damage to major parts of the engine. For a long time, the
causes have not been clarified, so that failure analyses were conducted in this paper.

Liquid hydrogen has remarkable characteristics such that adiabatic pressurization of the
fluid causes obvious temperature rise and its great rate of volume expansion causes low density of
the fluid. According to the characteristics, decrease of pump efficiency causes obvious temperature
rise which results in remarkable decrease of pump discharge pressure. Another over spin
phenomenon was observed in the rapid flow rate change tests, which were conducted in order to
investigate causes of the flight failure of the LE-7 Engine, and it was revealed that rapid fall of
hydrogen flow rate caused temperature rise, first of all temperature at inlet of the first impeller, in
the next place temperature at inlet and outlet of hydrogen pump. Based on this fact, it is strongly
suggested that dynamical decrease of pump flow rate brings about decrease of pump efficiency,
which causes excessive temperature rise up to the saturation of the pump fluid. Therefore, it is
important to know the flow rates of both pumps at start transient phase to solve the over spin
phenomena, but flow meters of the engine firing test facilities do not indicate flow rates of the
pumps at start transient, because the test facilities have by-pass lines just front of the engine to
keep inlet pressures constant during this phase. In order to get the flow rates of both pumps at
start transient phase, flow resistance analyses were conducted. Also, evaluation equations that
indicate shift of operational point of pumps were derived to estimate the excessive temperature rise
of pump fluid. Finally, we get the conclusion that dynamical change of operational point brings
about the over spin phenomenon observed in liquid hydrogen pump. '

All the same, flow rate of oxygen pump at the start transient phase was studied,
consequently, it was presumed that statical high flow rate over 140% brought about low discharge
pressure of inducer, which caused impeller to be shortage of NPSH (net positive suction head), and
it resulted in the over spin phenomenon observed in liquid oxygen pump.

(2) Fatigue induced by fluid vibration
Fluid energy of high pressure large size hydrogen engine is tremendously big, therefore,
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severe fluid vibration is easy to occur and it sometimes incurs occurrence of cracks caused by
cumulated fatigue damage to limited life design parts. In case of the LE-7 Engine, it suddenly lost
propulsive function in the midst of the 7th flight, in the result, the H-2 Launch Vehicle fell on the
Pacific Ocean with the Multi-Function Transport Satellite, which was expected to fulfill very
important role in Japan. The engine with malfunction was fortunately found at the sea bottom of
3000 meters deep, and the salvage of the LE-7 Engine was successively accomplished. Failure
investigation was conducted and material fatigue was found at a blade of the hydrogen inducer. It
was concluded that the flight failure was caused by multiple factors such as fluid vibration induced
by rotating cavitations, coupling of fluid vibrations and others. So that background anomaly
analyses toward the malfunction factors were conducted in this paper, in the result,
countermeasures were proposed to prevent return accidents.

Improved engine named LE-7A was newly developed to propel the first stage of new lunch
vehicle named H-2A and another severe fluid vibration, presumed to be cavitation surge, occurred
in a hydrogen turbo-pump of LE-7A Engine. This phenomenon that caused severe damage to a
bearing support of the hydrogen turbo-pump happened at the last phase of engine development, in
other words qualification tests phase. In the case of LE-7A Engine as same as LE-7, inducer is
connected directly with main rotor shaft, and then rotational tip speed of hydrogen inducer is the
highest in the world. It is very difficult to conduct high power suction tests for LE-7A turbo-pump
with use of liquid hydrogen, because, shortage of NPSH causes hydrogen turbo-pump to be over
spin and results in centrifugal destruction. Some difficulties were overcome, and suction
characteristics of the high-speed inducer were clarified.

Severe fluid vibration occurred in hydrogen inducer both of LE-7 and LE-7A Engine, however,
vibration forces acting inducer blades can not be measured directly in hydrogen tests, therefore,
relationship between vibration stress added to inducer blades and measured shaft vibration was
investigated analytically.

(3) Reliability estimation methods

It is one of the difficult subjects even in advanced nations to estimate reliabilities of
rocket engines correctly, because a lot of design changes are applied in development phases, and
few mimic flight tests or full time firing tests called mission duty cycle tests are planned toward
qualification model engines, which have same designs as flight model engines. Reliability
estimation using the dispersive, binominal distribution method has been traditionally used in Japan
to certify reliabilities of liquid rocket engines, but its estimation sometimes disagreed with failure
rate of flight engines. LE-7 Engine was believed to have good reliability according to the results of
ground firing tests, which cumulated about 300 firing tests and 15,200 burn times, however, the
flight failure of LE-7 Engine occurred at the 7% flight of H-2 Launch Vehicle.

In order to take better results, the reliability growth model and the failure distribution
method are applied in this paper to estimate the reliabilities of LE-7 and LE-7A Engine. The
reliability growth model, proposed by Duane in 1962, gives good results in case that it is applied for
early phase of development where design changes are adopted frequently. On the other hand, the
failure distribution method gives good results in case that it is applied for the last phase of
development where no design changes are adopted. According to these different methods, the
reliabilities were presumed to be 94%~95% for LE-7 Engine and 98%~99% for LE-7A Engine. It
was showed that the reliability of LE-7A Engine was improved 3~4 times better as compared with
LE-7 Engine. Also, it was revealed by the failure distribution method that malfunctions caused by
start and stop transient stress were solved in early phase of development, but malfunctions caused
by fatigue damage remained unsolved up to the last phase of development, in the result, they should
cause flight failures.

As mentioned above, correct estimation of reliability of a rocket engine is difficult work
even in advanced nations and there are no reliable methods at the present situation, therefore it is
important to estimate engine reliability with use of some different methods in order to make sure the
reliability synthetically.
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