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LIQUID PROPULSION CONSIDERATIONS IN
PROJECTING LAUNCH VEHICLE FAILURE PROBABILITIES
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L. Systems, Inc.**
El Segundo, California

ABSTRACT

Launch vehicle liquid propulsion failure
probabilities are derived from historical data,
considering the differing experiencas with
cryogenic (LOX/LH} and non-cryogenic (LOX/RP
or hypergolic) propellant systems. The effect of
learning is discussed as is the distribution of
failures between engines and the remainder of
the propulsion system. Benign failures which
lead to engine shutdown without vehicle
destruction are segregated from catastrophic
propulsion failures. Additionally, propulsion
system failure probabilities are projected for
launch vehicles with and without sufficient
performance margins to achieve mission
success when an engine shuts down benignly
and with and without wehicle holddown.
Frojected failure probabilities are compared for
current and new launch systems.

FAILURE PROBABILITY ANALYSES

Analyses of U.S. and, where available,
foreign space launch vehicles failure histories
have provided consigerable insight into the
causes and types of launch vehicle failures and
the learning rates for their failure probabilities.
Both failure probabilities and the timas that
vehicles are non-operational {downtimes) have
been associated with propulsion, guidance and
"other major subsystems”, thus providing
insights into how existing and future faunch
systems can be improved.

Using this data base and projecting
improvements in design and technology,
permits quantitative projections of future launch
vehicle {ailure probabilities, downtimes and
operational capabilities and limitations.

*President and Senior Engineer, respectively.
**Parformed under Sparta, Inc,, Air Force
Space Division Contract No.
F04701-88-D-0022.

A typical exarnple of failure history for
Titan 11, shown in Table 1, reveals a pattaern of
early design failures and continuing
"procassing” failures. A design failure is, by
definition, one which is corrected by a change
in design, and typically it does not reoccur,
although other problems may be encountered
due to the change. Both a design and a
procass failure may occur on the same launch.
Also, a corrective action for a design fallure is
usuzlly accompanied by a change in the
process, Other (than dasign) failures are
rantlom in that they are almost never
anticipated as to their nature and time of
occurrenca. Howaver, examinations of the
corrective actions taken after they occur reveal
that they are generally due to "escgpes” in any
of the thousands of manufacturing, assembly
and launch preparation processes and activities
required for a launch system. The corrective
actions generally involve changes in the process
including procedures, tests or quality assurance
functions (which screen for escapes), non-
conformance. and defects. Accordingly, they
are most appropriately labeled process failures.

Note that, although the Titan Il was
declared operational after the first few
launches, both design and process failures
occurred thereafter.

A plot of Titan [ll failure ratio versus
number of launches (excluding Transtage upper
stage non-guidance failures), shownin Figure 1,
yields a high ratio early in its history due to
incipient design failures, and a gradual
maturation of the vehicle. This typical learning
curve reflects the fact that design failures are
generally discovered and corrected early in a
flight program.
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An essential part of analyzing the U.S.
launch wehicle failure history has been to
ide ity the failures by major subsystem - liquid
angd s aosneallant propulsion, guidance and
nther nihsystems, Generally, propulsion system
failuras exceed those of all other subsystems
combined. Accordingly, the description of the
analytical approach to: projecting failure
probabilities should be centered upon propulsion
subsystems.

For launch vehicles with liquid engine
segment-out capabilities, three major
subsystems should be defined: engine
segment, stage level and engine segment-out
control.

The engine segment includes not only
the angine {delivered by the sngine contractor)
but other subsystems required to enable it to
function as an independent propulsion unit.

Analysis of the flight failure data base
reveals that about 50 to 70 percent of in-flight
propulsion system failures have occurred
outside of the engine. Based upon these
resuits, it is clear that engine ground test data
cannot be used to predict the total in-flight
propulsion system failure ratio because
extensive engine ground test programs have
generally dealt with only a part of the total
propulsion system.

The tank and its associated components
operate at the stage level, supplying propellant
to the engine segments in a multi-engine vehicle
stage. (anerally, failures at this level wiil effect
propellaat supply to all engine
segments,causing failure of the stage
propulsion system, and, thus, the launch
vehicle,

The engine segment-out control
subsystem is designed to shut an engine
segment down when it malfunctions in a
manner that endangers the launch vehicie and
or the achievement of mission success.

To predict the failure probability of a
multi-liquid, engine segment-out propulsion
system requires knowledge of the values of the
following parameters.

Benign Failure Probability {BFP) - The
probability that an engine segment will
shutdown benignly in flight.

Catastrophic Failure Probability (CFP) -
The probability that an engine segment will fail
catastrophically in flight, theraby causing the
vehicle to fail, even with redundant engines.

Stage {(catastrophic) Fallure Probabllity
{SFP) - The probability that a failure wi™bccur
in a propulsion subsystem at the stage level,
thereby causing the vehicle to fail.

Engine Segment-Out Control Subsystem
Failure Probability (EFP} - The probability that
the engine segment-out control segment will
fail, causing mission failure.

The potential for reducing the failure
probability with an engine sagment-out
capability can best be assessed by projecting
the values of the above failure probabilities
using a flight failure history database. In fact,
because process failures have historically
dominated the parameter values, theoretical
predictions which do not include process
failures will be invalid.

The instantaneous engine segment in-
flight failurs ratios (the reciprocal of the number
of launches between failures averagsd over N
failures) for LOX/LH and non-cryogenic {LOX/RP
and hypergolic) engine segments are shown in
Figure 2. The curves indicate little or no
learning over the flight histories. In fact, there
has been a recent increase in the failure ratio
for LOX/LH due to failures of newly introduced
propulsion systems into the family, the Space
Shuttie Main Engine (SSME) and the Arianne
upper stage engine. Summarizing the failure
history evaluation for LOX/LH propulsion, thein-
flight engine segment benign failure ratio, not
including these recent transients, is about 0.02
with no catastrophic failures.

Based upon the SSME ground test
program and the subsequent limited flight
experience, the current engine (only} total and
catastrophic failure ratios, shown in Figure 3,
are 0.02 and 0.0025 respectively. (There have
been no in-flight failures of other subsystems in
the engine segment to date).
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dovelop within B saconds of
angine start; the remaining were
distributed roughly propartiunal 10
burn time. The digtributions ara
similar for launch vehicles and
upper stages. Hewever, early
failures were concentrated among
Atlas, Centaur, Shuttle, and Titan;
Delta and Saturn had no early
failures. Therefore the value of
holddown is a function of the
characteristics of the particular
propulsion system. For
subsystems other than liguid
gngines, failures were distributed
roughly proportional to flight time,

The U.S. liquid propulsion
curmulative in-flight for failure
ratios are shown in Table 2,
Using the data shown hare and in
Figures 2 and 3, {the reciprocal of
the number of launches betwaen
tailures averaged over N failures)
projected mature values - around
the 100th vehicle flight - for the
Space Transportation Main Engine
{STME) are also shown. For the
engine segment, the lower benign
failure ratio value is based upon
the planned conservative design
approach for the STME and
vehicle holddown at ignition. The
projected engine segmant
catastrophic failure probabilities
lie between the historical values
for cryogenic and LOX/RP and

hypergolic propulsion.

The projactions for
LOX/RP and hypergolic propulsion
are the same as those for LOX/LH
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The time distribution of in-flight failures
car: be important when strategies such as on-
pad vehicle holddown are used to assure that
liquid propulsion systems are fully operable prior
to liftoff. For liquid propulsion systerns, the
time distribution is heavily skewed. It can be

seen in Figure 4 that about 50% of all liquid
propulsion

flipht failures started to

except for the engine segmeant
benign failure probability.

Engine segment benign
failure probabilities are projected to be lower
with the use of a short vehicle holddown after
ignition, based on the time of failure distribution
{Figure 4) and the experience with Shuttle.
Catastrophic failure probability, gigeady a minor
contributor, is too uncertain to project a
significant holddown benefit.
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"mature” system failure
probability is that achieved at
about the one hundredth launch;
thereafter, failure probability
reduction due to learning is
minimal.} Differences in failure
ratios between the cryogenic
and non-cryogenic systems is, in
part, due to differences in
maturity. The typical non-
cryogenic stage has
accumulated about two hundred
launches versus fifty or less for
most cryogenic systams. Thus,
design failures weigh heavier for
cryogenic systems, Never-the-
less, a difference appears to be
inherent in thair respactive
failure probabilities at equal
maturity.

We have projected
similar catastrophic failure
probabilities for both classes of
propulsion in spite of the
uncertainty in the values, The
ralatively low probability of
catastrophic failures implies that
without engine sagment-out
capability, benign failures are
dominate, and that with it, the
high leverage is in the ability to
essentially eliminate vehicle loss
due to benign failures.
Catastrophic contributions are
small in aither case for either
propellant class.

A review of the U.S.
manned flight history reveals
two anomalies associated with

At the stage level, the high failure ratio
exper:enced for cryagenic propulsion is driven
by multiple failures related to a now deleted
Centaur boost pump. Accordingly, the projected
stage level failure probability has been chosen
to be more consistent with that for LOX/HP and
hypergolic propulsion systems. '

Maturity is generally an issue for non-
engine portions of the propulsion systam (and
the remainder of the vehicle) because extensive
ground tests provide a relatively mature flight
engine. (For the purpose of this paper, a

[&)]

engine segmeant-out control subsystems, one
each in a Saturn and Shuttle flight. _Both are
considered anomalies because the vehicles
completed their missions. Accordingly, the
catastrophic  failure probability for that
subsystem is projected to be low, in the range
of 0.001 to 0.004, nominally 0.002,

The ranges for the projected failure
probabilities are necessarily large due to the
limitations in the available data.



ENGINE SEGMENT -QUT ANALYSES With engine sagment-out capabllity, the
benign fallure probability contributes vary little

Mistorically, liquid rocket boosters have to the total unless an inordinate number of
required multiple engines to provide the angines are usod. Catastrophic fallure
negessary thrust. Additionglly, vehicle prababllity is the drivar, and for most NLS
porformance margine hava ganerally bheon gonfigurations the engine segmont benign

T insufficient to provide for missicn success when failure probability can be treated as a minor
5 an engine segment failed benignly. The contributor. Analyses of LOX/RP and hyper-
‘ projected STME values of the four critical failure galic propulsion systems yield gimilar rasults.
probabilities - engine segment benign failure
probability, BFF = 0.006 (with holddown}; MAJOR LESSONS LEARNED
engine segment catastrophic failure probability,
CFP = 0.001; propulsion stage level Analyses of fiight and to a lesser
catastrophic failure probability, SFP, = 0.002; extent, ground test failure histories have led to
and engine-out control subsystem failure significant insights into the characteristics of
probability, EFP, = 0.002 - have significant faunch failures. One of the most important
implications for multiple engine launch vehicles lessons learned is that failure causes are rarely
of the future. predicted by standard reliability calculation
methodologies. Indeed, the dominate causes of

Figure 5 presents the projected failure - design weaknesses and processing
propulsion system failure probability foi nultiple fallures (escapes) - are generally excluded from
STME systems with and without an engine traditional analyses due to lack of insight and
segment-out capability. knowledge of the problem, This has lad to

unrealistically low predictions of launch vahicle
failure probabilities.
| FIGURE 4
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ngry . accur frequentlv in propulsion
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¥ oo Py /_,/;“”‘ o subsystems. Thus, a launch
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N e e TS LE I 41 B0 I N Propulsion failures have
5 , ‘ ‘ , ‘ , ' been the major cause of launch
! 2 g B T ? 0 o failures and the preponderar.\ce
LOUTTUTEDUT of those have been benign
failures, i.e., the engine has
Generall», for multiple liquid engine failed to provide the required thrust without
propulsion systems withoutengine segment-out failing catastrophically. Accordingly, the largest
capability, benign failure probabilities dominate single reduction in failure probabilities for such
the total contribution of propulsion to vehicle vehicles could be achieved by designing for
failure probability, and it is evident that the engine segment-out capabilities to meet mission
values generally exceed the 0.02 goal for the requirements.

National Launch System {NLS).




PROJECTING LAUNCH VEHICLE FAILURE
PROBABILITIES

Table 3 presents launch vehicle major
subsystems failure ratios (probabiiities) based
upon anslyses of failure histories similar to
hose described for propulsion, Projected
mature faliure probabilities for future leunch
vehicles are generally lower than historical
faillure ratios because of learning and the
acsumption that new launch vehicles will
benefit from more consarvative designs and
process controls and technology improvements.
A prime example of this is the conservative
design planned for the STME currently under
development for the NLS program. (Liguid
propulsions values are shown assuming
holddown.) Lower failure probabilities are also
projected for solid propulsion assuming
improved processing and non-destructive
testing techniques. A significant reduction is
also projected for guidance assuming the
introduction of redundancy, including voting.

TABLE 3

NLS PROJECTED SUBSYSTEM PER UNIT FAILURE PROBABILITIES

HISTORICAL FLIGHT
EAILURE BATIOS!

RUBSYSTEM IMPROYEMENTS
SOUD PROPULSION
MONOLITHIC 001 MANGINS/
BEGMENTED/TVC 007 PROCESS
CONTROL
vauwp PROPULSION
ENOINE SEGMENT BENIGN (BFP) MANGINS/
- CRYQGENIC 0w HOLDDOWH
- LOX/MP OR HYPERGOLIC 008
ENGINE SEGMENT
CATASTROPHIC (CFPI 0-.002
STAGE LEVEL (5FP] 002-.021
ENGINE SEGMENT-OUT
CONTROL SUBSYSTEM o
NON-PROPULSIVE
GUIDANCE, BENIGN 016 ADVANCED
GUIDANCE, CATASTROPHIC 002 TECHNOLOG *
OTHER, VOTING LOGIC 0 REDUNDANCY
OTHER, PER VEHICLE 012
OTHER, PEA STAGE -008

" INCLUDES DESIGM FAILURES
A AT 100TH LAUNCH
Mo 011 IF INFLIGHT ANOMAUES ARE CONSIDERED

These projections - nominal values and
their associated low and high values - are
treated as per unit failure probabilities in a
mature NLS configuration. The ranges from the
estimated low to the high values vary from a
factor of two to four for the various
subsystems.

7

003 - 008 . 010
002 - 003 - 007

L0005 - 001 - .002

.00 - 005 - 008
0003 - D005 - 0008
.0003 - 0005 - 0008

.00z - 003 - 005
001 - 002 - 004

Using the projected subsystem failure
probabilities from Table 3, the currently
projacted mission fallure probabilities for the
axisting fleet ave shown In Figure 6 comparad
to the National Launch System (NLE) basaline
vehicles with and without engine segment-out
capabilities. The current DoD basaline ig an all
liguid engine stage and a half (4/2 1.5) with 8
STMEs, 4 of which are staged early in the
trajectory. An alternative to the DoD baseline
vehicle could be a stage and a half with 6
STMEz {4/1 1.5) with no enpgine segmentsout
capability. The NASA baseline uses Advanced
Salid Rocket Boosters (ASRB) and a cryogenic
core stage propelled by either 4 or 3 STMEs,
(HLLV-4 or HLLY-3).

Several important points can be made
about the projected failure probabilities.

One half or more of the currant vehicle
mission failure probabilities are due to
prapulsion, with more than half being due to
benign engine segment failure probabilities in
the cases of Atlas 11 and
Shuttie. {When a banign
SSME segment failure occurs,
the Shuttle goes into an abort
mode and generally the Orbiter
does not reach itg,.mission
orbit.)

PROJECTED MATURE"
FAILURE PRODABILITIES
LOW - HOM . HIGH

0005 - 001 . 0016
003 - 005 - 007

- The 1.5 stage and
HLLV vehicles without engine
segment-out capabilities are
projected to have failure
probabilities comparable to
those of the current fleet,
With engine segment-out
capabilities, their failure
probabilities are projected to
be about one half of than
those for the cunent fleet.

- The NASA HLLV

baselineg vehicle without
angine segment-out capabilities is projected to
have a mission failure probability about equal
that of the Shuit.:, but would have a higher
probability of payload loss because it would not
have an abort capability.
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FLEET MATURE MISSION FAILUNLE PROBABILITIES

[FRE 1}

incorporats into naxt generation
launch vehicles utilizing multiple
liguld engine propulsion are
vehicle holddown and engine

( segment-out capabilities to
oo achieve mission success, Thase
il . features can be expected fto
8 N roduce the vehicle failure
% oo 5 probabilities by 2 factor of about
i s N - 2, the reduction depending upon
ot ) \C\\ N \Q {: the number of liquid engines.
. ke b\ AN I AN ™ };. Accordingly, launch vehicles
A NN g N N should be dasigned to provide the
g B g § & % “% flexibility to operate with and
Gl “\ 3 § R ?1 without engine segment-out
vor |- (Rf_‘,, HOE R o W capabilities, with different criteria
N RS T 2 B ft depending upon payload value
@ v S R Lo iz and whether the payload is
DELTATL ATLASH  THANIY SHUTILE 2SS A5 HULY-4 V-3 manned or unmanned.

GACHPCET'MSGE PR

MNGINE -OUT CONTROLLER [S‘:ﬂ ENGINE SEGMENT UFP

The contribution cof the engine
failure
probability to the vehicle failure probability is
projected to be small as compared to the
probabilities of engine segment benign failures.

segment-out contro!

subsystem

The prior estimates were for mature
vehicles. Any program plans should anticipate

potential design failures. The
impact of design failures on

FIGURE 7

cumulative failure probability is
dramatic in the early launches, as

CUMULATIVE FAILURE PROBABILITY WITH DIZSIGN FAILURIZS

A S1ME CORE WITH 2 ASNMs

shown in Figure 7, which 039
assumes a 0.02 mature failure
probability and 1 or 2 early design 0a |-
failures. (Based on historical
EANMLY INCIPIENT [DESIGN) FAILUNES

trqnds' 2 could be expected.) i- 020 |- EFFECTIVELY DOUDLE THE MATURE
With the occusrence of early (rg' FAILURE PRODADILITY FOR A LARGE
design failures, the cumulative :er; :Hﬁ"ﬂ%@fég:'“
failure probability approaches the E:L, o2}
mature value very gradually. d

;ﬁ o140 |
SUMMARY i

-

. 5 0.1 2 [RGIGM FAILUIED (260 ANTE 301H LAUNGT LS|

Analyses of launch vehicle Y - H1BIN FARUIE I LAUNGSY) '
failures reveal that about one half MATUNE 11 = D2
or more have been due 1o i S
propulsion failures which are P TE e
largely liquid engine segment o : .
benign failures. Accordingly, the * i AR 1w i

most important features 1O
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