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% ;I 1. PURPOSE AND SCOPE
%g s
%? The purpose of this report is to present the results of the postflight
%‘ analysis of the Service Propulsion System (SPS) performance during the Apollo
% 15 Mission. This report is a supplement to0 the Apollo 15 Mission Report.
%? The primary objective of the analysis was to determine the steady-state
&% performance of the SPS under the environmental conditions of actual space
£
= flight.
€g This report covers the additional analyses performed following the
compilation of Reference 1. The following items are the major additions
and changes to the results reported in Reference 1:
1) The steady-state performance as determined from analysis
E of the third and eighth burns is presented.
E f“} 2) The analysis techniques, problems and assumptions are
Aiéf~~—~:—-»—~~-—"»m"”“”discussed.
E

3) The flight analysis results are compared to the preflight
predicted performance.

4) The propellant utilization and gaging system (PUGS) operation
is evaluated in greater detail.

5) The pressurization system performance is discussed -

6) The transient data and performance are included.

7) The estimated propellant consumption is revised.
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2.0 SUMMARY

Command and service module 112 SPS performance for the Apollo 15 Mis-
sion was evaluated and found to be satisfactory. The SPS mission duty cy-
cle consisted of eight firings for a total duration of 590.0 seconds.

SPS steady-stage performance was determined primarily from the analyses
of the third lunar orbit insertion and eighth transearth injection burns.
It was determined from these analyses that the cngine Zuel resistance was
approximately 7% less than its estimated value based on acceptance test
data and post-test reorficing. Thkis compares well within the mean fuel
resistance bias of -5.5% determined from postflight analysis of Apollo 9,
10, 11, and 12 (Reference 9) and used in the Apollo 15 preflight analysis,
and the -6.7% bias derived from the Apollo 1lU Mission postflight analysis.

Avefage standard inlet condition engine performance values for the two
burns analyzed are as follows: thrust, 20846 pounds; specific impusle,
314,7 seconds; and propellant mixture ratio, 1.571. These values are 0.6%
greater, 0.1% less, and 0.1% greater, respectively, than corresponding
values computed from the preflight engine model, and are within the t30
uncertainties associated with the preflight values.

A systematic oxidizer and fuel propellant tank pressure measurement
bias, under engine firing conditions, of approximately -2 psi may have been
identified, although further analysis is required to verify that the errors
are systematic.

Operation of the Propellant Utilization and Gaging System (PUGS) was
satisfactory throughout the mission. The PUGS mode selection switch was
set in the normal position for all SPS burns; therefore, only the primary
system data were available. By utilizing the propellant utilization valve

the crev achieved excellent propellant management with the gageadble oxi.-'

dizer unbalance at the end of the eighth burn being only 25 lbm, decrease.
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3.0 INTRODUCTION

The Apollo 15 Mission was the fifteenth in a series of flights using
Apollo flight hardware and included the fourth lunar landing of the
Apollo Program. The Apollo 15 Mission utilized CSM 112 which was equipped
with SPS Engine S/N 65 (Injector S/N 136). The engine configuratiou and
expected performance characteristics (Reference 2) are contained in
Table 2. Since previous flight results of the SPS have consistently shown
the existence of a neg~tive mixture ratio shift, SPS Engine S/N 65 was re-
orificed to increase the mixture ratio for this mission. Figure 22 shows
the propellant unbalance for the two major engine firings compared with
the predicted unbalance. The unbalance at the end of the transearth
irjection firing was very small and shows that the modifications to the engine
were satisfactory.

The SPS performed eight burns during the mission, with a total burn
duration of 590.9 seconds. At approximately 28-2/3 hours after liftoff,
the first SPS burn was perfofmed. This was a test burn to verify that the
SPS thrust lighé illumination,which occurred shortly after transposition
and docking with the LM, was due to an electrical short existing on the
ground side of the SPS pilot valve solenoids. A detailed account of this
anomaly may be found in Reference 1. The ignition time, burn duration
and velocity gain for each of the eight SPS burns are contained in Table 1.

The electrical short anomaly required a revision to the ignition
procedures for the Lunar Orbit Insertion (LOI) and Transearth Injection !
(TE1) maneuvers. Automatic ignition was accomplished using bank B valves,

then bank A valves were opened at ignition plus 5 seconds. Bank A vn;veo




were then manually shut down prior to normal shutdown, thus allowing an
automatic shutdown on bank B, The remainder of the maneuvers were accom-
plished on bank B in the automatic mode.

The first three SPS burns were no-ullage starts, while the remaining
burns were preceded by +X Service Module (SM) reaction control system

translation maneuvers to ensure SPS propellant settling.
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4. STEADY-STATE PERFORMANCE ANALYSIS

Analysis Technique .

The major analysis effort for this report was concentrated on deter-
mining the steady-state performance of the SPS during the third and eighth
burns. The remaining six burns were of insufficient duration to warrant
detailed performance analysis. The performance analysis was accomplished
with the aid of the Apollo Propulsion Analysis Program (PAP) which utilizes
a minimum of variance technique to "best” correlate the available flight and
ground test data. The program embodies error models for the various flight
and ground test data that are used as inputs, and by statistical and itera-
tive methods arrives at estimations of the system performance history, pro-
pellant weights and spacecraft weight which "best" (minimum-variance sense)
reconcile the available data.

Analysis Description

The steady-state performance during the third burn was derived from
the PAP analysis of a 290-second segment of the burn. The segment analyzed
began approximately 40 seconds following ignition. The first 4O seconds
¢ 7 the burn were not included, in order to minimize any errors resulting
from ds*» filtering spans which include transient data, and because
PUGS data near the start of the burn are not stabilized. The time segment
analysed wvas terminated approximately 68 seconds prior to SPS shutdown
to exclude the three PU valve movements which occurred in the last 68
seconds and to avoid shiutdown transients. fhe burn segment included one
PU valve movement, and propellant crossover (storage tank depletion) which
occurred about 255 seconds after ignition. The eighth burn steady-state

performance vas derived from the PAP analysis of & 92 second segment of the
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burn. The initial 29 seconds of the burn were excluded from the segment
to avoid inclusion of data from the start transient. T7iLe burn segment
included the PU valve .ovement which occurred at abuui 33  -onds from
ignition. The segment was terminated approximately 20 secondas pricr to
engine cutoff in order to exclude shutdown transient dat:. The steady~
state performance analyses of both burns utilized data from the flight
measurements listed in Table 3.

The initial estimated spacecraft damp weight (total spacecraft minus
SPS propellant) at ignition of the third burn was 62007 lbm. The initial
estimated damp weight at ignition of the eighth burn was 24895 lbm. Both
values were based on the postflight weight analysis given in Reference 3.

The initial estimates of the SPS propellants onboard at the beginning
of the time segment analyzed for the third burn were extrapolated from the
loaded propellant weights presented in Section 5. The initial propellant
estimates for the time segment analyzed for the eighth burn were extrapolated
from the computed propellants remaining at the end of the time segment
analyzed for the third burn. All extrapolations of propellant masses used
to establish the initial estimates for a given simulation were performed in
an iterative manner using derived flowrates and propeliant masses from preceding
simulations to ensure that the derived propellant mass history was consistent
between the two burns analyzed.

The SPS engine thrust chambar throat area wic input to the program as
a function of time from ignition for sach burn. The assumed throat area
time history used in the analysis is shown in Figure 1 and was based on the
characterization presented in Reference. 2.

The SPS propellant densities used in the analysis were calculated from

propellar. sample specific gravity data obtained from KSC, flight propellant




temperature data, and flight interface pressures. The temperatures used
were based on data from feed-system and engine feedline temperature measure-
ments and were input to the program as fi-ctions of time. During steady-
state operation, it was assumed that respective tank bulk temperatures and
engine interface temperatures were equal for both oxidizer and fuel.

The PAP sirulations were performed using the "Tank Pressure Driven"
SPS modei. Simply stated, this model utilizes input oxidizer and fuel
tank pressure valu~:, as functions of time, for the starting points in com-
puting the pressures and flowrates throughout the system. The estimated
tank pressures input to the program were obtained from a simulation of the
complete SPS duty-cycle usir the Propulsion Analysis Trajectory Simulation
(PATS) program. The PATS program is used to perform the preflight predictions
for the SPS. The simulation used to obtain the estimated tank pressures was

'‘postflight prediction” which used the actual velocity gains for each SPS
busn, the actual PU valve position history, the actual bipropellant valve
modes, and the postflight reported vehicle weights. The PAP pro. ram was
free to bias the input tank pressures, if so required, to achieve a minimum
variance solution, bu: was essentially constrained to follow the shape

of the input pressures profiles. The shapes of the tank pressure profiles,
in turn, strongly influence the computed thrust shape, and therefore, the
calculated acceleration shape. The ifnitial simulations of both burns, using
the input tank pressure yielded minor computed acceleration shape errors.
Analysis of the acceleration shape errors indicated that the input estimated
oxidiser and fucl tank pressure shapes were slightly in error. By comparing
the interface pressure and acceleration shape errors, it was possible to

derive corrections to the input tank pressures which significantly improved

the overall data match. Tha corrections, which waere all less than 1.0 psi,




were then input to the program for subsequent simulations,
Analysis Results

The resulting values of the more significant SPS performance narameters,
as determined in the analysis, ai2 presented in Tables 4 and 5. Table 4
contains values for the third burn as computed in the PAP simulation. Values
are presented for two time slices, which were selected to show performance
before and after crossover. Table 5 contains the flight performance values
for the eighth burn from the PAP analysis. The v.lues shown are for a
representative time slice. In both tahles, the corresponding preflight
predicted values for the same time slice are clso shown. All performance
values, both predicted and from the ...' analysis, are at the same PU valve
position and should be directly comparable.

Figures 2 and 3 show the calculated SPS specific impulse, propellant
mixture ratio, and thrust, as functions of time, for the third burn and the
eighth burn, respectively, For comparison the figures also contain the
predicted performance. As shown, the specific impuise was between 314.5
and 314.8 seconds throughout both burns. Based on the values computed for
the two burns analyzed, and the qualitative comparison of tiie data from all
eight burns, it is concludad that the SPS steady-state performance through-
out the entire mission was satisfactory. The propellant mixture ratio agreed
well vvith the predicted at the cume PU valve position. It should be noted
that the predicred perfor~ance for this mission incorporated a mixture ratio
bias in order to more closely predict the decreased mixture ratio observed
on recent flights. A more detijled comparison of the flight performance to

the predicted performanc: is cortained 1a the following section.
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The PAP analysis determined that the best mat:h to the availabl. data
required that the engine fuel hydraulic resistance be adjusted from the
value used in the preflight analysis (Reference 2 ). The derived fuel
resistance was 894.1 lbf-seczllbm—fts. The fuel resistance determined
from the engine acceptance tests was 888.1 lbf—secﬁllbm-fts. Based on the
acceptance test derived value, the fuel resistance after the post acceptance
test reorificing (see Section 2) was estimated to be 962.1 lbf—seczllbm-fts.
The flight value derived from the analysis was 7.1% less than the estimated
reorificed acceptance test value. The flight derived value was only 1.7%
less than the value (909.2 lbf—seczllbm- LCS) used in the preflight pre-
diction. The value used for the prediction was obtained by biasing the
estimated reorificed acceptance test value based on postflight experience
(Reference 8). An adjustment to the engine oxidizer hydraulic resistance
was also required. The flight value derived from the PAP analysis was

5, which is 2.2% less than the value derived from accep-

473.3 1bf-se %/lbm-ft
tance testing and used for the preflight prediction. Because preliminary PAP
simulations showed little difference between the resistance values derived
from the third burn analyses and those derived from the eighth burn analyses,
the final eighth burn simulation was made using the resistances derived

from the third analysis.

Significant biases were found to exist in both interface and both
propellant tank pressure measurements. The oxidizer interface pressure
measurement (SP0901P) data was found to be biased by approximately -4 psi.
The fuel interface pressure measurement (SP0930P) data was biased -3 psi.

Negative interface pressure biases under flow conditions have been observed

on previous flights. Reference 9 contains a statistical analysis of the
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irterface pressure biases from the Apollo 9 through Apollo 14 Missions.
Based on Reference 9, the expected biased vere -3.34 psi and -1.54 psi
for oxidizer and fuel interface pressure, respectively.

The derived oxidizer (SPO003P) and fuel (SPOOQ6P) propellant tank
pressure biases were approximately ~2 psi each. The propellant tank pressure
measurements are located in the helium supply lines to the tanks and, as
such, do not sense tank pressure directly. Examination of the measured
tank pressure response at shutdown of the eighth (TEI) burn revealed that
immediately (1-5 seconds) following shutdown both pressures rose approx-
imately 2 psi above their respective values prior to shutdown. Considering
the relatively fast response of the helium solenoid valves, which are
commanded closed at engine cutoff signal, and the large ullage volumes at
the end of the eighth burn, the indicated 2 psi rise in tank pressure is
totally unreasonable. This gives strong evidence that there was a burn,
or flow related, bias on both tank pressure measurements during the firing
periods. It is suspected that this bias may be a systematic error associated
with transducer location, however, further analysis will be required to verify
this possibility and to define the impact, if any, on the preflight prediction
model.

The analysis verified that the thrust chamber throat area c:aracteriza-
tion (Figure 1) was relatively accurate, in that no changes were required
to achieve a satisfactory data match for either the third or eighth burn.
Both the third and eighth burn PAP analyses indicated that the initial
estimates for the spacecraft damp weight were esgentially correct with no
changes being required.

Early analysis results indicated inconsistencies between the amounts
of propellants that were reportedly loaded, the amounts indicated by the

10
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tank gages, and the simulation results. In general, simulations which
best matched the sump tank gages after crossover (near the end) of the
third burn required either unreasonably large (approximately 130 pounds

of oxidizer and 120 pounds of fuel) reductions in the estimated initial
propellant masses onboard at the start of the burn segment, or flowrates
(and thrust) which did not agree with the storage tank probes and acceler-
ation data. Since the first two burns were of relatively short duration,
the propellant loads onboard at the beginning of the third burn should be
known to almost the loading tolerances. Furthermore, when the propellants

remaining at the end of the third burn for these simulations were extrap-

olated to the eighth burn, the sump tank probes indicated that the extrap-
olaced quantities ( and therefore the computed quantitites remaining at the
end of the third burn) were too low by 100-200 pounds for each propellant.
‘1though the extrapolation from the end of the third burn segment to the
start of the eighth burn segment was larger (about 150 seconds of total
burn time) than in previous postflighs analyses, resulting in larger

uncertainties in the extrapolations, these discrepancies seemed unreasonable.

The fuel discrepancies w: ~e reeolved satisfactorily by reducing the
fuel onboard at the start of the third burn segment by 50 pounas i'rom the
value extrapolated from KSC loading data, and by applying scale factors
of 1.0068 and 0.990 to the fuel storage and sump tank gages, respectively.
With these corrections, the final simulation gave a fuel mass at the end
of the third burn segment which, when extrapolated to the eighth burn,
was within 47 pounds of the value determined from the final eighth burn

simulation.
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The oxidizer discrepancies were similarly rcsolved by reducing the
oxidizer onboard at the start of the third burn segment by 30 pounds from
the value extrapolated from the KSC reported load, and by applving a scale
factor of 1.0116 and 0.990 to the oxidizer storage and sump tank gages,

respectively.
The simulation computed consumption (Table 6) for the whole mission

agrees well with consumption from the reported XSC loads and the gaging

system readings at shutdown of the eighth burn. Based on the simulation

results the total oxidizer and fuel consumed were 23903 and 14984 pounds,

respectively. The corresponding values computed from the reported loads

and the gage readings (accounting for eighth burn shutdown consumption)

were 23913 pounds and 14961 pounds. Based on the computed consumption the

overall mission mixture ratio was 1.595, which indicates excellent propel-

lant management. Following the end of the eighth burn, the computed usable(l) ¢ ’ )

oxidizer and fuel quantities remaining were 807 pounds and 484 pounds,

respectively. Based on the spacecraft mass at the end of the eighth burn,

the estimated SPS AV capability remaining wac approximately 460 ft/sec(z).
Shown in Figures 4 through 21 are the PAP output plots which present

the residuals (differences between the filtered flight data and the program-

calculated values) and filtered flight data for the segments of the third

and eighth burns analyzed. The figures appear in the following order:

vehicle thrust acceleration, oxfidizer tank pressure, fuel tank pressure,

oxidizer interface pressure, fuel interface pressure, oxidizer sump tank

quantity, fuel sump tank quantity, oxidizer and fuel storage tank quantities

(1) Based on unusable quantities of 295.2 pounds an® 146.2 pounds of oxi-
diger and fuel, respectively.

(2) Includes additional allowance of 100 pounds unusable for the +100 pound (ij)
PU unbalance meter control ("green'') band.

12




(third burn only), and chamber pressure for the third and eighth burn,
respectively. The values for slopes and intercepts seen in the upper right
hand corner of these sraphs represent the slopes and intercept on the
ordinate of a linear fit of the residual data. ‘The closer these numbers are
to zero, the better the match.

A strong indication of the validity of the PAP simulation can be
obtained by comparing the thrust acceleration calculated in the simulation
to that derived from the Apollo Command Module Computer (CMC) 4V data
transmitted via measurement CGOOlV. This comparison is easily made in
terms of the previously mentioned residual slope and intercept data.
Figures 4 and 14 show the thrust acceleration during the portions of the
burns analyzed, as derived from the CMC data, and the residual between the
data and program calculated values. The residual time histories have
essentially zero means and little, if any, discernible trend. This
indicates that the simulations, especially in terms of the computed specific
impulse, are relatively valid, although other factors must also be con-

sidered in critiquing the simulatioms.

As observed on previous flights, the measured chamber pressure drifted
with burn time during both burns, presumably because of thermal effects on
the transducer. A model of the chamber pressure drift was derived in
Reference 9 from a regression analysis of the *pollo 8 through 14 chamber
pressure residual errors. The recommended model, which is a fifth degree

polynomial in burn time from ignition, was incorporated in PAP and utilized

for the first time during this flight analysis. The negligible slopes on the

chamber pressure residuals shown in Figures 13 and 21, for the third and
eighth burn, respectively, indicate that the drift model successfully

accounted for the chamber pressure drift, thereby allowing inclusion of
13
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the chamber pressure measurement data in the analysis. The analysis pro-
gram results, however, indicated that a large negative (-3 psi) error existed
in the measured chamber pressure data for both the burns analyzed. Because
the -3 psi error was not observed during the coast periods between burns;
i.e. the measured chamber pressure was essentially zero as expected, the
error is assumed to be a scale type error as opposed to a fixed bias.
Several of the residual plots for both the third and eighth burns
show discontinuities at the times where PU valve movements and propellant
crossover occur. These discontinuities are the results of the transients
associated with the changes in interface pressure and are not considered

significant errors in the match.

Comparison With Preflight Performance Prediction

Prior to the Apollo 15 liission, the expected performance of the SPS % ] \
was presented in Reference 2. This performance prediction was for the b
integrated propellant feed/engine system and, wherever possible, utilized
data and characteristics for the specific SPS hardware on this flight.

The predicted steady-state thrust, propellant mixture ratio, and
specific impulse are shown in Figures 2 and 3 for the third and eighth
burns, respectively. Also shown, for comparison, are the corresponding

values for the flight as determined from the steady-state analysis. In

general, the comparison of the flight performance to the preflight pre- .

dicted performance is not straightforward because of the difference in

the predicted and actual PU valve position history. The slightly different

PU valve position history resulted from the mixture ratio, at a given PU
‘valve position, being somewhat greater than predicted. However, valid

comparisons can be made at those times where the predicted and actual PU (:;:D

valve positions are the same.

14
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Previous flight results have consistently shown the inflight mixturc
ratio to be significantly less than expected based on the engine acceptance
test data. As a result, the majority of SPS turn time was performed with
the PU valve in the primary increase position. The purpose of the PU valve
is to have the capability of adjusting the propellant mixture ratio to
1.60 to 1 (which would ensure a minimum propellant outage). Such mixture
ratio shifts, as experienced on previous flights, greatly reduce this
capability, and if an even larger shift should occur on f{uture flights this
capability would be non-existent. In order to rectify this situation,

North American Rockwell directed Aerojet General (Reference 10) to calculate
new fuel orifice sizes for Apollo SPS engines S/N 058 and 063 through 072
based on the following conditions:

1) Oxidizer interface orifice to remain unchanged.

2) Engine mixture ratio to be 1.60 to 1.

3) Oxidizer inlet pressure of 162 psia (this is a steady-state flow
condition and is unchanged from that value at which the engines
were acceptance tested).

4) Fuel inlet pressure of 175 psia (this is also a steady-state
flow condition and is increased by 6 psia from that value at which
the engines were acceptance tested).

Using the above requirements and the engine acceptance data, the resistan:
was calculated through the following steps:

1) Using the existing oxidizer resistance, the specified inlet
pressures, and the acceptance test value of characteristic exhaust
velocity, the chamber pressure calculations were iterated to derive
values of oxidizer and fuel flow rates at a mixture ratio of 1.60

to 1 for dual bore.
15
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2) Using the fuel flowrate, the required value of the fuel circuit
resistance was calculated. The difference between the existing
resistance and the calculated resistance then determined the
required increase in the fuel interface orifice.

The reorificed fuel feedline resistance for engine S/N 065 was obtained
from the above procedure,.

In order to more closely predict the expectud inflight mixture ratio

based on past flight experience, the reorificed engine fuel hydraulic

resistance determined from the acceptance test data was biased by -5.5%,

This decreased the mixture ratio expected with the reorificed fuel hy-
draulic resistances by 2.8% at stanéard inlet conditions. This bias was
obtained by statistically analyzing the results of postflight analyses
from Apollo Misasions 9, 10, 11, and 12 (Reference 9). The fuel resistance
bias derived for the Apollo 1¢ Mission from the postflight analysis
(Reference 11) was -6.7%.

As can be seen in Figures 2 and 3, at common PU valve positions, the
flight reconstructed mixture'ratio agrees quite well with the predicted
mixture ratio. .The maximum difference of 0.01 is well within the preflight
uncertainty (Reference 2) of #3.041 (30). Similarly, the reconstructed
thrust and specific impulse (Figures 2 and 3) were within the prediction
uncertainties of +254 pounds (30) and $1.59 seconds (30), respectively,

at common PU valve positions. :

Engine Performance at Standard Inlet Conditions
The expected flight performance of the SPS engine was based on data
obtained during the angine and injector acceptance tests, including data

based on the reorificing of the fuel engine feedline (Reference 2). In

16
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L ?  order to provide a common bosis for comparing engine performance, the
ac eptance test performance is adjusted to standard inlet conditions. This

dllows actual engine performance variations to be separated from performance

variations which are induced by feed-system, pressurization system, and
propellant temperature variations.

The standard inlet conditions thrust, specific impulse and propellant
mixture ratio from the engine model used in the preflight prediction are
20716 pounds, 315.1 seconds and 1.570, respectively. Based on the steady-
state analysis of the third burn, the standar. inlet conditions thrust,
specific impulse and propellant mixture ratio were 20850 pounds, 314.8
seconds and 1.571, respectively. These values are 0.657 greater, 0.1Y%
less and 0.11” creater, respectively, than the corresponding values
computed from the engine model used in the preflight prediction.

The eighth burn analysis yielded standard inlet conditions thrust,
specific impulse and propellant mixture ratio of 20841 pounds, 314.6 seconds
and 1.571 units, respectively. These values are 0.60% greater, 0.147
less and 0.11% greater, respectively, than the corresponding values
computed from the preflight engine model.

The standard inlet conditions performance values for the two burns
agree well with each other, with values for the thrust, specific impulse,
and propellant mixture ratio being only 9 pounds, 0.2 seconds, and 0.0
different, respectively. The average standard inlet conditions thrust,
specific impulse and propellant mixture ratio for the two burns were
20846 pounds, 314.7 seconds and 1,571 respectively. These values are
0.63% greater, 0.12% less, and 0.11% greater, respectively, than the

corresponding values computed “rom the preflight engine model.

17
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As previously discussed, the engine fuel resistance used in the pre- I
tlight prediction was adjusted from its acceptance test value in an attempt

to improve the mixture ratio prediction. If the average standard inlet

conditions thrust, specific impuise and mixture ratio from the flight are
compared to their corresponding values computed from an engine model based
on the unadjusted acceptance test resistances the values ure fourd to be
1.2% greater, 0.17 less and 2.6% less, respectively, than the values from
the unadjusted model.

The standard inlet conditions performance values reported herein were
calculated for the following conditions.

STANDARD INLET CONDITIONS

Oxidizer Interface Pressure, psia 162
Fuel interface pressure, psia 175
Oxidizer interface temperature, °F 70
Fuel interface temperatuse, °F 70
Oxidizer density, lbg/ft 90.15
Fuel density, lbm/ft 56.31
Thrust acceleration, 1bf/1lbm 1.0
Throat area (initial value), in 121.64

Of primary concern in the flight analysis of all Block II engines is
the verification of the present methods of extrapolating the specific impulse
for the actual flight environment from data obtained during ground acceptance
tests at sea level conditions. Since the SPS engine is not altitucde tested
during the acceptance tests, the expected specific impulse is calculated
from the data obtained from the injector sea level acceptance tests using

conversion factors determined from Arnold Engineering Developing Center

(AEDC) simulated altitude qualification testing. As previously discussed,
the average standard inlet conditions specific impulse determined from

analyses of the third and eighth burns was 314.7 seconds. The predicted (iIT)

18
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specific impulse at standard inlet conditions, as extrapolated from the
ground test data was 315.1 seconds. The expected tolerance associated with

the predicted standard inlet condition value of 315.1 seconds (Reference 2)

was +1.599 seccends (3-0). The flight value was well within this tolerance.

Therefore, it is concludcd that the present methods of extrapolating
the expected flight specific impulse from the ground test data were satis-

factory for this flight, and there is no evidence to warrant changing the

methods for future flights. The validity of this conclusion should be con-

tinually verified on each subsequent flight.

19
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5. PUGS EVALUATION AND PROPELLANT LOADING
Propellant Loading

The oxidizer tanks were loaded to CM riisplay readout of 100.77 at a
tank pressure of 112 psia and an oxidizer temperature of 72.5°F. The fuel
tanks were loaded at 110 psia and 68.6°F to a display readout of 100, 8%.
The SPS propellant loads calculated from these data, and propellant sample
density data, are slown in Table 6. As planned, the oxidizer storage tank

primary gage was zero adjusted with a nominal -0.4% bias. This zero adjust-

ment bias was incorporated for Apollo 10 and subsequent missions to prevent
erroneous storage tank readings after crossover as experienced during the
Apollo 9 Mission (Reference 3). The zero adjustment bias causes a small,
but known, time varying error (a ~0.4X% bias and a +0.8% scale factor) in

the readings from the storage tank primary gage prior to crossover.

PUGS Operation in Flight

The propellant utiiization gaging system (PUGS) operated satisfactorily
throughout the mission. The PUGS mode selection switch was set in the normal
position for all SPS burns, therefore, ouly the primary gaging system data
were available. The propellant utilization (PU) valve was in the normal
position at launch and for the first two burnms.

The PU valve was in the normal position for the start of the third
burn. Approximately 266 seconds after ignition of the third burn, the PU
valve moved to the decrease position. At about 339 seconds from ignition
the PU valve was returned to the normal position and left there for about
five seconds. At about 344 seconds from ignition the PU valve was moved
to the decrease position. The PU valve remained in decrease until about

383 seconds from ignition, at which time the PU valve vas returned

20
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to the normal position. The PU valve was in the normal position for the
remainder of the third burn, and all of the fourth, fifth, sixth and seventh
burns, and for approximately the first 83 seconds of the eighth burn, at
which time it was moved to the decrease position. The PU vaive was left in
the decrease position for the remainder (approximately 58 seconds) of the
eighth burn.

Figure 22 shows the indicated propellant unbalance history for the
third and eighth burns; as computed from the filtered T/M PUGS data. The
indicated unbalance history should reflect the CM display unbalance history,
within the T/M accuracy. The actual indicated unbalance at the end of the
eighth burn was 20 pounds, increase, which agrees reasonably well with the
crew reported unbalance reading of 25 pounds, decrease. The expected un-
balance and associated PU valve position history, which are also shown in
Figure 22, are seen to differ only slightly with the actual. As expected,
based on past flights, .ne indicated unbalance following the start of the
third burn showed decrease readings. The initial decrease readings are
cuased by three factors: 1) the previously mentioned -0.4% calibration
bias on the oxidizer storage tank probe, 2) ungageable ~:idizer (approxi-
mately 100 pounds) above the top of the oxidizer sump tank probe prior to
crossover due to propellant transfer resulting from helium absorption, and
3) the tendency of the fuel probes to read erroneously high for about 30-40
seconds following ignition of low acceleration burns due to capillary action
in the probe stillwells. The first two error sources are accounted for in
the preflight model, resulting in the initial 115 pound decrease reading
shown (Figure 22) for the expected unbalance. Because the third error

source (the erroneously high fuel probe readings near the ignition transient)

21
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caugsed errors of relatively short duration, and because the planned crew
logic calls for no PU valve movements in the initial portion (first 20-30
seconds) of the burn, no attempt was made to account for this phenomenon
in the preflight model. After propellant crossover, at aboué 240 seconds
into the third burn, the unbalance is seen to take a step increase as the
effects of the two known oxidizer sump tank gaging errors (the -v.4X bias
and the oxidizer above the sump tank probe) are eliminated. Throughout
the balance of the third burn {after 285 seconds) and during the eigith
burn the unbalance was satisfactorily controlled within the $100 lbm un-
balance "green band" by the use of “e PU valve. At the end of the eighth

burn the undbalance was reported by the crew as only 25 pounds, decrease,

(]

22

v

T

N ‘ P



Loty

TR CTRER T

g,

6.0 PRESSURIZATION SYSTEM EVALUATION

Operation of the helium pressurization system was satisfactory without

any indication of leakage. The helium supply pressures indicated nominal

helium usage for the eight SI'S burns.

The propellant tanks were pressurized several days prior to launch,

and at liftoff the measured tank pressures were approximately 179 psia for the

oxidizer and 182 psia for the fuel.

During the launch phase and coast period to the first SPS burn, the
measured oxidirzer and fuel tank pressures decayed, as expected, to approx-
imately 168 psia and 174 psia, respectively, due primarily to helium
absorption into the propellants.

This mission was the second to utilize the SPS engine to perform the
descent orbit insertion maneuver. The very precise AV requirements for this
burn made any over or underburn highly undesirable, and, therefore, a crew
timed backup cutoff was implemented. Because of the critical nature of this
burn an analysis was performed (Reference 2) to determine the best estimate
for the propellant tank pressure rises from the end of the LOI burn time,
are dependent on the initial tank pressures. Such propellant tenk pressure
increases have beer experienced on past Apollo flights and are attributed
to propellant vapor resaturation and temperature recovery of the ullage
vhich cccur following a long burn in which there is a significant percent-
age increase in ullage volume. The predicted pressure rises were 6.7 psia
(from 176.5 psia) for the oxidizer tank and 3.6 psia (from 176.8 psia) for
the fuel tank, and the pressure rises experienced on Apollo 15 were T psia
(from 177 psia) for the oxidizer tank and 4.5 psia (from 177.5 psia) for

the fuel tank,
23
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The GN2 actuation system pressures indicated satisfactory usage. At
launch the storage pressures for GN2 Systems A and B were both approximately
2495 psia. Following the eighth and final SPS burn the T/M éata indicated
that the System A pressure was 2295 psia and that the System B pressure
was 2095 psia. System A was utilized on three SPS burns for an indicated
average pressure decrease of approximately 67 psia per burn. System B was
utilized on eight burns for an indicated average pressure decrease of 50

psia per burn.
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7. ENGINE TRANSIENT ANALYSIS

A summary of the start and shutdown transient performance data for
all SPS firings, except for the fifth firing, is presented in Table 7.
The start impulse for both the fourth and sixth burns exceeded the upper
specification limit of 700 lbf-sec hy 14 lbf-sec. The difference between
the seventh burn 2nd the fourth, sixth and eighth burns exceeded the start
impulse run-to-run specification limits of 200 lbf-sec. Because of the
measurement uncertainty associated with the chamber pressure data used to
compute impulse, the out-of-specification values are not considered signifi-
canc. The start times(igni:ion to 90 percent of steady-state thrust) for
each burn were all within the specification limits. The computed shutdown
impulse for all burns was well within the specification limit of 10,000
lbf-sec, and the variabjility between burns was within the *500 lbf-sec
specification limits, with the exception of the fourth and eighth buras.
The shutdown time (cutoff to 10 percent of steady-state thrust) for each
burn were all within specification limits.

Because the first and second burns were of such short duration (less
than 1 second) the total vacuum impulse from ignition to shutdown (10%
steady -state thrust) was computed for these burns. The specification values
for these burns were obtained from the Spacecraft Operational Data Book
(Reference 2), and correspond to the expected total vacuum impulse for
burns of such duration.

The electrical short anomaly (Section 3.0) required a revision to the
ignition procedures for the Lunar Orbit Insertion (LOI) and Transearth
Injection (TEI) maneuvers. Automatic ignition was accomplished using bank

B valves, then bank A valves were opened at ignition nlus 5 seconds. Bank
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A valves were then manually closed prior to normal shutdown, thus
allowing an automatic shutdown on bank B. The remainder of the mzneuvers
were accomplished on bank B in the auvtomatic mode. There were no detrimental
effects from the revised procedures,

The chamber pressure overshoot values are contained ir Table 7 and

were all withia the specification limit of 120 percent.

; ) 26

\

PP Py~ gor-

| ———————— g e— - - -

g



T

o

10.

11.

8.0 REFERENCES

NASA Report MSC-051t61, "Apollo 15 Missioa Report,' December 1971.

Spacecraft Operational Data Book, SNA-8-D-027, Vol. I, Part 1,
Amendment 67, 25 Mav 1971.

TRW 10C 71.6522.2-03, "Apollo 15 Postflight Mass "r.pesties,"
C. A. Anderson, 23 September 1971.

TRW Technical Report 11176-H311-R0-00, "Apollo 9 CSM 104 Service
Prc;alsion System Final Flight Evaluation,' 4 August 1969.

TRW Technical Report 1117A-1526-R0-00, "Apollo 10 CSM 106 Service
Propulsion System Finn! Flight Evaluation,' 31 March 1970.

TRW Technical Report 17618-H019-R0-00, "Apollo 11 CSM 107 Service
Propulsion System Final Flight Evaluation," September 1970.

TRW Technical Report 17618-H058-R0-00, "Apollo 12 CSM 108 Service
Propulsion System Final Flight Evaluation,"” Novenber 1970.

TRW Technical Report 17618-H129-R0-00, "Apollo Primary Propulsion
System Engineering Mathematical Models," March 1977,

TRW IOC 71.4915.2-61, "Service Prooulsion System (SPS) Characterization,"

25 October 1971.

Aerojet General CEM 380, '"New Fuel Interface Orifices for Apollo SPS
Engines 058, 063 through 072," received MSC 4 January 1971.

TRW Techanical Report 17618-H214-R0-00, "Apollo 14 CSM 110 Service
Propulsion System Final Flight Evaluation," September 1971.

27

P

s S e sire w e ere peme HEESR G e s
b ewte A5 gE e AR e R oo s ek oD w - pons oaRsia




0°L£L9

8°9%0¢

%99
9°0te
£°89
6°€1Z
T°000¢
VAR

'S

06°06S

06°0%T

[4/AN
T€ 8T
19°¢
1344
9£°86¢
16°0

08°0

7L°90:T1S:€2C
#%°1S:02°12¢
SUTS:TT:69T
$9°20:6€:T01
C9°t1:0%:Z8
90°57:8€:8L
CLUeTiTE EL

08°72:0%:82

(23s/14) IINVHD XALIDOTAA

(ZdS) NOIIV¥OA Ning

TIOA2 K1Nd SdS ST 071104V

(*1°3°9) ¢sd

T 319Vl

78°S%:8%:¢€2¢C
20°8%:0¢:12¢
ZL°TEITTI369T
86°85:8€:101
60°6%:6€:Z8
0L°9%:1€23.

I8°9T:TE2€L

00°2Z:0%:82

C

131

44VHS

28

2401

2810

T T Y T BT A G

RET R w e T e 8 R - % e T e LY

LT

T




e L O

TABLE 2

CSM 112 SPS ENGINE AND FEED SYSTEM CHARACTERISTICS

Engine No. 65
Injector No. 136
Chamber No. 348
Initial Chamber Throat Area (inz) 121.6403

Engine and System Fluid Resistances (1bf—sec2/1bm-ft5)

Based on Based on
Acceptance Test Reorificing Adjusted

Fuel Engine Feedline 888.1 962.1 909.2
Oxidizer Engine Feedline 482.7
Fuel System Feedline 36.08
Oxidizer System Feedline

PU valve in Pri-normal position 97.72

PU Valve in Pri-increase 48.43

PU Valve in Pri-decrease position  165.26

Characterization Equation for C*:
C* = C*S c. ¥ 870.5 (MR - 1.6) - 273.83 (MR2 - 2.56) - 0.31878 (PC - 99)
+12.953 (TP - 70) - 0.07414 (TP> - 4900) - 5.466 (MR . TP - 112)

+0.03119 (MR . TPZ - 7840.);

where ﬁ*s c (Engine No. 65) = 5998.9 ft/sec

Characterization Equation for Isp:

- - - - 199 - - -
ISP Ispvac 96.954 (1.6 - MR) - 0.0487 (99 Pc) 0.06276 (70 - TP)

+ 30.409 (2.56 - MR%) + 0.0004483 (4900 - TP2);

where ISP (Engine No. 65) = 315.0 lbf-sec/lbm

vac
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TABLE 5

APOLLO 15
SERVICE PROPULSION SYSTEM STEADY-STATE PERFORMAMCE

EIZHTE SPS BURN

(TEI)
INSTRUMFMTFD
PARAMETER TE-T 7 70 Sec. o
Predicted “PRP Woasured

PU Valve Position Dacrease Decrease Necrease
Oxidizer Tank Pressure, Psia 178 179 177
Fuel Tank Pressure, Psia 177 177 175
Oxidizer Interface Pressure, Psia 159 160 155
Fuel Interface Pressure, Psia 175 175 172
Engine Chamber Pressure, Psia 1M 1M 101

DERIVED
Oxidizer Flowrate, 1bm/sec 39.5 39.8 --
Fuel Flowrate, lbm/sec 25.8 25.8 --
Propellant Mixture Ratio 1.538 1.542 --
Vacuum Specific Impulse, sec 315.0 314.6 --
Vacuum Thrust, 1bf 2n561 2PR5R --

Motes:

b

Predicted values from Reference 2

Calculated values from Pronulsior Anal:<is Program
Measured data are as recorded and are not corrected for biases

and errors discussed in text.
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TABLE 6

APOLLO 15
SPS PROPELLANT DATA

Total Mass Loaded (1lbm)

Computed From

Propeliant Loading Data
Oxidizer 25035.6
Fuel 15664.0
TOTAL 40699.6

Based on

Analysis

2500. 52
15614.3

40619.5

Propellant Consumption (1lbm)

Computed From
Loading Dat

Propellant and PUGS
Oxidizer 23912.6
Fuel 14961.0
TOTAL 38873.6

Analysis

Results

23903.2
14984.3

38887.5

Propellant Residuals (lbm)

Computed from

Propellant PUGS
Usable Oxidizer 828
Usable Fuel 557
TOTAL 1385

(1) Crev reported commsnd module computer panel readings

33
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s s JT0 .4 BT hede Moy e
¢ 51 3 s )4 b )
TITIET 3 11 pe b e y e o
e eonss o 3aon oo e ©
tesee B3 ame== 2o21 E3 . o
poosd phous bouy) Sws pagey Suese - 9 TN
tt socss LIRS RORSS seany DOBed SOOH PORN Lo Tl
—
PROOE SEBSS 9 SoBuY o e fee s PROQEP— = fpepes
900 Snuly SRLS 2233 rodey flioss seber oW i
JEaee Sooby Sod [S008 Sooes Sownd 1 PG . :
R PO St e e TS DS 94 i T Tewes M ’ R
— s -
IPewE pawe E2E3 SIESS 22270 PRENT powad pa-u-dil auti e s Bl ¥ B oc IXeRY
POGTT P BtE Sl s JPOHE SOGNY RO —E - T“’ v . .o
e g S3S: J3Eet Pyons sivas sees T g Nk i
[RE0T socss RSt S2208 pouce foseh pouvs ois el
Janee povos oW o e b
PRy SO e PPOU pary ol = ﬁ. ‘e w aad
sobge o vn o0y [Sue 0o Reet e :
PETS 2020% 22000 soned Spops sivee sends Sodwd] oL Dy [Poou - ]
e el Shess J5583 SORES T332 23228 £oors rguntl. jeopani>- 2o pppes <
[S3 3800w Sebue bdbul FEESS EEOES TSN [SSaa VUL ed 1 i N
[S2L3 3245 sovus ol SHIN 123 L2 SRS IR - 4 % IS
PR POUSE RPN SoG IZS23 22T=3 LR T T= T jpoouati— 2 s ey e
R R TR 'A\!NLI" En Ry l.v.l' © . ”. M uro.
pid o] j99¢ soshe Sodes Soudt SUNNE PO : e
I2ERS 22708 19900 Soue Did TP ¢ <. - .o > I m.v.q
bocis EEESS L2220 STRES S22 T2 o= Ty o= T a =
23528 50008 bidas busel badil SHEuE SRR Shib: ° [P JSOes
jS000 pRS0S Soee jpos Sheos e - e | 2999
1 = g SRREItt Y - ER £33%:
3 Saens tecss SPoue sposs paecy SeRUe SRone i « Wl o e - jpeeey
[0S S0ewd Sopsd Dhes S PRSP0 SRS IR OSSS I N SRS ees —
[y SUESE Ple . PR ORI o
298¢ $900¢ bidae sos 198 $R00e S0ebe Sie: ) (& B (8]
segge e IRPDY < I° Tl W fepoedii = w
[OSSE DOOS: R Sreas sosts pusts thest =1 s LSS K- tHENSE== -/ v
[Qess soned Puods SSel DO SO
- o TR = 12 > |. [ ye ~—
e + (S ot TrlW e
19e88 884 o . b w
RS Se JeueE SO DY jows il - 4l o e by jeuees
ot 13 e 00 B OO . e - = x
e - = molhn —_—
PODEE Panes tae s VPO SeGNe Phun - .- —— - el B .. -
9 S900e suves odd joudds phoed fe B i g —
oS cavet Sougs Shes - 3 IEEE SO
- |
- PQUS pueny S 1 ped =
oe T foud Phwad suess IS ot & s e o
4+ JOS PoSad sv — 33 . jypeady § ek o -
+ - O a
ot e IS Poune peBE B SPPav —
m 18 But 0#1&&1&.1{ rnwwf o4 N svdas ot + —
e e Bt 'y 04 -4 o] 44 [ amd
! : o
R OSS 0F 6 BPows e G004 SIS SRS )
+ rou 106 S5O0 SPus boows one osd o Py SeG,
ISoss suess 1S 891 ous sguse + . pY SO0 -
) e 5 N —. ———
T ro¢ sood Sedos secnd &y N fobde s
$Ses os ouee e 1S SUESE SSPUY twe ol oY i Joodd o
" T H Sguee
e - mmww
e + T T B
shues fosd baes Jeny SOOw »oud 4 IS SFobd ol ou
: ba red ope rouy by 3 g900s Sl vur o
=3 joss fuand b 1 35S B —
IOUD PROWY SEBST DO PSS By boe sobos U | ju Sppey be
oot + - B wnm—
yews Sws soowy SOl SHUSS b
- ISREE SEARE DO b owt S bobpe M S9884 bu
- 1t 9081 198 504 =E O pOPed b iy
O 'Y — - - -~ $a = PRy S P
s
i 1080¢ 55954 sowae pbees studs SEOOE NN | PO SO S grard
Il pove vut pos sboy doe Teos SooRt Sot LN | poby 5y 28594
T 089 e DGy SEve 53 e S500s Iodet AN MINNE SOTE & evdd
- —— 4 s g R B
by P ‘lz' ] V‘O’h ——— . “es e 4
= i 2 N” - R s sy TOODE o4 EEE R BTy B -
I =32 b e LS SOGad JORNe B4 Ppped if. o2t
= = ioe SPOUE boass «thvﬂmut PN 4 SO SRoPN 94 Sois €O
g - PO e [OSS Poses ou 0e§4
= A N pRGbY RROSS Sy Fret s
= be Sees
= [SETe ronas pRpwe b 233 L3302 SHNNITeE:
=z [SRE SE0e Shuts Stond SIUUE & Poape SRaY N | RO
= yous S opnpvi SESS oOSE S LIRSl
powe ppa PPOS Brees .
"ll ——ag - R Y ot am . e
Pogwe JESS poTus aous b 5 “esag il el
it : po [beed
= [O0S 0500e Suods s00ns Soege o DS S e
‘lv'.‘lAc . .- - -~ bl RRaad atnat e - R .-
PESS Sobuy fhued stnet Sbue . "
e s = B T — o
- ; [33 SRS sonpe sadnd S0 Sbsay S el g
e + [20¢ Soudy sodha ARSEE SEeSd SelNs : ISR
Do 1B 04 [RSS SOPIN SRGhe SO DI [ » -
T [STe Suape puogls PP Puee eI
! roped S SURDS 55800 5S04 SASSS Shoes Phaal b . Tres
L1l , 223 22333 DETEE RUPPE Saids S . RE2eY
AARER® " pooay gue = v
-l - e P . N Ve
. [ ed e o ol - PR B DRI bobes
o - .-t .
Y I T
38 S IPRON IDUR) EE SR BRRES EESE S eyl T T
i »e ho (98 POORS DA I e b
- Lo Ut i i o f o Ses So0e i 23 SR
o
o o o o (o] o o o
(=] (=) o o o o (o] (=] (=]
~N ! — N ™ < ) O 2
! ' ] ) » ' =g
-4
v f v

it o S,

—

e ————— |



! e o IR 1 .: T
! NS toSdN BIRS ERESS ESEL I ST N S

-

T

b

it
120

'l

o RS EE22S POORS B N ] ...

RN b : . :

A .. .

Lr, \ Rt | R ] e

. ST | B i ton
.w.’. . . = ] - 8

i : o a = i {
1?[ N POOWY DOGE = w NN W X (7, ———
. M 1w oo PO w= o <« ! .
’ . - : “ .w.’ G EN !\’II‘I vo m g w . .
dd WU - L e o — —
Tl od=xad - 2O : .
. N N 383 13 WL 5T >0 O W ;

. rEE B IEETE 120N e am — m v = a . .

\ SR8 ST exeas sav = o=z DO | —

‘ [P S DO Y FOREY POae: Ww DO < DO aa . .
? N RIS T i : ©
f 'S UEERS EST33 1322 SEVE) Sl EEOES FES) NS ENES: : ! -

] INER EEN ERES! PORH EEES! (SE) FSS) FREEE ENEH! FREH! FOOY PON) HO C RN

Y | . .\ i 13293 ES00S SNGd SO0 FS O 1§ FOADY S0 SORDE B . L _

B T8 P RN P D v O G pEEE Rk L

;‘mfl Lﬁ%d 3331 55333’ 3T ERENI ISESE S20E1 FETH0 IS F32T8 (3350 SR23] S30TI S8 SY IO T

SN Y EEEES SRR Bt IBF S33 32131 SRS _SERE IAEIE sesecst tatnd LRoRS BETd FRST! EEISHERSH] ITUN F0ES EON: . R TS

+9FSS EITEY TN TS YRR IBR01 EEEH HEERY i .%wg it FE65s ehdte HP, Ml feeeestess to0Es soats pRetE senne suuy: 25e FRER RERE 1SS0 FoaH] st P s3ets IEee 1 o

- v (2322 S22 ppued paspa sawwe rue . 132 13223 LTS 2 B3 . spgeid m
u:# IR SO 3592 33 F3ks ER Y 2 “Hnuhmﬁ&f 134 55351 SN R N R <
89 S5084 PR IS pEg IORE N m.f [g%ed paets M odd BS S o0) SRN ! h
3t (S8 8% hoedd u.» 1-sef D S04 ponas bedod [S2 $2323 IS e 3 £l . . 4
R E] > aa. e R TPy -+ )8 + 44 R SR - RS R Y - s
s ISERS EERE PSS sdbdd 13 1332 9222 2339¢ ageds ES3 TS ERI3I FIRNY B H I 3¢ he
H o ISR oR00d RIS DRSS Eooly Fidne Padad Suote 33 as Lol IRETY 1o3% . FOU ¢
s PRETY DN RS ETT S sofoto-bioeoollod. . -2 dd o ISe BAEY . «
[BEal SN SIS 220wy POORY Poene saase PO PP - Y - "
SRR Tobal DRoot pope: sPFEs rousy brees BES] L JNWH* SO% 50984 by Lial .. .M»
PP P PRgay S S ce-oBesaad il [ -4 ISR 2RO o
. Lf%.»nv?{ BPe e eRs otmul (s Sesds s sl 28 a4 Hm.n.w TS 0% [PV POt Spde
+ SSoeu
R PP Ee shods ey Sepuw ahwey . s a2k e - - — e .
s fas s, jpneg o FTeeY putue ::.YH. PY SSRS SR pOY e et Soadd P ¢
+ DS 28 4 “re I JEXR] TO0U¢ ptey M [RRS Sodes PO
Doeas Lopot S23sd Syund b Sisas tanan SESSY To0RE §E=YY FEGRS rudei Sk Sk il ©
roe Sss s==es reees =32 Syoe: roE 1 Bl @
Pl e oo a5 sruey sees) Seuse Soecs tery: IO I 993 9 ™
UHERRE T3S S350 coSte sues] prosy funst saded M oo b
s pawe 1 $ 4 swas $ 1 N s
jeY ve . " 4 + 4 4 e PPy e o
S96pe ISR 8S paba: vvee ot 190 podng Pouoy S35 e 3 T -”.H g o
PG =¥ ) e + PY 29990 souai JSONY FRae m |- k!
I3 SR By + + §44 e 220 Spey [ ade REL5S 59904 oA [SOES Ieet i i
e g SRR s e oo e e e s R |
R oed cneseiosey Boags boess Junes baved phd8¢ $I0S) FECY e PSS ] S pud
ariprmnieg 4 Sesks peass 1eas! (3% psst Sdavy diy ¢ ooy Sied pogusy
o So3s e 2 son T.»»Wf [oR [S% SPNRS DU ISOTE DS .
+ PPOeS poawe g o8 [3 §352° 20904 yeeve suvee soaw P - =
£ H 1+ 13 > e g yay by —.Nv»«x;»tmﬂn Fot - P PORY I8 $
pge 53 po 8 B4 ISI 2SuEs g0ty Foade b68ed Pus -~ |E POy P I
SR8S I2222 2559y g3 SSnes sfuad phbee i PSES 01020 203N 1 e ge . 1. (=]
e b 1 — e < ~N
4 onbie R il Ee - i — repefodes L d -
i S9SN 9B POIN 45 IS Soods Aan »1»1 u\, 106 58 Biess b Ly a4 o)
Foidts FEbol Dl ns Sae (o8 padds Lol Es s RN Joeuy b 9e —t ot B3 - PN §4
[Salt L5008 REE NS Saowne 38 12220 RIR3E ReT R0 2SR pus 1§ 2gSud by I P9Y B8
P By } ouwt los SbS S BT tvone pe — ey oy -
)90 EP0es bhows foua: 38 Crans bnasy soaat obwl poads b T IS4 PRasy ¢ jputs
3 PRESS b ey q.« $ifea i L33 ST LI - 1Y pove e b
Paass 130e s Su: paot [Bas Alany bhons 1030 bugey Prday 5 |2999 §= 123 IR jandd
N
= e BT = - b=
- - ety 340 B boted poe oy B e nd baans sores SONRS b -3 - §- saad
1 4 4+ + + pe + 4 - .- ‘e ey
. } $+)t Ji4dF s ot il 2229 +osr el F1 0T - I C e
> re e o + gs s by 1STE Tl fwe o
: o4 et 3 :
e SO HEHH R Tess ey o
Tt S H T £ ! e 858 2880t & Fousy Iy m
e Ba3Bs LasEs 2222: It e e == ? e scuas o e r
e re leut sedet LLIL ppous suneas { + 3+ 9 59069 o1 ..rva 9 N
1 saife STES R BRded basdd s P =i e B
poaas [PRRE PRGOS o, PRODS BPGE Pe PR + 4 199 Py [Seeg pogge Eopaay TN 0
T e : o au = [T —
129 JETEN SPPEe pupu Fouyw sages by S Py
joas Sgdes 12238 $9% ¢ Sadad B S20P¢ SiNDu bone + T [§2 e so1 : SO = O Su vy 8¢
SHON9 NS 994 YR FEQOE PO 4444 ~—>~ $+ IS SUuny Son - B e
oo Bora ST IR 1 2o ones sonds Locas S029d Segal NN 28 [SOCGE. r»ﬁ
s HR o P e e e e e = [ W >
S22 22T3¢ 19798 Pavad nekuy Sduld Sort sesee o4 ISY SPUEe S8 UUS FDve (7Y ] et >0 rn».o
..... IR Ioeed S8R01 sooen sussy paied ISSee SouSt rEass poved i TR it
3 ve : -
w ow ou mper: o3 S335d fuva: o 1o saguy su s e soves oot o pees Ve il g rou 2 >
[ ] pows o W EWE O Tt gos b+ o wn e »n»» 111t u e Sudel > e :
= g B peSue bt S8 0 g I #S0UE FRSNS 20U § DOV T w
-t e bouns sbuns g ++- o4y N
=< §ERSEgEsEszes TREER _ -
| 't

NASA-JSC

TEI BURN TIME (SEC)
56

4

FOLDOUT pry

«
3

\
i

i

B

4

b

[
k

 — ¥’
M
v

[ISTTRPTERTIE N EN



