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Introduction 

MECHANICAL DESIGN OF THE 
LUNAR MODULE DESCENT ENGINE 

by Jack M. Cherne 

Manager, Engineer ing Design Department 
Power Sys t ems Division 

TRY Systems 
Redondo Besch, California , U.S .A. 

To land sstronauts on the moon , t he Lunar Module must descend from 
a lunar or bit t o a hovering position above the sur face of the moon, select a 
site and descend to a soft landing . TRW SystellS has translated these pr o
pulS i on requ i rements into the Lunar Module Descent Engine (LMDE). 

The LMDE is a preasure-fed, bipropellant, variable t hrust, gimball
ing . chemicsl rocket engine wi t h a max imum thrust of 9850 lbs, throttleable 
down to approxima t ely 1000 Ibs. The t hrottling is obtained by meanS of 
dual, variable srea, cavitating venturi flow control valves mechanically 
linked to a variable area inject or. Ignition is hypergolic in the cOlObus
t ion chamber since the propellsnts are nitrogen tetroxide (N

2
0

4
) and a 

50-50 mixture of hydrazine (N
2
H

4
) and unaymmetrical dimethylhydrazine (UDHH). 

Pigure 1. Luna r Module Descent 
Engine 

The time available for devel
oping and qualifying the LHDE for 
manned flight was short. To assure 
that un foreseen problems did not 
develop during the latter par t of the 
development and qualification phase, 
it waS important to plan an adequate 
component test program early in the 
engine's development. This program 
included testS of details and sub
assemblies to locate weaknesses in the 
design. Upon correction of these 
deficiencies, the next level of aSSem
bly was tested. Then, step by s tep 
asaurance was developed that the com
plete engine performed aa required . 
De t a ils of the mechanical deaign of 
the LHDE (Figure 1) are desc r ibed 
later in the paper. All aspects of 
the design, including discussion of 
the critical environments and the 
development problems snticipated, ar e 
presented a long with the component 
tests used to f i nd the solutions t o 
these problems. 
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"'" Fi gure J. Thrust Control Assembly 
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Engine Description 

The LMDE 1a 8 compact package 
weighing 394 Iba and having overall 
dimensions of 90-1/2 inches by 59 inches 
diameter. Interface with the Lunar 
Module vehicle 1s made at two trunnions 
through the gimbal frame, providing 
capability of gimbsll1ng 6· 1n both 
lateral di .... ctions (Figure 2). Pro
pellants are supplied to the LMDE 
through two stainless steel propellant 
inlet lines with a simple bolted flang e 
interface joint. The inlet linea 
accommodate the 6 " of gimbal motion by 
meanS of a pair of flexible bellows 
welded 1n the linea at their inter
s e ction with the gimbal axeS. Pro
pellants flow from the lines through 
the cavitating venturi flow control 
valves to the quad-redundant ball shut-
off valves. From the shutoff valve, 
the fuel enters the ~nifold of the 
head end. The 1I.sj or percentage of 
the fuel is injected sxially into the 
combuation chamber through the annular 
orifice of the variable area concentric 
injector, while the remainder is dia
tributed to the 36 ports of the barrier 
cooling ring where it Is injected along 
the wall of the chamber. The oxidizer 
entera the center of the injector 
asa~ly, flows down and la directed 
into the combustion chamber radially 
through the variable area porta in a 
horizontal diac composed of 36 jets 
which impinge on and ignite with the 
sheet of fuel. 

Thruat control is accomplished 
by adjusting the propellant flow rates 
and varying the area of the injection 
ports to maintain near unifo~ veloci
ties. Electrical control aigna1ll fr"'" 
the Lunar Module are received by the 
electromechanical throttle actustor 
which converta the Signal to a linear 
pOSition of the sctuator screw jack 
(Figure 3). Attached to the top of 
the acr ew jsck is s cross beam. The 
right aide of the cross beam is cOn
nected directly to the oxidizer f l ow 
control valve through a flexural ele-
Ilent. The left side of the cross bep 



is conneceed eo ehe fuel flow control valve through the mixture ratio triu 
linkage , establishing the desired motion of the fuel flow control valve rela
tive eo the ~tion of the oxidizer flow control valve. This produces the 
required mixeure ratio of the propelhnts . Thie linksge permits adjustmene 
of the mixture ratio during acceptance testa of the engine. Also attached 
to the cross arm by meanS of two flexures 1s s walking beam, pivoted off the 
manifold assembly, which translates motion from the throttle actuator assem
bly to the injector 88sembly . Motion of the movable deeve in the injector 
simultaneously changes the gap in the fuel orifice and the size of the 
ports In the oxidizer outlets. 

The manifold assembly which ptovides the mounting points for the 
throttle mechanism is the distribution network for the propellants and the 
end closure of the combustion chamber. A welded titanium shell which bolts 
to the manifold forms the structural element of the combustion chamber and 
the throat of the engine. The phenolic-fiberglass ablative liner provides 
the ehermal barrier between the burning propellants and the structursl case. 
Attachments are provided in the throat area for the gimbal asaembly. The 
chamber and ablative l Iner extend to the 16:1 area ratio point where a 
flanged joint provides for attachment of the nozzle extension. 

The no~~le ex t ension is s radiation-cooled, bell-shaped cone which 
provides for expansion of the gases from the 16:1 area ratio at the attach
ment to the combuation chamber to the 47.5: 1 area ratio exit. 

The total firing time requirement for the LK Deocent Engine 1a 
1000 Recond9. This ia compoaed of 90 seconds of acceptance testing plua 
910 seconds of duty cycle. A nominal duty cycle is sh""", in Figure 4. 
Temperature of the titanium combustion chamber case does not exceed 800" 
during duty cycle firing. 

Thermal requirements for the Lunar Module require that the exter
nal tempersture around the engine above the nozzle extension remain below 
400', during the duty cycle firing. This is accomplished by the use of a 
composite stain leas steel and fiberglass insulating blanket around the 
combus t ion chSDber. 
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Figure 4. 
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Engine Gimbal 

The gi~bal assembly is a rectangular frame compoaed of four beams 
with a modified 1 section aachined out of 7075-T7) aluminum alloy. The 
flangea of the beams are tapered in thickneas and planform for minimu~ 
weight. A trunnion attaches to the center of each beam through a spherical 
Fabr01d bearing. One psir of trunnions ~ountS to the engine thrust chamber 
snd the other pair ~ount. to the Lunar Hodule support truss (Figure 5). 

'"""'" """",,,Y 

Figure 5. 

Thi r teen l oad conditiona were defined aa applicable to the gimbsl 
frame. These included pre-launch shock , Isunch and boost vibration, engine 
start, lunar descent and lunsr landing . Preliminary structural analyais 
indicated that Seven of these were critical. Thermal snalyses provided s 
maxi~um temperature in the gimbal beams of 200· F at the end of the ~i9sion. 
Ultimate static and s i nusoidal load factors of 1.5 were used. An ultillate 
load fsc t or of 2.25 waa ap plied to random vibrstion environments. 

Prior to the teata of the comple te engine in the gimbal frame for 
dynamiC envi r onment, sever al component testa were conducted to ensure that 
theu components would survive their load and Ufe requirements . 

After the selection of the configuration of the giabal, CWo test 
programs wer e initiated and completed success fully before the total syste~ 
tests were started. These we r e a static structural test to destruction of 
one side of the gimbal frame and a series of life cycle t eatn on individual 
gimbsl besrings for shock, cyclic rotation and vib r stion. 

Since the aluminum gimbal frame was designed for minimum weight, 
the ststic test of the single side beam waa used to subntantiate the Btress 
analynh of the tapered flange ~embers. Subjecting an individual Fsbroid 
bear ing to the cyclic rotations experienced during gimbslltng of the engine 
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du~ing lunar descent, in addition to the shock and vibration environment of 
launch and boost and engine firing, revealed the need to make some changes 
to the bearing design. Those changes were accompliahed before tests of a 
full gimbal frame was scheduled to atart . 

When a complete gimbal asaembly waa available for further testing. 
an engine assembly still could not be used; therefore , it was planned to 
use an engine mass simulator. This unit simulated the mass properties in 
the Y and Z axes but not in the X axis (the centerline of the engine thrust). 

The gimbsl wss first subjected to the environments of sslt fog, 
&and and dust and a lilllit load test to several of the critical losds. A 
breakaway torque test on the besr i ngs while subjected to a thrust load of 
10,500 lbs was used aa one triteria for acceptance of the gimbal after each 
test. Alignment of the thrust axis wsa another criteria. 

Shock teats of the gimbal with the engine maSS Simulator were 
conducted sbout all three axea. A shock impulse of 15 g peak "'ith a 
6 lIIillhecond r1se time "'aa applied three timea slong each axh. During 
the shock test the gimbal ",as rigidly attached to the nhock test equipment. 
No unexpected responses were noted. 

Vibration teats of the gimbal frame "'ere next performed. For 
this test the gimbal trunnions were mounted to a structure which simulated 
the influence coeffic1ents of the Lunsr Module support structure. See 
Figures 6 snd 7. During the first sinusoidal vibration s",eep slong the 
Y axis an unexpected torslons1 made was ob8e~ed at 19 cps . Strain gages 
were installed on the gimbsl frame to measure bending stresses due to the 
torsion and the survey repeated. As a result of the data obtained, it 
became apparent that it waS necessary to correctly si1llUiste the moment of 
inertia of the engine maSS simulstor about the X axia. The first simula

tion of I"" wsa 34,000 Ib_inZ ",hUe the calculated engine inertia ",as 

66,000 Ib_in2 • The change in inertia wss made and the vibration teat com
ple t e d. Theae teats pointed out a minor structural weakness which would 
have delayed the qualification teste if not diacovered st this time. The 
bolt which sttached the bearing to the gimbal frame wa6 restrained againet 
rotation by means of two cotter pins. These pina failed in shear per
mitting the bolt to rotate during vibration. Retention of the bolt "'a8 
changed to the heat treated, =achined lock ring ahown in Figure 8. 

This specimen was then subjected to mechanical cycling of • 60 

for 500 cycles about each of the rotational axea while aubjected to 
10,500 lba of thrust load. 

Upon completion of the mechanical cycling test , a static test to 
ultimate loads was performed for the moat critical load conditions. Then 
load wss applied until failure for the most critical condition with thrust 
applied at 6" in both directions from center. Failure occurred st 
39,800 Ibs which 1s 1.92 t~s the ultt.&te losd taking account for gim
balled angle , thermal degradation and other structural loads. See 
Figure 9. 



Figure 6. 

• 

Engine Mass Simulator 
Hounted in Gimbal 
Frame on Vibration 

Teat Fixture 

Fig" .. " 8. 

Figure 7. View of Simulation 
of Lunar MOdule. 

Support Structure 

Redesigned Bear!ng Bolt 
Retention on Gimbal Frame 
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Figure 9. Gimbal Frame Static Teat Specimen 

Stress levela in the gimbal f r ame which wer e higher than antici
pated du r ing analysis due to the unexpected torsional mode aroused concern 
over the fatigue strength of the assembly. The subject test specimen was 
exposed to eleven times as many Sinusoidal vibration cycles in the frequency 
range of !> to 100 cps as 16 required for qualification . In addition, the 
exposure to random vibration was more than six times that required fo r 
qualification. Since the specimen withstood all!lost twIce the ultimste 
load sfter experiencing sl l of thIs dynamic environment, confidence i n its 
sbility to per form during s lunsr mission waa established . 

As a result of the knowledge gained during the early component 
t ests and the gimbal frame tests with the engine mass simu l ator in 
October 1965, the gimbal on the design ver i fication test of th e comple t e 
engine in April 1966 and nn the vibrat i on t est of t he qualificat i on engine 
In October 1966 performed withou t incident. 

Combus t ion Chamber 

The combustion chamber consists of an ab l ative-lined ti t anium 
al l oy "ase to the 16 :1 area ratio. Fabri"ation of the 6Al-4V al loy 
ti t anium case ia a ccomplished by machining the chamber portion and t he exit 
cone por t ion f rom forgings and welding t hem tnto one uni t at the th r oat 
cent erline . Thi"kness of the shell h a uniform 0.0)5 inch except at the 
upper end where the head end bol t s on , at t he weld joint and at t he lower 
flange where the nozzle extenaion attaches . On either side of the throat 
a psir of flanges are provided integral with the case for attachmen t of 
Z-shaped aluminum rings . TheBe rings form the str uctural member a for 
at tach .... nt of the gimbal trunnions. See Figure 10 . 

Since the titaniUDI ch8lllber is one piece , t he abla tive liner h 
f abricated in two aegmen t s and instal led ftom either end. A metsl locking 
element pOS i tively locks both halves of the liner together aa they are in
stalled. Thh lo.::k is redundant aince the shspe of the noule e xtension 
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Figure 10. Combustion Chamber Asaembly 

is such that the ablative liner is retained in the exit cOne during trans
portation and launch and booBt. During engine firing, thruat loads force 
the exit cone liner against the caSe. 

The titanium head end aasembly attaches to the combuation chamber 
with thirty-six A-286 ateel 1/4 inch bolts. This joint also permits the 
tranafer of moments around the corner inauring s continuous pressure vessel. 

In order to keep the maximum operating tempera turea of the tita
nium case in the vicinity of aOO"F, the sblative liner waS designed as a 
composite material providing the maximum heat sink st minimum weight . The 
selected configuration consists of a high density, ernsion-resistant silica 
cloth/phenolic asterial surrounded by a lightweight needle-felted silica 
=at/phenolic tnsulation . 

Temperature of the areS around the combustion chamber is main
tained below 400"F with the aid of s heat shield attsched to the outside 
of the titanium case. The heat shield consiata of two layers of 
0.0015 inch stainless steel foil oeparated by fiberglaas wool. 

Structurally, the ablative liner ia not required to be load 
carrying in the presaure vessel. The maximum internal pressure is 116 pai 
with an ultimate load factor of 3.0 . Figure 11 presents the variation of 
chamber pressure at full thrust and she l l temperature with distance along 
the combustion chamber used for design analySiS. 

To analyze the chamber shell and head end assembly for the struc
tural loads applied, it was necesssry to utilize a TRW digital computer 
program developed to perform atatic and dynamic analySiS of axisymmetric 
thin shells of revolution subjected to arbitrary loads. Static and dynamic 
response of complex ~ulti-segment shell assemblies are cslculated. Loads , 
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including temperature effecta , of arbitrary meridional and cir cumferential 
variation, a re comput ed - the latter by expanaion in a Fourier aeriea of 
harmonica. Orthotroplc material proper t iea , variable attffneas in the 
-eridional direction, diacrete circumferential atiffenera , and all physi 
cally possible boundary conditions are included. 

Figure 11. 

The .olution is baaed on FIUgge ' . ahell equationa, which are 
reduced to f our second-order partial differential equationa in te~a of 
the componenta of diaplacement and the mer i d i onal mouent. 

Substant i ation of the atructural integrity of the coubuat i on 
chamber and head end assembly waa accompliehed in eever al a t e pa at varioue 
atagea of the program. Early in the program a rGOB temperature burs t 
test of an 0 . 050 inch thick chamber waS used t o check on basic .. terial 
pr opert i es of the fabricated unit. This di d not develop any knowledge of 
the complex atress distribution of the joint berween the cylindri cal case 
and the head end assembly since a heavy weight cl osure on the chamber waa 
uaed. Af ter the final aelection of the ablative liner configur ation was 
made and sufficient t ea t data was accumulated to be sure o f the tempera
ture diatribution in the titanium ahell, it was det ided that an apprec i able 
amount of weight could be saved by reduc i ng the caae to 0.035 inch thick. 

Fins! proof of the system waa obtained by means of an elevated 
temperature burat test of a chamber and head end assembl y , which were 
sealed st the throat and the interior vo l ume of the unit reduced by filling 
with a metal plug. The exterior of t he caae waS heated t o SOO"F with 
qusrt~ lamps while pressure was applied to the interior o f the aasembly 
with argon gas. The chamber Withstood 421 psig, a t which time atr a i n 
gagea i ndicated that failure of the wall was imminent. The design re
quirement of 318 psig (three timea maximum chamber preasure of 116 psig) 
was subatantially exceeded. 
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Nozzle Extension 

11110 r&dist1on cooled nonle extension 1a attached to the co.
buatlon chamber case at the sres ratio of 16:1 and extends to sn exit area 
ratio of 47.5:1 . Columbium alloy C-I03 was selected as the material for 
the nozzle extension because of its high t~perature structural properties. 
An aluminide coating provides oxidation resistance and high ~issivity. 

In addition to being able to survive the aerodynamic loads of 
firing and the vibration environment of launch and boost, & msjor design 
criteria for the nozzle extension is thst it be capable of collapaing 
without upaetting the Lunar Module should it strike a protrUSion on the 
surface of the moon during landing. 

Figure 12 . Aluminum Nozzle Extension 

The program of 
designing a nozzle extension 
which would collspse 28 inches 
at an impsct velocity of 
10 ft/sec without sbsorbing 
an exceasive amount of energy 
started in 1963 with some 
tests of aluminum right cir
cular cones. Figure 12 is 
representative of one of the 
specimens. Variations of 
constant thickness, tsper and 
combinations of the two were 
tested. The test data ob
tained provided aSSurance that 
the analytical methods Wete 
correct. 

Hsving confirmed the 
method of anslysis, a nozzle 
extension was designed with 
Haynea 25 material aa a choice 
since the temperatures vete 
predicted to be well below the 
2400"F melting point of that 
material. Subsequent changea 
to the Lunar Module reduced 
the radiation cooling of the 
nozzle extension and the 

Crushing Test Specimen corresponding temperature pro-
file prediction exceeded 

2400 "F. As a result ColUltlbium alloy C-I03 was used on the new nonle ex
tension since thst Msterial, when coated with the aluminide costing, csn 
withstsnd temperatures up to 2700"F. The configurstion consists of sheet 
welded in segments , stepped down in thickness t""srds the exit plane. At 
the attachment plane to the combustion chamber, the thicknes8 is 0.060 inch 
in order to have a stiff surface for the seal between components. Three 
and one~half inches below thst is a nine-inch segment 0.030 inch thick. 
The next 13-inch segment is 0.020 inch thick and the laot IS inches 18 
0 .010 tnch thick. At the exit plane a titanium I-shaped ring 18 sttached 
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in order to provide stiffneos during hsndling snd lsunch snd boost vibration. 
Figure 13 shows the temperatures measured during a high altitude test f i ring. 

OATA ARE MAXIMUM YALUES FROM 
TfiIT NO. HAT! ceo • MDC """.-11 

I--~---I 

f--- --
.. !.,----;.,----;.,----;.,----;.,----;.,----;.,-----; 

UtA tAll\I 

Figure 13. 

Thicknesses shown in this 
chsrt are sctual measurements 
of thst specimen. One of the 
nozzle e xtensions which was 
used on the qualificstion teot 
engines is ahown in Figure 14 
after the test waa comple ted. 

Proof that the nozzle 
extension would collapse ss 
required without imparting 
forces lsrge enough to upset 
the lUDsr vehicle du r ing s 
10 ft per DeC deacent to the 
lunar aurface was undertsken 
with the aid of the test 
s etup shown in Figure 15. 

The columbium alloy 
nozzle extension waS attsched 
to a servo controlled hydrsulic 
cylinder which provided energy 

Figur e 14. LMDE NonIe Extension necesssr y to col1spse the 
nozz le extension exit flange 

against the lower platform which was instrumented for measuring load. Sur
rounding the teat specimen was a bank of quart z lamps which heated up the 
columbium to the temperature simulating the condition at lunar touchdown. 
The temperature gradient controlled during this test was 2100·P at the 
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Figure 1S. Nozzle ~tension in Cru8hing Test Fixture 

16,1 joint to 12S0· F at the exit plane. The 10 ft per sec impact velocity 
was accomplished by compressing the nozzle extension 28 inches in less than 
1/2 aecond after aeveral inches of free Dotion. Reaultant loads and 
energies recorded are shown in Figure 16. 

--... ,"""'~-. 
Figure 16. 
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(b) Injector Drive 
Flexure 

Figure 18 . Throttle 
Linkage 

Flexures 

(a) Crosa Bea~ 
Flexure 

In those places where a flexur al element was not practical, pivot 
bearings were used. The first concept was to use S non-~etallic besring 
fabricated of fiberglass and phenolic. Initial testa showed that the we.ar 
rate of the besring and the compl iance of the material exceeded the require
ments. An all metal configuration was aelected. The extremely simple 
design consists of a steel bushing with s steel pin - both coated with 
molybdenum disulfide in an inorganic binder. This configurstion alao pro
vides redundancy. The primary motion occurR between the pin and the inner 
diameter of the bushing. Should thb not function, the bushing would 
rotate in the bote of the link of the mechanism. To substantiate the 
reliability of the design, sn aasembly of the throttle linkage wss sub-

-w jected to a cycling test in a vacuum chamber at g x 10 Torr. CrHeria 
for succeas vaS completion of 10 ,000 cycles (33 mission duty cyclea) vith 
no significant change in losd. 

Proof that the complete aasembly met the requirements for rugged
neao, rigidity and repeatability was obtsioed io the deflection teRr ahown 
in Figure 19. In this test motioos of the tvo flow control valve pintles, 
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Figure 19. Deflection Test of 

tbrottle actuator and the injector 
sleeve were obaerved and recorded 
under the influence of variou~ 
fluid pressure~ and chamber 
pressures. 

Bellow~ Assemblies 

Both the flow control 
valves snd the injector drive 
assembly contain a moving element 
used to control propellant flow 
rates while containing the propel
lant under pr essure. Bellows are 
used as dynamic seals, pe~ittlng 
direct external actuation of inter
nal meteriog surfaces. The con
figuration selected to accomplish 
thia wss a thin wall (0.006 to 
0.010 incb) stainless steel welded 
bellowa. Figure 20 shows the 
locstion of the bellows in the 
flow control valve. A aimilar 
application of bel lows is uaed io 
the i njector drive. In 1963 a 
teat program to verify the strength 
and life of these bellows was in8ti-

Throttle Linkage tuted. Ten thousand cycles (33 
misaion duty cyclea) Was selected 

sa s minimum l ife requirement. The or i ginal configuration did not survive 
tbe tests. Fatigue cracks occurred in the single ply convolution at the 
weld joints. The final configuration (Figure 21) a two-ply destgn with 
0.004 inch tonvolutiona successfully passed all of the testa which consisted 

,w 

Figure 20. LMDE Flow Cont rol Valve 
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Figure 21. 

Pigure 22. 

Sec~ion of Two-Ply 
Bellows 

Compooent Teet of 
Inlet Linee, Plow 
Cootrol Valve and 

Shutoff Valve 

of cycles of .ur ge pr eeeure, and 
extension and compression cycles 
under stati c pr essure, fOllowed 
by burst tests in eeCess of ten 
times the design presaure. 

Here again, ear l y teeting 
of a component r evealed a design 
deficiency which was cor rected 
Without affecting the engine devel
opment schedul e. nte final con
figuration ( tvo-ply bellows) had 
an additional advantage of having 
a lover apring r ete than the single 
ply bellowe originally proposed. 

Testing of the bellows 
continued when they vere combined 
into Ilesembliea. A component 
deeign verification test of the 
f low cont r ol valve included long 
term eepoBure to propellants, shock 
and vib r at i on teate representing 
launch Sad boost and engine firing, 
and 33 miaaion duty cycles of pres
aurieation snd actust i on. Upon 
completion of thes e expoaures, the 
component s vere required to pass 
their acceptance criteria . 
Figure 22 ahows the arrangement 
for testing the flow control vslve , 
shutoff valve and inlet line as 
a subassembly. 

Ensine Teets 

As the next atep in the 
t U t progrBl!!, an sssembly of the 
head end - composed of injector 
manifold, injector drive, ducting , 
ahutoff valves, flow control valves , 
throttle sc t ustor , and thr ottle 
linkage - wss subjected co the com
plete qualification l evel of vibra
tion environment (Figure 23). In 
orde r to es tablish the IIlBrgin o f 
strength built into the head end 
asse.b l y , upon comple t ion of accept
sncs tests following the quslifica
t i on tests , it vas tssted to 125% of 
the qual levels, then again to 150% 
1n an attempt to find out when 
fai l ure would occur. Finally 
failure did occur at 115% of 
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Figure 23. 

Figure 24. 

Vibration Test of 
Head End Asaembly 

LMDE Instdled in High 
Altitude Test Stand 

- 17 -

qualification vibration tests of 
the complete engine. 

At this point, only the 
combustion chamber and nozzle exten
sion hsd not been subjected to the 
lsunch and boost vibrstion environ
ment. They had however received 
~y thoussnds of seconds of 
reactive firIng during the devel
opment tests of the engine io the 
TRW Sea Level Vertical Engine Test 
Stands (VETS) and High Altitude 
Teat Stand (HATS). As a last 
~aSure before the start of the 
qualification seriea of tests, a 
development engine was vibration 
tested to the qualification envi
r onment snd then successfully 
fired in HATS for a full mission 
duty cycle. The engine shown in 
Figure 24 installed in the HATS 
facility is awsiting finsl cbeck
out prtor to mission duty cycle 
firing. The support structure 
to which the engine is attached 
meaSures thrust and six compo-
nents of thrust to determine 
thrust alignment. 

AnalySiS and Test for Dynamic Loads 

A linear spring-msss 
analogy for the LH Descent Engine 
waa developed as a design tool to 
compute the dynamic loads on the 
engine structure. Initislly, 
this analysis consisted of a 
single mans, five degree-of
fr eedom syst""'. Two component 
masses were sdded to the Initisl 
anslysis , increasing the number of 
degrees of freedom to eleven. 
Hand computation of the dynamic 
loads became very time consuming 
so the reaponse equations were pro
gramed for the digital computer. 

The first vibration test 
of the gimbal. described earlier, 
indicated that a strong engine 
torsional mode existed (engine 
rotation sbout the thrust sxis). 
The corresponding rotational 
coordinate, ax ' had been left 



out of the first two analyses on the assumption thst the torsional mode vould 
not be strongly excited. Bssed on this experience, s third snd final spring
mass model wss developed. The primary purpose of this analysis was to in
clude the torsional coordinate. In addition. the gimbal vss represented as 
two support masses with a system of springs connecting them to the msin engine 
mass. Each side of the gimbal ia connected to the Lunar Module with a four
member truss. Modeling the gimbal in the above manner facilitated repre
sentation of the support trussea as a system of springs. 

The final model is basically s three mass, twelve degree-of-freedom 
system (Figure 25). The motion of the msin engine mass is described by six 
coordinstes, three displacements snd three rotations , in a rectangular 
coordinate system with the origin at the center of the gimbal. The two 
gimbsl/support mass motions are described by three diaplacement coordinates 
each. 

" 

.......... -.,._-.•..• ' .. -""-

.~' .. ' .. --~-

I ._---.. -

·~'·M' ,-______ ._ ... 

,--<.'---
Figure 25. 

Component masses can be added to the basic syatem to model the 
nozzle extension, flow control valve syatem, heat shield, and other engine 
components. Each component usa ia connected to the main engine mass by 
three orthogonal springs and adda three degrees of fr eedom to the model. 
A thirty-six degree-of-freedom system ia the most complex caSe run to date, 
although computer drum storage capabilitiea wi l l allow up to 39 degrees 
of freedom. 

The equations of motion for the model vere obtained by writing 
the energy equations and employing the Lagrange equationa. The mssa snd 
stiffneas matrices from the equations of motion sre put into a standard 
eigenvalue computer program to obtain the mode shapes and modal frequen
cies. Thia data is then input to the loads program vhich is based on the 
modal solution for sinusoidal snd random base excitation. The loads 
program computea Sinusoidal deflections and apring loads st each modal fre
quency by summing over the modes. It aleo computes the root mesn square 
random spring losds. 
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Table 1 pre~ent~ the qualification sinusoidal and random vibra
tion test levela applied to the attachment interface on the gimbal frame. 
The configuration of the final engine vibrat i on teat apeci~en ia ahown in 
Figure 26. It W88 necessary to lIount the engine upside-down in order to 
keep the maaa of the ~upporting fixture low , aince the lIaB~ of the fixtur e 
plus the engine approached the aaxillUll limita of the shaker. The support
ing atructure is t he aame as uaed for the gimbal test shown in Figures 6 
and 7. 

Flight 
Environment 

Launch and 
Boost 

TABLE 1 

VIBRATION LEVELS FOR QUALIFICATI ON 
TEST (LAUNCH AND BOOSr) 

SINUSOIDAL VIBRATION 

Frequency 

5-16 
16-100 

Input Level 

0.2 inches d.a. 
2.5 g vector 

RANDOH VIBRATI ON 

Phaee Frequency Bsnd Power Spectrd 
(cpa) Denaity 

Launch 10-23 12 dbto~tave rhe 
23-80 0.025 g Icpa .. , 80-100 12 db/~ctave riBe 

100-1000 0.06 g Icpa 
Booat 1000-12000 12 db/o~tave fall 

1200-2000 0.025 g Icpa 

Sweep Rate 

3 octtain up 
and down 

Tille per 
Test Ada 

5 ainutea 

of random 

vibration 

Table 2 pre8ent~ a compariaon of the calculated and measured fre
quenciea and loada. It h seen that the final mathemattcd lIode l peI1lliu 
accurate estillation of the dynamic characteriatics of the engine. 

The analyt i cal model haa been uaed prillarily to determine the 
effecta of design changea. For example , following vibration of the gimbal 
with amasa ataul ated engine dur ing deaign verification teating, the sti ff
neSseS of the support t r ussea that aount the engine in the Lunar Module 
were decreased to aave weight. The mathematical lIode l waa used to deteI1lli ne 
the e ffec t s of the aofter mount i ng sy~tem on engine dynamic responae. Other 
similsr snslyaea incl ude the effecta of changing the gimbal actuator atiff
neaa, effects of changing the engine c . g. location , and an evaluation of the 
vibration test fixture . 

In addition, the dynaaic loads on the gimbal nozzle extension snd 
throttle control syatell have been computed for use in associated stress 
analyses of these components. The loada computed for the throttle control 
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Figure 26. Vibration Test of U!DI!. 

system, verified by the results of the engine ma8S &imulstor vibration test 
reau l ts, allowed simplification of the structure mounting the throttle 
control system on the engine. 

ANALYSI S 
><0= 

(All Axea) 

TABLE 2 

COMPARISON OF ANALYTICAL WITH TEST 
DYNAMIC RESPONSE OF ENGINE 

QlJAL LEVEL 
TEST RESONANT MAXlKIIM GIMBAL LOADS 

TEST ANALYSIS , , , 
28170 in-lbs 31330 io-lbs 
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S ...... ry 

Thus .t the at.rt of the engine qu.lification test aeries, every 
component of the TRW Lunar Module Descent Enaine had been subjected to testa 
atep by step - first as s unit, then in its next assembly, then a9 a ~ajor 
aubasaeolbly, and again sa a cOlllplete engine. Sblultaneous with all of the 
mechanical and structur.l testing de.cribed, reactive teating was being per
for.ed in the TRW facilitiea at San Juan Capiatr.no . nd .t the USAF Arnold 
EngIneering Development Center at Tullahom. , Tennessee , .nd at NASA'. LM 
vehicle test facUity st White Sanda, New Medco. Tsble 3 presents the 
detail of thia test experience to I July 1967. 

TABLE 3 

LMDK REACTIVE TEST SUMMARY 

Injector TestH 

Throttling Head End 
Assemblies on Water 
Cooled Combuation 
Chambers 

Ablative Enaines 

Sea Level (c _ 2:1) 

High Altitude (& - 47.5:1) 

Total Test Exper ience 

No. of ,
Builds 

" 

21 

" 

No. of 
Starta 

l,BOO 

" 
'" 

3,050 

Flring 
Duration 
(seconds) 

70,37~ 

61 , 666 

5,368 

26.549 

163,957 

The succeasful completion of quslification of the TRW LHDE demon
strates that, in order to develop light weight and reliable high performance 
rocket engines in a .hort tiMe span, it is necessary to substantiate all of 
the component design concepts early in the progr..... A carefully designed 
conponent development teat progr .... verifies the asaumptions msde durIng 
design snalysis and provides assurance that tests of the COlllplete aystem 
will proceed Without unexpected difficulty. The engine ahown in Figure 28 
being prepared for shipment to Grumman Aircraft Engineering Corporation, 
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designers and builders nf the Lunar Module, 1a one of s everal being tea ted 
as part of the complete propulsion system and space vehicle 1n order to 
assure success for the first Lunar Module flight later this year. 

Figure 21. LHDE Being Prepared fnr Shipment tn the 
Grummsn Aircraft Engineering Corporation 
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