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• -. 1. PU!{"OSE_'[[J L[ _/'[:

The purpose of this report is to presc_L She resutLs of the pos_fIight,q

analysis of the Descent PropuIsiof, System (D'S) purforL,_a_ce during tile
#

Apollo 12 Mission. The primary objective of the an3lysis was to determine

the steady-state performance of the DPS duri_<l tile descent phase of the

t manned lunar landing.

_ This report is a supplement to the Apollo 12 Mission Report. IH ad-

,:'" " dition to further analysis of tile DPS, this report brings together informa-

_ tion from other reports and memorandums analyzing specific anomalies and
m

_: performance in order to present a comprehensive description of the DPS

• operation during the Apollo 12 ;iission.

The following items are the major additions and changes to the results

are reported in Reference I:

• ; (l) The performance values for Lhe secoiDd DPS burn are presented.

_.,, (2) The analysis techniques, problems arid assumptions are discussed._" .

,_ (3) The analysis results are compared to the preflight performance
:, pred i cti on.

_:. (4) The Propellant Quantity Gaging System performance is discussed
, in greater detail. #

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

_;
_,; (6) Estimated propellant consumption and residuals are revised.

(
i

i
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2. SIJMMARY I

The performance of the LM-6 Descent Propulsion System during the

Apollo 12 Mission was evaluated and found to be satisfactory. The aver-

age engine effective specific impulse for th_ oescent 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 a

the Descent Burn was as follows" thrust, 9734 pounds; specific impulse,

304.5 seconds; and prupellant mixture ratio, 1.598. These values are

-O.15, ,_.16,and O.O percent different, respectively,from the values re-

ported from engine acceptance tests and were within specification limits.

Several flight measurement discrepanciesexisted during the flight.

l) 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 II 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-peakwere recorded by the t

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

, tions were instrumentationphenomenon and not indicative of actual flow

'I 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

1973078844-008



propellant low level sensor was triggered early. The apparent cause war

propellant sloshing, ranging in amplitude from 1.5 to 2.0 percent (peak-

to-peak) of the gaged propellant levels. Due to the early signal, the

capability to perform at least 19 seconds of hover before propellant de-

pletion was not known to be available.

In-flight bulk propellant temperatureswere lower than predicted,

This also occurred during the Apollo II 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 he]ium tank pressure rise followinq the DOI

Burn was higher than predicted. This also occurred during the Apollo II

Mission. It is recommended that the pressure rise rate used in future

predictions be increased to more closely agree with Apollo II and Apollo

, 12 flight data.

i
4

: 3; I
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3. INTRODUCTION

The Apollo 12 Mission was the fifth fli_ht and fourth manned flight

of the lunar module (LM). The mission was the second lunar landing.

At ]09:23:40 hours, the first DPS maneuver, the Descent Orbit Inser-

tion Burn (DOI) was accomplished. The burn duration was approximately

29 seconds and iuLluded operation at the mini,,u,,, throttle setting and
8

throttling to 40% of full thrust level. At II0:20:38 hours the Descent

Burn was initiated and lasted for 717 seconds. [he burn was started at

the minimum throttling setting and after approximately 26 seconds, the

thrust was increased to the fixed throttle po__ition (FTP). At 383 sec-

onds after ignitiun, the engine was ;hrottled to 59_. Approximately

227 seconds after throttIP 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-

i craft attitude was chanqed by the astronaut, a different thrust level was

required to maintain tileconstant rate of descent. The engine was thus
i

commanded through a substantial number of throttling changes between 19

and 44 percent thrust. Lunar landing occurred at II0:32:36ending the
p

DPS mission duty cycle. The propellant tanks were vented at about 110 hr

• 33 min GET.

The actua] ignition and shutdown times for the two DPS firings are

"":- shown in Table I. The throttling profile for the second DPS burn is

shown if Figure I.

4 I

__ _ I ni line inn i i i l .................
-- I
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The Apollo 12 Mission utilized LM-6 which was equipped with DPS

engine S/N I040. The engine and feed system characteristics are m.

sented in Table 2.

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

(RCS) ullage maneuver to settle propellants.

w
g

i

' i
I __ _ L I I I -- III __ • • I _ III I _11!I 1 I[[111 Ill
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4. FTP STEADY-STATEPERFURMANCL

Ana]ysis Technique

The major analysis effort for thi_ report WdSconcentrated on deter-

mining the flight steady-state performance of the DPS during the fixed

throttle position (FTP) l_ortionof the Descent Burn. Analysis ot the

DOI Burn wa_,not l;racticaldue to the low Uat,_'_,_ml_lin(lrate and the dura-

tion of hurn. The throttled portions of the he,cent I_urnwere of insufficient

duration at a given throttle position to allow for a meaningful detailed

performance analysis, lhe performance analysis was accomplished by use

of the Apollo PropulsionAnalysis Program which utilizps a minimum 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 iterativemethods arrives at estimations

of the system performance history and propellant weights which "best"

(minimum-variancesense) reconcile the data.

Since a minimum variance estimate of performance during the throttled

portion (i.e. other than FTP) of the Descent Bur;1could not be made, a
t

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-
m

lation.

• Analysis Results

The engine performance during the FTP portion of the Descent Burn was

satisfactory.

i The Apollo Propulsion Analysis Program (PAP) results presented in this

report are based on reconstructionsusing data from the f11ght measurements

listed in Table 3. -_

6

: !
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The propellant densities were calculated from sample specific grav-

ity data from KSC, assumed interface temperatures based on the fliqht

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 stage and -22.3 Ibm for the _scent stage were identified. The

discrepancieswere due to mathematical errors in summin9 of the compo-

nent weights• The initial estimates of the DPS propellant on board at

the beginninr of the analyzed time segment were calculated (based on a

simulatioq 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 betv_.enDOI igni-

' tim and the beginning of the.analyzed time segment. During the Descent

Burn approximately 153 Ibm of consumables other than DPS propellantwere
f

used. Of that amount, 118 Ibm 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 Ibm/sec.

The DPS steady-state FTP performancewas determined from _;_eanaly-

! sis of a 340 second segment of the ourn. The segment of the burn anal-

ii yzed commencedapproxtmetely 42 sec_ds after DPS ignition (FS-I) anQ
r

included the flight ttme between 11n:__1:20 (397280 sec) and 110:Z7:00

(397620 sec) ground elapsed time (G.E.T.). Engine throttle down to 59%

occurred two seconds after the end notnt of the analyzed segm,_t.

7
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The results of the Propulsion An_ly<,is Pro,_ram reconstruction of the

FTP portion of the Descent Burn are presepted 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 flight values

throughout the segment, in general, the actual values are within 1.0

p rcent of the predicted values. A portion (_i this difference can be attri-

buted to the difference between predicted dnd 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 publishinn of the LM-6/DPS Preflight Perform-

ance Report (Reference 3 ), the throat erosion formulation was revised

based on recently completed ground tes_ programs. These programs indicated

that the throat erosion as predicted by the former model was conservative.

The analysis results tend to substantiate the ground test results. Figure

2 compares the inflight calculated erosion, the predlcted erosion using the

former model and the predicteo erosion using the current 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 3_
m

uncertaintyo_ the predicted value using the current erosion model.

, Critique of Analysis Results

Figures 3 through 11 show the analysis program output plots which pre-

sent tilefiltered flight data and the accuracy with which the data was

matched by the PAP Progra,l. The accuracy is represented by the residual,

which is defined as the difference between the filtered data and the pro-i
gram calculatedvalue. The figures presented are thrust acceleration,oxi-

dizer interface pressure, fuel interface pressure, quantity gaging system
i

; for oxidizer tank I and 2, quantity gaging system for fuel tank 1 _nd 2, ..#

I .....

-- j _ -- .... ...... _ ' ..... I .... r_ IIllI IlI I II - __ __ .... _ I _ -

1973078844-014



chamber pressure, and reculator outlet pressure.

A strong indication of the validity of the analysis program simulatinn

can be obtained by comparing the thrust acceleration a,, determined from th(_

LM Guidance Computer (LGC) AV data to that computed in the simulatinn. Figure

3 shows the thrust acceleration derived from the LV data and the residual be-

tween the measured and computed values. The time history of the resi(l, Jl ha_,

an essentially zero mean and a small, but acceptable, neqative trend.

Several problems were encountered with flinht data while analvzin(! the

L steady-state performance at FTP. Several assumptions were necessary in order

to obtain an acceptable match to the fliqht data. These problems are dis-

cussed below.

The regulator outlet pressure is redundantly sampled by measurements

GQ3OI8P and GQ3025P. The pressure indicated by GQ3025Pwas several psia less

than that from GQ3OI8P. Based on early analysis and preflight tests, the

data from GQ3OI8P was used for the analysis. A 1.2 psi step increase in the

regulator pressure as measured by GQ3OI8P was noted about lO seconds into the

analyzed segment. This increase was equivalent to one PCM measurement count.
v

Interface pressure data indicated that the regulator nutlet pressurp should
e

, have 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 characteristicswhen the supercriticdl helium supply pressure

,_ profile was considered. A smooth pressure profile was therefore substituted

for the measured regulator outlet pressure data. Figure II presents the
!

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

Comparison of the inflight chamber pressure data to other flight and

! ( ground test data indicated that the fliqht transducer may have incurred ,_,l_ift

1973078844-015



et_,_rl;,,l,,,,,l',.hlet_] _I:,_',,+d}(.'fr.r,(:tsduring the burn. A similar problem ._

wa..,ote,l durinq thp AI,(,]Io 9 and Apollo il Mitsions although the shifts

w,.i ,,JchUiea_er dur,,,,lth()s_*flights. Chamh(:r pressure was retain__d in

th(, an,ll _s althouql_ the residual match, Figure lO, was poor.

l)u_lu_] th,* _}owe_,: desLent burn, pressure oF:cil]ations as high as 59 psi

p I t(,-l,edk _.,;_re re..: ,,,,I l,v the, (,xidi/pr _J,l_.r'face pressure transducer

((,q4]lll)l. [h_: oscill,Jtions were recorded at 200 samples per second and

' sh_)w peak-to-peak maqnitu,Jps of 25 psi at FTP 20 psi for most of the 55-57,L

., tl,t,s_,a l,erio,l of _i,ll.,_';cilldlionsuf _9 psi at approximately 57-60%
l

thrust, and short perl(_,l-,of oscillations of as high as 35 psi during the

random thruttlinq l)erl,,,J.The fuel interface pressure transducer recorded

ulaximu,it_SLIIIaLioflsof II psi. Figure 20 shows the oxidizer pressure

o_,illdtions _,l_serv_,l Jlnce oscillations of that magnitude were not ob-i

served at the propel lant lank pressurization manifold or the engine chamber, "')

it was conclu(h.d that th_ _scillations were not actually resent at the

' irlterfdc_._r,,lthat _._,,lin,l_erformance was not affected. Similar pressure

( " (_;cillati,_.,:_.,,,rr.nntr.rl,luring the Apollo II Mission. A further discussion
• *

' :' _ ,u;,Vb: IuUh,l iH RL-fe_,'nc.u,i.

The fill-._(:,ivalu;.,_fthe;oxidizer i_terface pressure (GQ4111P) was

-"_,..: ., less tha, exl,e,.tedhv approximately 1.2 psia. This value is wel] within -

I the aLCUrdC/ Of tile_.i_J.:u_'eme,tand was assumed to be a measurement bias. _ :

_'.'_._; _ •

'' ";' 1 {'Ullll'drl"_'l"'__h Prefli(jhl.Performance Predictions ;

,_- ,"._i_, t ,

...,...; Prior to the Apollo, i.;Mission the expected inf_ight performance of the !
'-"-H,'¢'- I)PSwas presentedin R_:fe,'ence3 The preflightperformancereport

-;•V::_;.I
.. ,;-" .' _.,a.,Intended tu b_i_;(jtogether all the information relating to the entire

"ii ''_' ,,, i Des_unt Propulsion Systum and to present the results of the simulation of

2

...................... 'iI_,_,; : -":....... _" _ _'_"_"_. _'-='_Rr'"" _ _'" :-'-"_' ;"",'_"_'_' ";,Lt _............ _---- ,_-.---_-_R_,_,_,_-m,_........._ ....... :.............. -r-- .-" ...: . -" .,_
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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. All 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 temperaturesand specific gravities).

Engine Performance at Standard Inlet Conditions

, The flight performance predictionof 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

i performance is adjusted to standard inlet conditions. This allows actual

r
, engine performance variations to be separated from pressurizationsystem

and propellant temperature induced variations. The standard inlet condi-

, , . tions performance values were calculated for the following conditions:

Standard Inlet Conditions

i " Oxidizer interface pressure, psia 221 9. Fuel interface pressure, psia 221 9

I Oxidizer interface temperatu_e,°F 70 0, ii: Fuel interface temperature, F 70 0Oxidizer density, Ibm/ft3 90 13

| Fuel density, Ibm/ft3 56 36
Thrust acceleration, Ibf/Ibm ! 0

} Throat area, in_ 54 4

11 '
i ,

''i d

.... I I I LIILI --_I _ IllI IIIIIIIllllIlllI IIIIIIIIIIIII III I I iilllli i i
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The following table present _, qround tPst data and flight test data ad-

justed to standard inlet conditions. (inmparirLg the corrected enqine flight

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

Parameter.s_ _ Ground Test ___ Flight
Enqine Prediction Analysis

.__ D]ta S?ur c_c,___ Characterization .... Results

Thrust, lbf 9/49 9734 ,

Specific Impulse, sec 304.] 304.5 '

rlixture Ratio 1.598 1.598

Thrust Coefficient, Cf 1.780 1.764

Characteristic Velocity,

C*, ft/sec 5495 5552

data shows the fliqht data to be 0.15 less,O.]6., more and 0.0% for thrust,

specific impu]se 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 specificationranges.

i

L_
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5. SIMULATIONOF THROTTLEDPERFORMANCERESULTS

The DPS throttling performancewas 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 (GQ3OI8P)drives the program

and tilemeasured 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 unode the program

does not compare calculated measurements with flight measurements and mini-

,- mumvariance analysis is not performed.

Based on the FTP analysis results, it was determined that a correction

of +I.0 psia should be made to the regulator outlet pressure (GQ3OI8P).

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 adju._ted for non-DPS consumables, as

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

i der of that weight lost during the burn.
The DPS throttling performance simulation was conducted starting at

the end of the FTP analysis (FS-I + 3,°,2seconds) 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

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

' I Typical values of the simulation results are presented in Table 5. The

: ;'. preflight values as well as the flight measured values are also presented.
w o"

The time slices presented are FS-I + 396 seconds (397634 sec) and FS-I + 600

seconds (397838 sec). The chamber pressure drift error, discussed in the

: FTP analysis,isalsoapparent during the throttling analysis. The differ-
(

I ._ I __ I I p -_ _ ! I Ill HI .... I L ........ I! Ik J_ I I L u I
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ences between the predicted and slmu]ated performance values are attributed

to the difference l_etween predicted and measured throttle command vo]tage,

regulator outlet pressure, spacecraft weight, propellant density and vapor

pressure, and throat erosion. As prevlous]y noted in the FTP ana]ysis,

the actua] throat erosion was substantially greater than the predicted

erosion profile from a model which has since been replaced with a more
s

current formu]ation. The actual erosion is in better agreement with the

current model than with the former model and is within the 3_ uncertainty

of the current mode] (Figure 2).

Figures 13 through 16 present plots comparing the preflight predicted

and the analysis program simu]ated value':, of throttle con_and voltage,

mixture ratio, thrust and specific impu]se.

It can be seen in Fiqure ]3 that the thrott]e commandvoltage 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 3a

uncertainties)remained essentially constant until the astronaut assumed

' i' ; . 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 flight is dependent on the LGC estimate of

the state vector of the spacecraft; that is, its position, velocity gain

and accelerationwith 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, includingguidance system

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

and interactionsof these variables. The simulation did indicate, however, :-_
}
I

Ci , ......................... , ...................... o , , 2 '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 Ibf 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 3o band, The predicted propellant densities were based on nominal

specificationvalues at 7O°F. Propellant samples taken prior to flight

determined that the fuel 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 wkich greatly determine

flowrates to the engine and further affect mixture r_tio. For both the

Apollo 11 and Apollo 12 Missions, the predicted propellant temperature was

4 700 while the inflight temperatureswere actually less. It is recommended

that the propellant temperatures used in future predictions be adjusted to

more closely agree with those temperaturesmeasured inflight. Figures 17

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

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

- In general, the FTP data shown is representativeof the deleted segment. ',

)

!

(

15
p

,am ilnlnI Ill Ill ..... . ............... ' -- -

1973078844-021



6. OVERAll PERFORM/VICE

Whenthe results of the _P analysis and the simulation of throttled

operation are combined, the overall performance during the Descent Burn and

the total propelldnt consumption for the mission can be evaluated. The

following table presents a comparison of the propellant consumption, average

mixture ratio (FIR) and overall effective specific impulse (Isp). While tile

propellant ccnsumption and mixture ratio are for the entire mission, the
t

effective specific impulse is for the Descent Burn only. The vehicle effec-

, tivespecificimpulsewas computedbased on spacecraftweightreductions

Propellant I Average Vehicle Engine
Con_ I fiR Effective Effective

.... O-xidizerI Fuel I _(O/F) Isp (sec) Isp.(sec)

PreflightPrediction 10547 6620 1.593 300.3 302.4

AnalysisProgram I0596 6630 1.598 297.5 301.4

_agingSyst_* I0568 6644 1.591 297.8 301.7
L_

• *Basedon gagingsystemand /_Vmeasurements

' - du_ Co b_Lil DFE,prnpeiian_ rnnsl,_ipT.Ir,n ;,nn n,',n-u_ cnn_umable_ li_nn_o_!,-_tr_!j,

0.09 Ibm/secduringFTP and 0.39 Ibm/secduringthrottledoperation). The

, engineeffectivespecificimpulsewas calculatedconsideringonly _,leight '

) reductionsdue to DPS propellantusage. Contributionsfrom RCS activityis
• . t

. , , not included.

The measuredpropellantquantitiesconsumedare based on final gage
d

readingsand measuredinitialloads. Due to loadingand gagingsystemin-

accuracies,the uncertaintiesin the consumedpropellantsare-+85Ibm and

..... +53 Ibm (3a) for oxidizerand fuel,respectively.The uncertaintiesin

mixturera_.ioand ea_gineeffectivespecificimpulseresultingfrom these un-

certaintiesare -..0.016and *_1.59respectively.Both the predictedand

I )analysisprogramresultsare idthin theseu_certaintles.
i

I Calculated from FS-I plus 33 seconds, t
.1

",' , ........ , ,
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lh4, v,_IHl,*., ()I _'fl(,(.tiv_, sp(:cifiL, impulse pre,,ented in the t_Jhl(, are

; i d_,pend(,nt. ()t_ l,,_fh I11(, w'hl(-](: weight ch,lnge and Lhe Lhr'ust velocity gain.

lht._ ,]n,,lys1_ _, indi(:ated a thrust velocity gain of 6805 ft/sec. The velo_.iLv
i

; gain used in c_i)_l)utinq lhe values ()f ]sp using the gaging system re,Jdingsi

were taken directly from the acceleration data (GGOOOIX) which mea._,uresthe

_lain in velocity for each _wo second segment of the burn. The total measured

, _' thrust veloclty gain 68()4 ft/sec, includes the contribution of both the UP()

engine and RCS activity. The uncertainty in effective specific impulse,dut:

I to H_easured propellant usage and velocity (lain uncert,,inties is ,1.2 seconds.

'_: The engine effective sl)ecific i_pulse for both the prediction and analys_s

are within this uncertainty. The difference between the predicted and

actual throat erosion accounts for the higher predicted engine 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 t0.0225 for effective specific

impulse and mixture ratio, respectively. The difference between the pre-• !

dicted vehicle effective specific iN,pulseand that calculated from the o

PQGS measurements and the analysis program was due to more RCS usage (non-DPS,l

_".' consumable) than predicted.

• "..,_,
w ,

,s,

......i._...._
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may have been caused by preburn maneuvering. The engine gimbal anqle whi,h

was relatively constant during the first 400 seconds could have m,Jint,Jin_,,_

this difference. At approximately 400 seconds, the gimbal angle wa,,d(,(,,,

accounting for the convergence of the fuel gage readings. At the end of ,,,,

burn, the propellant gages were reading approximately 6.4, 6.1, b.b a,d 5.4

percent for Oxl, Ox2, Ful, and Fu2, respectively.

_: The expected accuracies for the qaging system, based ,intests c(mducI,,,J

at WSTF (Reference6) are presented in the following tal,le:
I"

k
;. EXPECTED PROPELLANT GA61NG SYSTEM ACCURACY

Quantity Re- Accuracy for Quantity Re- _(.curacyIul
maining in Each Oxidizer maininq in Each Fuel (;,J,.'
Tank Gage Tank (':/,of Full Tank) ,

I00-50% 2.7% I00-60C¢ 3.5,"
(,

, 50-25% I% 60-20,_ ;",'

25-8% O.5% 20-0 1%
i

L 8-0% I%
°

, }

The specification limit of the RQGS is ,l';'of full tlnk uapacitv I.,

quantities above 25% load and below 8,_,load. When the PQGS is i.te,trat_,,l
t

into the vehicle and teleemtry effects are considered, the ,I'"value i,.,

,. increased to .*1,3%. In the 8% to 25% rancle, the sp,.citiratton requtre,ent

" . is :0.5% of full tank capacity. However, the WSTFtl:_t_ in,lt_at(, Lhat i|,.,

• i

.- specifications cannot be met.

In the analysis of FTP and the simulation of the throttled pnrtinn ,,t

the burn, the transfer of approximately 81 1bin of oxidizer from tank tl,. I

!i

19
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I....,,J'j,,.:'_,,,,h,,,d_,1,_d.No fuel transfer ',,;assir,lulated. Table 6 presents

a c_,_paris(;;_at the r_Jeasureddata and th-,best estimate of the actual vaIE_es

dt /,_i_,L_ ti1_ippuints during tileDesceF,t Burn. Wililethe difference be--

twe(,,'h(_ _,,,,L,,,,d(H_Jc_mputed values were frequently outside the specifi-

c,,{_(,,ll_,,iT_ t.he¢_cr_ generally within the expected accuracy of the

,j,,,j .., !,,, , l_,,__'J r,,_ _FF results.

AL (:J_gi_e -hutdo_t,, Lhe quantities of propellarlts remaining in the

t(,,Ik_ _Jere c_>mputed to be 6.5, 5.5, 5.7 and 5.7 percent for Oxl, Ox2, Ful

,_nd _LJ.', r_,.,p,,.,ive]} This is equivalent to remaining quantities of 761 Ibm

_)I ,_idizer a_d 446 II,_ ol fuel. Of these quantities, 657 Ibm of oxidizer

_,.I .iOc_ll,_, ,)I Fuel are usable before a prcpeilant tank depletes. It should

._. ,,_)L(-d that vdluec, of usable propellants are contingent on the actual

ar_(_,_l _F _,:ini '_r L, a_sferred betvleen tanks, l.ased on the measured pro-

a

pellan, ,luanCities,us,_l_lequantities of 627 Ibm of oxidizer and 389 Ibm
q

OF f_Irl " i '_e_na.r,:,,.Applying the propellant flowrates at engine shutd.wn

111 b '.,(.,:o.dso; how r tiH_ere,_aln_dbased on computed residual propellants.

li,._,_(,,,ureJ¢,,_.,,_titie._indicated 306.6 seconds of remaining hover time.

T,,,.,,(,l,_'_,_ntlow level was l,'io.leredat 110:31:59.6 GET, 682 seconds

_ft(.__;_,,_L,_,,_.G 35 seconds before engine shutd(x.m. Gagi_Igsystem data

i_dicdt(,'that _he sen_or _'_astriggered in the Fu2 tank. At the time of

, time si(_n,, , the ii:ean n:u,,sured readings were 8.0, 7.3, 7.4 and G.7 percent

f(,r_l,e()xl,IJx?,ru], ,,nd|u2 gages, respectively. Based on the predicted
!

•,L" t_m,eof Lhe low level signal, the sensor _as triggered early. This may have

l,,,end,(,tu the 1.5 to _.0 percent oscillatlon (peak-to-peak) of the propella;_t

'" i

levels OS i_di_,Led by the gaging probes, it is likely that the propellant i

9

2O
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leveloscillationswere due to slosh. Observinothe meanof the measured

readings,the low levelsianalshouldhave been activated701 secondsafter
p

ignitionby the sensorin the fuel tankNo. 2. Thus,the sensorwas trio-
/

qered approximatelyIg secondsearly. Approximately113 secondsof burn time

remainwhen the low levelindicationis qiven. Due to the early siqnal,a

;_ remaininqburn timeof 78 secondswas indicatedat ennineshutdown. The
L

availabilityof Ig secondsof hover time is sionificant. A similarearly

i_ signaloccurredduringthe ApolloII Mission. It is believedthatpropellant

6 sloshis the causeof the prematurelow levelindicalo)ns. Due to the low
1
} gagingprobemeasurementsamplerate (I sample/second),it is difficultto

substantiatethishypothesis.Groundtestsar bei,_nconductedto deter-

minethe effectof propellantslosh. It shouldbe noted that preliminary

groundtestingto determinethe effectsof pronellantsloshon the aaoinq

( system readings indicate that the meanpropellant level as measuredby the

: probecan be lowerthan the quleScentlevelof propellants.Thus,the low)

level sensor siqnal mayhave been more than 19 secondsearly. It is planned

,_ to increase the PQ(;Ssample rate to 100 samoles/qecond for the Apollo 13
t i

Mission in an effort to identify the slosh modesoccurrinn in fltaht.

Propel1ant Loadin(I o
p

" Prior to propellant loadtng, density deteminations were.made for each

propellant to establish the motmt of off-loading of the olanned overfill.

.- M average oxidizer density of 90.?S lbm/ft 3 and an averaae fuel d:nsity of

56.49 ll_/ft 3 at a pressure of 240 nsta and a temperature of 70°F were

detemtned from the simples. In off-loadtnq r_opellant tc obtain the desired '

ull|ge volu_, more propellant than olanned (5.2 1Ix, of oxidizer and

3.2 lbm of fuel) was removed*tom the spacecraft. The quantities loaded

( _ were 11345.7 lira of oxtdtzer at a Um)erature of 67.7°F and a omsure bf ',

S3.6 pstg and 70110.411_ of fuel at a te_ermture of 70.OOFand a pressure
21 (
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i; of 41.8 psig (Reference7). The total quantity of DPS propellant on board ,_,

at launchwas 18426.1 Ibm.

\

P

0
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8. PRESSURIZATIONSYSTEM EVALUATIOn!

The pressurizationsystem performed satisfactorily throuqhout the

mission.

The ambient start bottle was loaded with approximately l.l Ibm of

helium at a pressure of 1632 psia and temperature of 70°F. At llunch, the

pressure was approximately 1625 psia. Five days prior to launch, the oxi-

dizer and fuel tank pressures were increased from their pressures at loadinn to

140.2 and 134.9 psia, respectively. At launch the propellant tank pressures

}
; had decreased to approximately94 and 123 psia, respectivelv. _nproxi,..ately

33.6 ho_ prior to launch, the supercritical helium (S!_e)tank was filled

with 48 Ibm of supercriticalhelium at a bottle pressure of approximately

llO.5 psia. At launch the bottle pressure tl_drisen to approximately 364

psia.

• The following table presents measured prcssurizatinn system values

' = for various times durinn the mission.

Pressure at | Post Start
Initial L)PSActivation Tank Pressurization

Pressurization Launch (90:23 hrs G.E.T.) (-_I07:48G.E.T.) e
(psia) (psia) _,nsia) (psia)

• ,_ .......

Start Bottle 1632 1625 ,605 491

i_xidi:'erTanl" 140.2 94 60 247

Fuel Tank 134.9 123 I05 248

SHe Tank 110.5 364 917 I036 ! •
J

t

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

marily to helium absorption by the propellants and was as expected. The 1( .J

t

23 i
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Hecav in amt_ient '.,tar(. l_tlle pre_.sure l_vl,-)_"L(, the [JflI t',urn wa', ,Jttrlf_ut.,.,l

to heliu_;t temperature dr_l, and wa_, within the C×l_,ct_,(t r,_n,f_..

The best estimate of the ground Slle tank pressure rise rate was approxi-

mately 8.r_ psi/hr and was caused by normal heat ]eak into the system from

the environment. SHe tank pressures after liftoff indicated that the coast

pres'.ure rise r_. _ was approximately 6.2 psi/hr. Both values compare favor-

ably with previous flights. A oeak SHe tank pressure of 1305 psia was mea-

sured durina the Descent Burn. # comparison of preflight predicted and

f]iqht measured SHe tank pressure is shown in Finure 29. The predicted

pressure ,..,as obtained _tilizina the DPS Sunercritical Helium Pressurization

System Com,_uter Proaram. The difference between nref]inht predicted and

flight measured pressure at the end of the Descent Burn was approximately

85 psi, the predicted va|ue beinagreater. A nostflinht simulation, usinn

fliqht data as input to the computer pronram, resulLed in the predicted "_

value being approximately 120 psigreater than the flinht 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

t

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

differencesbetween proqram thermal properties and new National Bureau of Standards

' data.

Flight data from LN-5 and LM-6 indicates that the pressure rise rate which

occurs during the coast period followinn the DOI Burn is greaterthan 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 approximately35 seconds after

Descent Burn engine shutdown. This was successfully accomplished by closlnq

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 the

vent line solenoid valves. During the period of lunar stay, the Slle 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 builduF occurs because
L

venting of the SHe tank causes the stagnant fuel in the helium/fuel heat

exchanger to freeze. Engine heat soakback then expands the fuel against
?

the plugged heat exchanger causing a pressure buildup in the feedlines

downstream which could exceed snecltication limits.
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9. ENGINETRANSIENTArIALYSIS

The mission duty cycle of the Descent Propulsion system for Apollo ]2

included two starts at the minimum throttle setting, one shutdown at approxi-

mately 38% throttle and one shutdown at 23.4 throttle. Much throttlin_

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

Start and Shutdown Transients

Due to the low data sample rate (1 s/s) during the DOI Burn, no analysis

of the transients was made. Reference 8 preserts the technique used in

determining the time oi engine fire switch siqnals (FS-I 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 conm_and(FS-I) an oscillation in the fuel interface pressure

occurs, as observed from the VSTF tests. Similarly, 0.092 seconds after "_

the engine shutdown signal (FS-2) another oscil]ation 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-I to first rise in chamber pressure was
, Q

approximately 0,66 seconds (second burn). From past flights it has been
4

, '' _, _.

- ,, ; 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

-' ",..i 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 g and

26
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Apollo I0. On Apollo II, 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 be determined.

i
It was determined tha,tthere was a bias of 0.8 psia on the chamber

,r pressure measurement at ignition. It was assumed that the bias decreased

_, linearly from ignition (0.0 psia chamber pressure} to a chamber pressure of

I06 psia. Thus at 90C/(15.3 psia) and lOOCJ(17 psia) of the minimum throttle

setting the bias was 0.68 psia and 0.66 psia, respectively.

The start transient from FS-I to 90_ of the minimum steady-state throttle

setting (16.2% of full thrust) required 1.77 seconds with a start impulse

of 499 lbf-sec. The transient time was well within the specification limit

of 4.0 seconds for a minimum throttle start. The start transient from 90%

l

to I00% of the minimum throttle setting required 0.14 seconds with an impulse

, of 207 Ibf-sec.
t C

The shutdown transient required 2.06 seconds from FS-2 to 10% of the

steady-state throttle setting (23.4_)with an impulse of 1540 Ibf-sec. The

specification limit on transient shutdown time is 0.25 seconds, however, t

this applies only 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 Ibf-sec over a time increment of 0.79 seconds. Table 7

presents a summary of the transients for fliqhts to date.

: Throttle Response
J

- During the Descent Burn the engine was commanded to many different i_

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

maneuver, minimum (16% of full thrust) to FTP, which was executed Z6 seconds

(

27
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into *'a burn, requlred approximately I second. The engine then remained

: at FTP for 357 seconds. The second command, from FTP to 59", occurred 3}$3

seconds after ignition and required approximately 0.5 seconds. This value

compares favorably with similar maneuvers on iJr(,vious 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 Co_nander selected

, guidance program P-66 which allowed him to select the vehicle rate of

descent with the LGC still controlling the Descent Engine. Du_ing the sub-

sequent 108 seconds of the burn, the LGC commandedapproximate]y 99 throttle

changes in the 19% to 44_ range. The com,_and time from one throttle 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 the 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

1 ; selected rate of descent. While no throttle response specificationsexist

, ' ,..: for commands of the type given during the latter portion of the burn, the

response of the DPS engine was considered satisfactory.

b

s
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TABLE 2
i

LM-6 DESCENT PRbPULSION ENGINE AND

FEED SYSTEMPHYSICAL CHARACTERISTICS

; ENGINE

, Engine Number 1040

_ Chamber Throat Area, in 2 54.197 l

- 74' Nozzle Exit Area, in2 2569.
i,

_ Nozzle Expansion Ratio 47.44

Oxidizer Interface to Chamber
lbf-sec2

' Resistance at FTP
' _ Ibm-ft5 3960 03°

Fuel Interface to Chamber
4

lbf-sec 2

; Resistance at FTP lbm'ft_ 6325.2

( Fuel Film Coolant Tapoff Point to

• Combustion Chamber lbf-sec2
]bm-ft5 465069

, £

•i FEED SYSIEM

! Oxidizer Propellant Tanks, Total
, i

Ambient Volume, Ft3 126.04 o

" Fuel Propellant Tanks, Total

Ambient Volume, Ft 3 126.04

_. • Oxidizer Tank to Interface

• lbf.sec2 ,
...., Resistance,

: Ibm.ft _ 427.032

Fuel Tank to Interface

i! ibf.sec Z

. Resistance, i_.ft _ 674"532

31 ,
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TABLE 2 (CONTINUED)

ITRW No. 01827-6173-R-00, TRWLEM Descent Engine Serial No. 1040 Acceptance
Test Performance Report Paragraph 6.9, dated 19 July 1968.

2GAECCold Flow Tests.

3TRWNo. 4721.3.69-63, LM-6, Engine Serial No. 1040 Descent Engine Charac-
teristic Equations, March ]969.

4Approximate Va]ues.

o
• j

4

_-b ,°

i
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TABLE 3

FLIGHT DATA USED IN FTP STEADY-STATE ANALYSIS

Measurement Sample Rat,_
Number Description Ranqe Sample/SecL_

GQ3OI8P Pressure, Helium Reg. Out. Manifold 0-300 psia ]

GQ3611P Pressure, Engine Fuel Interface 0-300 p_ia 200

" GQ4lllP Pressure, Engine Oxidizer Irlterface 0-300 psia 200
r

GQ65]OP Pressure, Thrust Chamber 0-200 psia 200

GQ3603Q Quantity, Fuel Tank No. ] 0-95 percent l

GQ3604Q Quantity, Fuel Tank No. 2 0-95 percent ]

GQ4103Q Quantity. Oxidizer Tank No. I 0-95 percent 1

GQ4104Q Quantity, Oxidizer Tank No. 2 0-95 percent l

GQ3718T Temperature, Fuel Bulk Tank No. l 20-120°F 1
t

GQ37'IgT Temperature,Fuel Bulk Tank No. 2 20-120°F l

GQ4218T Temperature,Oxidizer Bulk Tank No. l 20-120°F l

_ GQ42] "" Temperature, Oxidizer Bulk Tank No. 2 20-]20°F l

; GGO00I, PGNS Downlink Data 40 Bits 1/2

i;
i
(

p

!

!

' 33
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