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. PURPOSE A SOunE

The purpose of this report 1s to prescnl the resulis of the postilight
analysis of the Descent P'ropulsion System (DP'S) performence during the
Apollo 12 Mission. The primary objective of the analysis was to detlermine
the steady-state performance of the DPS during the descent phase of the
manned lunar lsnding.

This report is a supplement to the Apollo 12 Mission Report. In ad-
dition to further analysis of the DPS, this rcport brings together informa-
tion frcm other reports and memorandums analyzing specific ancmalies and
performance in order to present a comprehensive description of the DFS

operation during the Apollo 12 iiission.
The following items are the major additicons and chences to the results

are reported in Reference 1:

(1) The performance values for the second DPS burn are presented.
(2) The analysis techniques, problems and assumptions are discussed.

(3) The analysis results are compared to the preflight performance
prediction. .

(4) The Propellant Quantity Gaging System performaince is diccussed
in greater detail.

(5) Engine transient performance and throttle response is discussed.

(6) Estimated propellant consumption and residuals are revised.

LA
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2. SUMMARY

The performance of the iLM-6 Descent Propulsion System during the
Apollo 12 Mission was evaluated and found to be satisfactory. The aver-
age engine effective specific impulse for thc uescent Burn was less than
predicted, but well within the prediction 3- uncertainty. The engine per-
formance corrected to standard inlet ccnditions for the FTP portion of
the Descent Burn was as follows: thrust, 9734 pounds; specific impulse,
304.5 seconds; and prupellant mixture ratio, 1.598. These values are
-0.15, D0.16, and 0.0 percent different, respectively, from the values re-
ported from engine acceptance tests and were within specification limits.

Several flight measurement discrepancies existed during the flight.
1) Comparison of the inflight chamber pressure to ground test and post-
flight computed values indicated that the flight transducer may have in-
curred a drift error, probably due to thermal effects during the burn.
This problem also occurred during the Apollo 9 and Apollo 11 Missions.

2) The oxidizer interface pressure measurement appeared low throughout
the flight. This discrepancy was assumed to be a measurement bias. Also,

pressure oscillations as high as 59 psi peak-to-peak were recorded by the

oxidizer interface pressure transducer. It was concluded that the oscilla-

tions were instrumentation phenomenon and not indicative of actual flow
conditions. 3) The Propellant Quantity Gaging System did not perform

within its specifications. The deviations occurred generally at the be-
ginning and middle portions of the burn. Tests at the White Sands Test
Facility had indicated earlier that the specifications could not be met.

The accuracy was within the expected range based on those tests. 4) The




propellant low level sensor was triqgered early. The apparent cause was
propellant sloshing, ranging in amplitude from 1.5 to 2.0 percent (peak-
to-peak) of the gaged propellant levels. Due to the early sianal, the
capability to perform at least 19 seconds of hover before propellant de-
pletion was not known to be available.

In-flight bulk propellant temperatures were lower than predicted.
This also occurred during the Apollo 11 Mission. It is recommended that
the temperatures used in future predictions be adjusted to more closely
agree with those measured during these two flights.

In-flight supercritical helium tank pressure rise following the DOI
Burn was higher than predicted. This also occurred during the Apollo 11
Mission. It is recommended that the pressure rise rate used in future
predictions be increased to more closely agree with Apollo 11 and Apollo

12 flight data.
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3. INTRODUCTION

The Apollo 12 Mission was the fifth flight and fourth manned flight
of the lunar module (LM). The mission was the second lunar landing.

At 109:23:40 hours, the first DPS maneuver, the Descent Crbit Inser-
tion Burn (DOI) was accomplished. The burn duration was approximately
29 seconds and includec opevation at the mininun throttle setting and
throttling to 40% of full thrust level. At 110:20:38 hours the Descent
Burn was initiated and lasted for 717 seconds. The burn was started at
the minimum throttling setting and after approximately 26 seconds, the
thrust was increased to the fixed thrcttle pocition (FTP). At 383 sec-
onds after ignition, the engine was :hrottled to 59;. Approximately
227 seconds after throttle down, the Spacecraft Commander assumed par-
tial control of the descent. In thi: semi-automatic mode, the astronaut
selected the rate of spacecraft desc>nt but the LM Guidance Computer (LGC)
controlled the engine to obtain the desired descent rate. As the space-
craft attitude was changed by the astronaut, a different thrust level was
required to maintain the constant rate of descent. The engine was thus
commanded through a substantial number of throttling changes between 19
and 44 percent thrust. Lunar landing occurred at 110:32:36 ending the
DPS mission duty cycle. The propellant tanks were vented at about 110 hr
33 min GET.

The actual ignition and shutdown times for the two DPS firings are
shown in Table 1. The throttling profile for the second DPS burn is

shown if Figure 1.




The Apollo 12 Mission utilized LM-6 which was equipped with DPS
engine S/N 1040. The engine and feed system characteristics are ri-
sented in Table 2.

Each DPS burn was preceded by a two jet +X Reaction Control System

(RCS) ullage maneuver to settle propellants.




4. TTP STEADY-STATE PERFORMANCL

Analysis Technique

The major analysis effort for this report was concentrated on deter-
mining the flight steady-state performance of the DPS during the fixed
throttle position (FTP) portion of the Descent Burn. Analysis o1 the
DOI Burn was not practical due to the low data sampling rate and the dura-
tion of burn. The throttled portions of the Neccent Burn were of insufficient
duration at a given throttle position to allow for a meaningful detailed
performance analysis. The performance analysis was accomplished by use
of the Apollo Propulsion Analysis Programn which utilizes a minimum variance
technique to "best" correlate the available flight and ground test data.
The program embodies error modeis for the various flight and ground test
data that ere used as inputs, and by iterative methods arrives at estimations
of the system peiformance history and propellant weights which "best”
(minimum-variance sense) reconcile the data.

Since a minimum variance estimate of performance during the throttled
portion (i.e. other than FTP) of the Descent Buri could not be made, a
simulation of the latter portion of the burn was performed. The end point
conditions of the FiP analysis were used as initial values for this simu-
lation.

Analysis Results

The engine performance during the FTP portion of the Descent Burn wes
satisfactory.

The Apollo Propulsion Analysis Program (PAP) results presented in this
report are based on reconstructions using data from the flight measurements

listed in Table 3.
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The propellant densities were calculated from sample specific grav-
ity data from KSC, assumed interface temperatures based on the flight
bulk propellant temperatures, and the flight interface pressures.

The preliminary estimated spacecraft damp weight (LM minus DPS pro-
pellants) at ignition of the DO' maneuver was obtained from the Apollo
Spacecraft Program Office. This weight was checked against the LM-6
Weight and Balance History Log from KSC and the itemized weight data from
Grumman Aerosoace Corporation. Weight discrepancies of -24.4 ibm for the
descent stace and -22.3 1bm for the ascent stage were identified. The
discrepancies were due to mathematical errors in summing of the comuvo-
nent weights. The initial estimates of the DPS propellant on board at
the beginninc of the analyzed time segment were calculated (based on a
simulation of the DOI Burn and the first portion of the Descent Burn)
from the loaded propellant weights. The damp weight was adjusted for
consumables such as RCS propellant, water, etc., used betv2en DOl igni-
tion and the beginning of the analyzed time segment. During the Descent
Burn approximately 153 1bm of consumables other than DPS propellant were
used. Of that amount, 118 1bm was RCS propellant. Since there was lit-
tle RCS activity during the analyzed portion of the burn, it was assumed
that the non-DPS consumed weight was used at a rate of 0.09 lbm/sec.

The DPS steady-state FTP performance was determined from Lhe analy-
sis of a 340 second segment of the purn. The segment of the burn anal-
yzed commenced approximately 42 seconds after DPS ignition (FS-1) and
included the flight time between 117:21:20 (397280 sec) and 110:27:00 '
(397620 sec) ground elapsed time (G.E.T.). Engine throttle down to 59%

occurred two seconds after the end noint of the analyzed segment.

e L A —
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The results of the Propulsion Analysis Program reconstruction of the M

N

FTP portion of the Descent Burn are preserted in Table 4 along with the pre-
flight values. The values presented are end point conditions of the seg-
ment analyzed and are considered representative of the actual rlight values
throughout the segment. In general, the actual values are within 1.0
ptrcent of the predicted values. A portion ot this difference can be attri-
buted to the difference between predicted and actual throat erosion.

Based on the acceleration match during the postflight analysis, it was
determined that the actual throat erosion rate was somewhat different than
predicted. Subsequent to the publishinag of the LM-6/DPS Preflight Perform-
ance Report (Reference 3 ). the throat erosion formulation was revised
based on recently completed ground test programs. These programs indicated
that the throat erosion as predicteu by the former model was conservative.
The analysis results tend to substantiate the ground test results. Figure
2 compares the inflight calculated erosion, the predicted erosion using the
former model and the predictec erosion using the zurrent model. At the end
of the FTP portion of the burn, the inflight calculated erosion was substan-
tially greater than the originally predicted value, but was within the 3o
uncertainty of the predicted value using the current erasion model.

Critique of Analysis Results ’

Figures 3 through 11 show the analysis program output plots which pre-
sent the filtered flight data and the accuracy with which the data was
matched by the PAP Program. The accuracy is represented by the residual,
which is defined as the difference between the filtered data and the pro-
gram calculated value. The figures presented are thrust acceleration, oxi-
dizer interface pressure, fuel interface pressure, quantity gaging system

for oxidizer tank 1 and 2, quantity gaging system for fuel tank 1 and 2, ;)




chamber pressure, and reculator outlet pressure.

A strong indication of the validity of the analysis program simulation
can be obtained by comparing the thrust acceleration as dctermined from the
LM Guidance Computer (LGC) AV data to that computed in the simulation. Figure
J shows the thrust acceleration derived from the AV data and the residual be-
tween the measured and computed values. The time history of the residuil ha-
an essentially zero mean and a small, but acceptable, neqative trend.

Several problems were encountered with fliaht data while analvzina the
. steady-state performance at FTP. Several assumptions were necessary in order
) to obtain an acceptable match to the flight data. These problems are dis-

cussed below.
The reculator outlet pressure is redundantly sampled by measurements
GQ3018P and GQ3025P. The pressure indicated by GQ3025F was several psia less
. than that from GQ3018P. Based on early analysis and preflight tests, the
data from GQ3018P was used for the analysis. A 1.2 psi step increase in the
regulator pressure as measured by GQ3018P was noted about 10 seconds into the
analyzed segment. This increase was equivalent to one PCM measurement count.
Interface pressure data indicated that the requlator nutlet pressure should
havc increased smoothly during this time from approximately 244 to 245 psia.
- The data also indicated that the regulator outlet pressure should have con-
) tinued to slowly increase with time. This trend aqreed with the expected
regulator characteristics when the supercritical helium supply pressure
profile was considered. A smooth pressure profile was therefore substituted
for the measured regulator outlet pressure data. Figure 11 presents the

adjusted profile that was used as the driver in the PAP analysis.

I
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Comparison of the inflight chamber pressure data to other flight and

- e
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ground test data indicated that the flight transducer may have incurred a J)ift
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€rrar probagl due to thoemal et fects during the burn, A similar problem
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wa. noted during the Apolio 9 and Apollc 11 Mi<sions although the shifts
wer atich greacer dur g those flights.  Chamber pressure was retainad in
the anal si1s although the residual match, Fiqure 10, was poor.

Dur tng the power ! descent burn, pressure oscillations as high as 59 psi
p b to-peak were reo oy et Ly the uxidizer nnterface pressure transducer
(GEd11IP). The oscillations were recorded at 200 samples per second and
show peak-to-peak maqgnitudes of 25 psi at FTP, 20 psi for most of the 55-57/
thrust, @ period of nigh ouscillations of £Y poi at apnroximately 57-60%
thiust, and short periods of oscillations of as high as 35 psi during the
random thruttling periad. The fuel interface pressure transducer recorded
maximum oseyllations of 11 psi. Figqure 20 shows the oxidizer pressure

oscillations ohserved  since ascillations of that magnitude were not ob-

“

served at the propellant tank pressurization manifold or the engine chamber, ¥

it was concluded that the ~scillations were not actually resent at the
interface and that cngine performance vas not affected. Similar pressure
cscillations were poted during the Apollo 11 Mission. A further discussion
mlay b found in Reference 4.

The filt-1ed value of the oxidizer interface pressure (GQ4111P) was
less  than expected by appro<imately 1.2 psia. This value is well within -
the accurac,; of the wiasurement and was assumed to be a measurement bias.

Compary-ui w1 th Preflight Performance Predictions

Prior to the Apoliu i Mission the expected infiight performance of the
DPS was presented in Kuference 3. The preflight performance report
way intended tou bring together all the information relating to the entire

Descent Propulsion System and to present the results of the simulation of
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its operation in the space environment.

The predicted steady-state and related three sigma dispersions for the
specific impulse, mixture ratio and thrust during the FTP portion of the
Descent Burn are presented in Figure 12. The corresponding analysis pro-
gram computed flight performance values are also presented for comparison.
With the exception of thrust, all flight values are within 0.3% of the
predicted values. The flight values of thrust are within 0.7% of the pre-
dicted values. The greater difference in thrust is due to the difference
in predicted and actual throat erosion as discussed previously. A1l values
are well within the three sigma limits. The difference between analyzed
and predicted mixture ratio was due to propellant density differences (due
to actual temperatures and specific gravities).

Engine Performance at Standard Inlet Conditions

The flight performance prediction of the DPS engine was based on the
data obtained from the engine acceptance tests. In order to provide a
common basis for comparing engine performance, the acceptance test and flight
performance is adjusted to standard inlet conditions. This allows actual
engine performance variations to be separated from pressurization system
and propellant temperature induced variations. The standard inlet condi-
tions performance values were calculated for the following conditions:

Standard Inlet Conditions

Oxidizer interface pressure, psia 221.9
Fuel interface pressure, psia o 221.9
Oxidizer interface temperatuse, F 70.0
Fuel interface temperature, “F 70.0
Oxidizer density, lbm/ft3 90.13
Fuel density, 1bm/ft3 56. 36
Thrust accelera}ion, 1bf/1bm 1.0

Throat area, in 54.4



The following table presents qround test data and flight test data ad- *
Jjusted to standard inlet conditions, Cowmparing the corrected engine flight

performance at FTP during the Descent Burn to the corrected ground test

Parameter _Ground Test = | Flight
——oata sowrce | 0TS e sation | Resulis,

Thrust, 1bf Y749 9734 .
Specific Impulse, sec 304.1 304.5

Mixture Ratio 1.598 1.598

Thrust Coefficient, C 1.780 1.764

Characteristic Velocity,

C*, ft/sec 5495 5552

data shows the flight data to be 0.15 less,o.}g: more and 0.0% for thrust,
specific impulse and mixture ratio, respectively. These differences are

due to the 0.90. decrease in Cf and 1.04 . increase in C* derived from the
flight analysis. These differences are well within the engine repeatability

unce. tainties and within the performance specification ranges.

Ly
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5. SIMULATION OF THROTTLED PERFORMANCE RESULTS

The DPS throttling performance was simulated by utilizing the predic-
tion mode of the Apollo Propulsion Analysis Program. By this method, the
measured va'ue of the regulator outlet pressure (GQ3018P) drives the program
and the measured value of throttle command voltage (GH1331V) determines the
engine throttle setting. The program then calculates values of the remain-
ing flight measurements and engine performance. In this mode the program
does not compare calculated measurements with flight measurements and mini-
mum variance analysis is not performed.

Based on the FTP analysis results, it was determined that a correction
of +1.0 psia should be made to the regulator outlet pressure (GQ3018P).

For the simulation, the initial values of throat erosion and of LM vehicle
and propellant weights were obtained from the end point conditions of the
FTP analysis. The damp weight was adjusted for non-DPS consumables, as

in the FTP analysis, at the rate of 0.39 1bm/sec to account for the remain-

der of that weight lost during the burn.

The DPS throttling performance simulation was conducted starting at

the end of the FTP analvsis (FS-1 + 3932 seconds) and continued for 334 seconds.

This includes all of the powered descent burn after throttle down with the
exception of the last second prior to engine shutdown and includes the

flight time betw2en 110:27:00 (397620 sec) and 110:32:34 (397954 sec) G.E.T.

Typical values of the simulation results are presented in Table 5. The
preflight values as well as the flight measured values are also presented.
The time slices presented are FS-1 + 396 seconds (397634 sec) and FS-1 + 600
seconds (397838 sec). The chamber pressure drift error, discussed in the

FTP analysis, is also apparent during the throttling anaiysis. The differ-
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ences between the predicted and simulated performance values are attributed
to the difference between predicted and recasured throttle command voltage,
reqgulator outlet pressure, spacecraft weight, propellant density and vapor
pressure, and throat erosion. As previously noted in the FTP analysis,

the actual thrnat erosion was substantially qreater than the predicted
erosion profile from a model which has since been replaced with a more
current formuiaticn. The actual erosion is in better agreement with the
current model than with the former model and is within the 35 uncertainty
of the current model (Figure 2).

Figures 13 through 16 present plots comparing the preflight predicted
and the analysis program simulated value= of throttlie command voltage,
mixture ratio, thrust and specific impulse.

It can be seen in Fiqure 13 that the throttle command voltage for the
simulation (which was measured in flight) generally agreed with the pre-
dicted values until the Hi-gate target, which occurred 6 seconds later than
predicted. The difference due to this time lag (which was within the 3¢
uncertainties) remained essentially constant until the astronaut assumed
partial control of the spacecraft guidance. In this mode, the astronaut
selected the rate of descent but the LM Guidance Computer (LGC) controlled
the engine. This occurred approximately 609 seconds after ignition. The
throttle voltage commanded in fiight is dependent on the LGC estimate of
the state vector of the spacecraft; that is, its position, velocity gain
and acceleration with respect to the guidance target. In addition, the
command voltage is affected by the actual engine thrust and vehicle weight.
Without the aid of a minimum variance analysis, including guidance system

models as well as the DPS model, it is impossible to fully determine the affects

-
3

and interactions of these variables. The simulation did indicate, however,

1>
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that with the measured voltage and acceleration, an error in simulated
thrust was possible. The magnitude of this error was generally less than
90 1bf and was within the predicted 3o uncertainty.

Deviations in predicted and simulated propellant mixture ratio (Figure
14) were due to differences between predicted and actual propellant densities
and vapor pressures. The difference in mixture ratio was within the predic-
ted 30 band. The predicted propellant densities were based on nominal
specification values at 70°F. Propellant samples taken prior to flight
determined that the ruel density was greater than nominal and the oxidizer
density was less than nominal. The inflight oxidizer and fuel temperatures
were approximately 4°F less than predicted. The decreased propellant tempera-
ture caused decreased propellant vapor pressures which greatly determine
flowrates to the engine and further affect mixture ratio. For both the
Apollo 11 and Apollo 12 Missions, the predicted propellant temperature was
70% while the inflight temperatures were actually less. It is recommended
that the propellant temperatures used in future predictions be adjusted to
more closely agree with those temperatures measured inflight. Figures 17

through 28 present the inflight values of the measured propulsion parameters.

The major portion of the FTP data has been deleted to obtain better resolution.

In general, the FTP data shown is representative of the deleted segment.




[Py PN

SR 1 . b AP o L

g

6. OVERALL PERFORMAICE

When the results of the FTP analycis and the simulation of throttled‘
operation are combined, the overall performance during the Descent Burn and
the total propellant consumption for the mission can be evaluated. The
following table presents a comparison of the propellant consumption, average
mixture ratio (MR) and overall effective specific impulse (Isp). While tne
propellant ccnsumption and mixture ratio are for the entire mission, the
effective specific impuise is for the Descent Burn only. The vehicle effec-

tive specific impulse was ccmputed based on spacecraft weight reductions

Propellant Average| Vehicle Engine
Comsumption(1bw)! MR  |Effective | Effective

Oxidizer | Fucl (0/F) [Isp (sec) | Isp (sec)
Preflight Prediction 10547 6620 | 1.593 300.3 302.4
Analysis Program 10596 6630 | 1.598 297.5 301.4
Gaging System* 10568 6644 | 1.591 297.8 301.7

*Based on gaging system and ~.V measurements

due {0 boih DPS propeliant consSUMDTIOR A0 AAn=iPS consumables (annvoximate |y
0.09 1bm/sec during FTP and 0.39 1bm/sec during throttled operation). The
engine effective specific impulse was calculated considering only weight
reductions due to DPS propellant usage. Contributions from RCS activity is
not included.

The measured propellant quantities consumed are based on final gage
readings and measured initial loads. Due to loadirg and gaging system in-
accuracies, the uncertainties in the consuned propellants are +85 1bm and
+53 1bm (3c) for oxidizer and fuel, resrectively. The uncertainties in
mixture ratio and engine effective specific impulse resulting from these un-
certainties are :0.016 and +1.59 respectively. Both the predicted and

analysis program results are vithin these uncertainties.

1 Calculated from FS-1 plus 33 seconds.
16
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The values of effective specific impulse presented in the table are
dependent on both the vehicole weight change and the thrust velocity gain,
The analysis indicated a thrust velocity gain of 6805 ft/sec. The velocily
gain used in computing Lhe values of Isp using the gyaging system readings
were taken directly from the acceleration data (GGOOOIX) which measures the
gain in velocity tor each iwo second segment of the burn. The total measured
thrust velocity yain, 6804 ft/sec, includes the contribution of both the LPS
engine and RCS activity. The uncertainty in effective specific impulse duc
to measured propellant usage and velocity gain uncertainties is 1.2 sceconds.
The engine effective specific impulse for both the prediction and analysis
are within this uncertainty. The difference between the predicted and
actual throat erosion accounts for the higher predicted enginc effective
specific impulse. Due to the rather large uncertainties related to the
gaging system, it is felt that the best estimate of DPS performance is
given by the analysis results.

Both the analysis results and measured results are within the predic-
tion 3 uncertainties of *5.91 sec and $+0.0225 for effective specific
impulse and mixture ratio, respectively. The difference between the pre-
dicted vehicle effective specific impulse and that calculated from the ’
PQGS measurements and the analysis program was due to more RCS usage (non-DPS

consumable) than predicted.
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7. PQGS LVALUATION Aty plobip DAY FCOADTNG

Propellant Quantity Laaging System ‘)

During the DO Burn and at ignition of e o oot Burng, oll propedtan
gages were reading off scale uas expected. The fuel tank 2 (Fu2) qage did,
however, intermittently Jdrop slightly telow the macam reading of 9%,
par ticalarly during the earvily npovtion of the Decovnt Len Luvina toth th
Arollo 10 and Apollo 11 Missions {(Reterences 5 at 4, vespectively ) the fuel
gages did not read off scale ao cxpected when pooocliant vias above the tasi-
mum gageéabie level, The Ful gage wiy, reoding ot soale within 27 econds,
after ignition of the Descent Burn.

A1l gaces were indicating propellant consumpt: o by 43.5 <ec after
Descent Lurn ignition, At that time, the qaqge. . e reading 64,4, 05,0,
93.b, and 92.1 percent for Oxi, O0x2, Ful and Fu?, . opectively., The recon-
struction analysis indicates that the 0x2 aage was reading high by nearly ?l)
two percent, the 0x) gage was high by approximaiely one percent and the Fu2

gage was low by approximately one percent., As the burn continued the oxidizer
y Ay y }

that time the readinas of the 0x1 qgage were approximately 1.3 percent areater

than the Ux2 reading. The difference in propellant levels was due to pro-

pellant transfer between the oxidizer tanks caused by aimbaling of the engine .
comanding the thrust vector to pass through the vehicle center of gravity.

As the burn continued, the engine gimbal angles decreased thus allowing some

propellant to be transferred back from the Ux1 tank to the Ox2 tank. At 43.5

seconds after ignition the fuel gages displayed a difference of appruximately

1.4 percent (Ful high). This difference remained essentially constant during

the first 4n0 seconds of the burn. Subsequently, the difference decreased

to apjruximately one half percent. The initial difference in propellant level (:, .




s L.

. o

Lo LS e

v .

Cran

may have been caused by preburn maneuvering.

The engine gimbal anqle which

was relatively constant during the first 400 seconds could have maint.ined

this difference.

accounting for the convergence of the fuel gage readings.

At approximately 400 seconds, the gimbal angle wa', dcore

At the end of

burn, the propellant gages were reading approximately 6.4, 6.1, 5.6 and 5.4

percent for Ox1, 0x2, Ful, and Fu2, respectively.

The expected accuracies for the aaging system, based on tests conducied

at WSTF (Reference 6) are presented in the following table:

EXPECTED PROPELLANT GAGING SYSTEM AéEURACY
Quantity Re- Accuracy for Quantity Re- Accuracy for
maining in Each Oxidizer maining in Each ruel Laoe
Tank Gage Tank (7 of Full Tank)
100 -50% 2.7% 100-607 2.5/
50-25% 1% 60-207 &
25-8% 0.5% 20-07% 17
8-0% 1%

]

The snecification limit of the PQGS is '17 of full tink capacity t .

quantities above 25% 10ad and below 8” load.

When the PQGS is inteqrated

into the vehicle and telemetry effects are considered, the ‘1" value i-

increased to +1.3%.

is +0.5% of full tank capacity.

In the 8% to 25% range, the specitication requirement

specifications cannot be met.

However, the WSTF tests indicate that 1h o

In the analysis of FTP and the simulation of the throttled portion i

the bum, the transfer of approximately 81 1bm of oxidizer from tank Ho. |

19
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te vent Choo 2 ovas modeled. No fuel transfer was sinulated. Table 6 presents
a comparisen ot the measured data and the best estimate of the actual valics
at sarhous time points during the Descert Burn. While the difference be-
twee. Che acasu. o and computed values werc frequently outside the specifi-
cetron himits  they were generally within the expected accuracy of the

gag oty oo o based on WOTE results.

AL engine chutdoun, the quantities of propellants remaining in the
tanks were computed to be 6.5, 5.5, 5.7 and 5.7 percent for Ox1, 0x2, Ful
and tu, respecoively  This is equivalent to remaining quantities of 761 1bm
ot oxidizer and 446 lta ot fuel. Of these quantities, 657 1bm of oxidizer
and 408 1L ot fuel are usable before a prcpeilant tank depletes. It should
vt noted that values of usable propellants are contingent on the actual
amountt of widicer tiansferred between tanks. i.ased on the measured pro-
pellan. quantities, usable quantities of 627 1bm of oxidizer and 389 1bm
of fuel remaircd. Appiying the propellant flowrates at engine shutduwn,

11} b seconds o hover time remained based on computed residual propellants.
Tho meawsmred Gaaatities indicated 106.6 seconds of remaining hover time.

Tee aopetiant low Tevel was teiggered at 110:31:59.6 GET, 682 seconds
after vgnmition ang 35 seconds before engine shutdown., Gaging system data
indicater that the sensor was triggered in the Fu2 tank. At the time of
the signa . the mean measured readings were 8.0, 7.3, 7.4 and 6.7 percent
for the Oxl, 0x?, Ful, und Fu2 gages, respcctively. Based on the predicted
tume of the Tow level signal, the sensor was triggered early. This may have
been due to the 1.5 to 2.0 percent oscillation (peak-to-peak) of the propellant

levels as indicated by the gaging probes. it is likely that the propellant

20
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level oscillations were due to slosh. Observina the mean of the measured
readings, the low level sianal should have been activated 701 seconds after
ignition by the sensor in the fuel tank No. 2. Thus, the sensor was tria-
qered approximately 19 seconds early. Approximately 113 seconds nf burmn time
remain when the low level indication is given. Due to the early signal, a
remaining burm time of 78 seconds was indicated at enaine shutdown. The
availability of 19 seconds of hover time is sianificant. A similar early
signal occurred during the Apollo 11 Mission. It is believed that propellant
slosh is the cause of the premature low level indicat ins. Due to the low
gaging probe measurement sample rate (1 sample/second), it is difficult to
substantiate this hypothesis. Ground tests ar~ beina corducted to deter-
mine the effect of propellant slosh. It should be noted that preliminary
ground testing to determine the effects of pronellant slosh on the aaaing
system readings indicate that the mean propellant level as measured by the
probe can be lower than the quiescent level of propellants. Thus, the Tow
level sensor signal may have been more than 19 seconds early. It is planned
to increase the PQGS sample rate to 100 samples/second for the Apollo 13
Mission in an effort to identify the slosh modes oczurrina in fliaht.
Propellant Loading

Prior to propellant loading, density determinations were made for each
propellant to establish the amount of off-l1oadina of the nlanned overfill.
An average oxidizer density of 90.75 1bm/ft3 and an averasoe fuel dansity of
56.49 1bm/ft> at a pressure of 240 psia and a temperature of 70°F were
determined from the samples. In off-loading rropellant tc obtain the desired
ullage volume, more propellant than planned (5.2 1bm of oxidizer and
3.2 1bm of fuel) was removed “rom the spacecraft. The quantities loaded
were 11345.7 1bm of oxidizer at a temperature of 67.7°F and a oressure of

53.6 psig and 7080.4 Tbm of fuel at a temoerature of 70.0°F and a pressure
21
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of 41.8 psiqg (Reference 7).
at launch was 18426.1 1bm.

The total quantity of DPS propellant on board
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The pressurization sy~tem performed satisfactorily throughout the

mission.

8. PRESSURIZATION SYSTEM EVALUATIOM

ihe ambient start bottle was loaded with approximately 1.1 1bm of

helium at a pressure of 1632 psia and temperature of 70°F.

pressure was approximately 1625 psia.

At 1auvnch, the

Five days prior to launch, the oxi-

agizer and fuel tank pressures were increased from their pressures at loadina to

140.2 and 134.9 psia, respectively.

had decreased to approximately 94 and 122 psia. respectively.

At launch the propellant tank pressures

Approxiinately

33.6 hours prior to launch, the supercritical helium (S™e) tank was filled

with 48 1bm of supercritical helium at a bottle pressure of asproximately

110.5 psia.

psia.

At launch the bottle pressure nad risen to approximately 364

The following table presents measured pressurization system values

for various times durinq the mission.

——— T . e r— . ——— - ——— - ————

L. Pressure at Post Start
Initial DPS Activation | Tank Precsurization
Pressurization Launch (90:23 hrs G.E.T.) | (~107:48 G.E.T.)
(psia) (psia) (nsia) (psia)
Start Bottle 1632 1625 1605 491
Oxidi-er Tanb 140.2 94 60 247
Fuel Tank 134.9 123 105 248
SHe Tank 110.5 364 917 1036

The large amount of pressure decay in the propellant tanks was due pri-

marily to helium absorption by the propellants and was as expected.
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decay 1n ambient wtart tottle pressure prior Lo the DOT Burn was attrihuted
to neliun tenperature drop and was within the expocted ranic.

The best estimate of the ground SHe tank pressure rise rate was approxi-
mately 8.0 psi/hr and was caused by normal heat leak into the system from
the environment. SHe tank pressures after liftoff indicated that the coast
pres:ure rise rite was approximately 6.2 psi/hr. Both values compare favor-
ably with previous fliahts. A peak SHe tank pressure of 1305 psia was mea-
sured during the Descent Burn. A comparison of preflight predicted and
flight measured SHe tank pressure is shown in Fiaure 29. The predicted
pressure was obtained utilizinag the DPS Sunercritical Helium Pressurization
System Comruter Proaram. The difference between nreflioht predicted and
flight measured pressure at the end of the Descent Burn was approximately
85 psi, the predicted value beinggreater. A nostflicht simulation, usina
flight data as input to the computer proaram, resulted in the predicted
value being approximately 120 psi greater than the flioht measured value.

The reason for the larger computed values has not been resolveu; however,

it is hypothesized that the difference is due to incorrect SHe thermal .

properties in the 500 psia, 150°R region. An analysis is now being made of the

differences between proqram thermal properties and new National Rureau of Standards
data.
Flight data from LM-5 and LM-6 indicates that the pressure rise rate which

occurs during the coast period followina the DOI Burn is greater than pre-
viously predicted. SHe tank pressure rise was 73 psi for LM-5 and 77 psi for
LM-6. The predicted value was 50 psi. Future SHe system predictions will use
an average of the measured values (75 psi).

DPS storage tank venting was initiated approximately 35 seconds after
Descent Burn engine shutdown. This was successfully accomplished by closing

the SHe isolation valve, firing the vent line squib valves and opening the

24
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vent line solenoid valves (Figure 30). The SHe tank was vented approximately
20 minutes prior to APS ignition by opening the SHe isolation valve and Lhe
vent line solenoid valves. During the period of lunar stay, the SHe tank

had an average pressure rise rate of 4.9 psi/hr. Interface pressure rises,
which occurred on LM-5 during venting (Reference 4), were prevented by

the sequential venting procedure. This was due to venting the SHe tank

after engine heat soakback had occurred. Pressure builduj. occurs because
venting of the SHe tank causes the stagnant fuel in the helium/fuel heat
exchanger to freeze. Engine heat scakback then expands the fuel against

the plugged heat exchanger causing a pressure buildup in the feedlines

downstream which could exceed specitication limits,
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9. ENGINE TRANSIENT ARALYSIS

The mission duty cycle of the Descent Propulsion system for Apollo 12
included two starts at the minimum throttle setting, one shutdown at approxi-
mately 38" throttle and one shutdown at 23.4 throttle. Much throttling

occurred during the Descent Burn, a1l of which was commanded by the LGC.

Start and Shutdown Transients

Due to the low data samplie rate (1 s/s) during the DOI Burn, no analysis
of the transients was made. Reference 8 presents the technique used in
determining the time of engine fire switch siqnals (FS-1 and FS-2) for the
Descent Burn. This method was developed from White Sands Test Facility
(WSTF) test data and assumes that approximately 0.030 seconds after the
engine start command (FS-1) an oscillation in the fuel interface pressure
occurs, as observed from the WSTF tests. Similarly, 0.092 seconds after
the engine shutdown signal (FS-2) another oscillation in the fuel interface
pressure occurs. Thus, start and shutdown oscillations of the fuel inter-
face pressure were noted and the appropriate time lead applied.

The ignition delay from FS-1 to first rise in chamber pressure was
approximately 0.66 seconds (second burn). From past flights it has been
shown that the first start delay of a duty cycle is generally twice as long
as subsequent start delays. This difference in time between the first and
subsequent start delays appears to be because of a difference in priming
conditions. Prior to the DOI Burn there was no propellant between the
engine prevalves (actuator isolation valves) and the engine valve actuators,
and no propellant between the series engine shutoff valves. For the Descent
Burn these volumes were primed with propellants. The delay time compared

favorably to those experienced on the flights of Apollo 5, Apollo 9 and
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Apollo 10. On Apollo 11, the response of the chamber pressure transducer
was such that it gave no output until it sensed a pressure in excess of 4.4
psi. Thus, the time of initial chamber pressure rise and the start delay

time could not he determined.

It was determined tha: there was a bias of 0.8 psia on the chamber
pressure measurement at icnition. It was assumed that the bias decreased
linearly from ignition (0.0 psia chamber pressure) to a chamber pressure of
106 psia. Thus at 90 (15.3 psia) and 100% (17 psia) of the minimum throttie
setting the bias was 0.68 psia and 0.66 psia, respectively.

The start transient from "S-1 to 907 of the minimum steady-state throttle
setting (16.2% of full thrust) required 1.77 seconds with a start impulse
of 499 1bf-sec. The transient time was well within the specification limit
of 4.0 seconds for a minimum throttle start. The start transient from 90%
to 100% of the minimum throttle setting required 0.14 seconds with an impulse
of 207 1bf-sec.

The shutdown transient required 2.06 seconds from FS-2 to 10% of the
steady-state throttle setting (23.47) with an impulse of 1540 1bf-sec. The
specification limit on transient shutdown time is 0.25 seconds, however,
this applies cnly to shutdowns from FTP. There is no specification limit
on impulse. The impulse from 10% of the steady-state throttle setting to
0% thrust was 161 1bf-sec over a time increment of 0.79 seconds. Table 7
presents a summary of the transients for flights to date.

Throttle Response

During the Descent Burn the engine was commanded to many different

thrust levels. All throttle commands were automatic. The first throttling

maneuver, minimum (16% of full thrust) to FTP, which was executed 26 seconds
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into *' 2 burn, required approximately 1 second. The engine then remained

at FTP for 357 seconds. The second command, trom FTP to 597, occurred 343
seconds after ignition and required approximately 0.5 seconds. This value
compares favorably with similar maneuvers on previous flights. Little
throttling was performed during the next 136 seconds. The LM Guidance
Computer then commanded a ramping decrease in the throttle setting from 54.
to 33. over 90 seconds. At this time the Spacecraft Commander selected
guidance program P-66 which aliowed him to select the vehicle rate of
descent with the LGC still controlling the Descent Engine. Duvring the sub-
sequent 108 seconds of the burn, the LGC commanded approximately 99 throttle
changes in the 19X to 44. range. The conwand time from one throttie setting
to the next was generally less than 0.20 seconds and the engine response
time was less than 0.15 seconds in addition to tne command times. The
requirement for the large number of throttle changes was directly attribu-
ted to the spacecraft attitude. As the astronaut pitched or rolled the
vehicle, a different engine throttle setting was necessary to maintain the
selected rate of descent. While no throttle response srecifications exist
for commands of the type given during the latter portion of the burn, the

response of the DPS engine was considered satisfactory.
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TABLE 2

LM-6 DESCENT PRUPULSION ENGINE AND
' FEED SYSTEM PHYSICAL CHARACTERISTICS
: ENGINE

; Engine Number 1040
g Chamber Throat Area, in2 54.197]
% Nozzle Exit Area, in2 2569.74
5 Nozzle Expansion Ratio 47.44
.é Oxidizer Interface to Chamber
, § Resistance at FTP lEf;éS%E 3
; 1bm-ft 3960.0
: Fuel Interface to Chamber
: Resistance at FTP lEf:éEgE
: 1bm-ft 6325.2
{ Fuel Film Coolant Tapoff Point to
. ' Combustion Chamber 1bf-sec”
: 1bm-ft 465069
‘% FEED SYSTEM
? Oxidizer Propellant Tanks, Total
| | Ambient Volume, Ft 126.0% .
Fuel Propellant Tanks, Total
oy Ambient Volume, Ft> 126.0°
. é Oridizer Tank to Interface
) Resistance, 191339%3— 2
1bm-ft 427.03
jf;7; Fuel Tank to Interface '
| Resistance, :::‘::‘:cz 670,532 ?
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TABLE 2 (CONTINUED)

]TRN No. 01827-6173-R-00, TRW LEM Descent Engine Serial No. 1040 Acceptance
Test Performance Report Paragraph 6.9, dated 19 July 1968.

2GAEC Cold Flow Tests.

3TRw No. 4721.3.69-63, LM-6, Engine Serial No. 1040 Descent Engine Charac-

teristic Equations, March 1969.

4Approximate Values.
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TABLE 3
FLIGHT DATA USED IN FTP STEADY-STATE ANALYSIS

Measurement Sample Ratn
Number Description Range  Sample/Sec

GQ3018P Pressure, Helium Reg. Out. Manifold 0-300 psia i
GQ3elip Pressure, tngine Fue! Interface 0-300 psia 200
GQ4anip Pressure, Engine Oxidizer Interface 0-300 psia 200
GQ6510P Pressure, Thrust Chamber 0-200 psia 200
(GQ3603Q Quantity, Fuel Tank No. 1 0-95 perzent 1
6Q3604Q Quantity, Fuel Tank No. ? 0-95 percent 1
6Q4103Q Quantity . Oxidizer Tank No. 1 0-95 percent 1
6GQ4104Q Quantity, Oxidizer Tank No. 2 0-95 percent 1
Q37187 Temperature, Fuel Bulk Tank No. 20-1207F ]
GQ3719T Temperature, Fuel Bulk Tank No. 2 20-120°F 1
6Q4218T Temperature, Oxidizer Bulk Tank No. 1 20-120°F ]
GQ421 Temperature, Oxidizer Bulk Tank No. 2 20-120°F 1
GGO0O0O01 A PGNS Downlink Data 40 Bits 1/2

33
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