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I. INTRODUCTION AND SUMMARY 

1 1 INTRODUCTION 

This document i s  the f ina l  report  covering an 18 month analytical and 

experimental technology program under contract  NAS9-8229 with the NASA 

Manned Spacecraft Center t o  investigate and demonstrate material and design 
inlproveinents tha t  would reduce the ablat ive chamber throat  erosion i n  the 

LM descent engine with: a) a resul tant  improvement in ef fect ive  performance 
and, b) the ab i l i t y  to  accomnodate longer burn times with an increased margin 
of durabil i ty and r e l i ab i l i t y .  The ultimate goal was to advance the capa- 

bil i t i e s  of the LM engine should the need a r i s e  fo r  some future  mission. 

A t  the time of contract  award, there was no known future requirement. 

The 'LMDE had been qualified and was in production. Toward the end of the 

program, however, longer LM descent stage propellant tanks were proposed, 

effective w i t h  Apollo 16, and w i t h  the increased propellant came a new LMDE 

reqriirc~lent called an extended G mission duty cycle. I t  was demonstrated 
., . .*  . . ... . . ..-- . . - .  .. - . - .  . 
- , t u b   run^ yuu t 1 1  lLu L t  IuL- t . I a u a t t u I ; a  buu Iu 3 ~ 1  v ; V C  ~ l l r :  i i i ~ t ' X u 5 c ~  1 I I  1119 L I I ~ I C ~  

b u t  tha t  throat  erosion would increase by 50-to-100 percent over t ha t  
experienced during the Qualification B Program. Such erosion was considered 

to be unacceptable f o r  the mission. 

When the new need arose, the improved prototype chamber t ha t  was the 

f rui t ion af th i s  program was being fabricated. The improvements were in- 
corporated concurrently into a Oual i f  i cation B chamber version and both 

chambers were t e s t  f i r ed  successfully to  the new extended G mission duty 

cycle, with l e s s  than half the erosion exhibited in a qualified chamber 

f i red  similarly. A1 1 three t e s t s  were conducted with the same head end 
assembly. The improved LMDE chamber i s  now undergoing Design Verification 
Testing. 

The resul ts  of the program demonstrate the des i rab i l i ty  of low level 

techno1 oqy programs, even on production components. Such programs serve 

the twofold purnose o f  maintaining: a )  the technical proficiency of a 
develop!nental s t a f f ,  and b )  the abi 1 i i y  t o  .incorporate developed imnrove- 

nlents rap id ly  into the production item should Inore str ingent requirewnts 
a r i se .  



1.1.1 Mainline Design 

The mai nl i ne Lunar Module Descent Engine Thrust Chamber Assembly, 

Figure 1-1, consists of a composi t e  ablative-cooled conbusti on chamber, 
ablat i  ve-cooled expansion cone t o  an area r a t i o  of 16: 1 ,  a crushable 

radiation-cooled nozzle extension to  an area r a t i o  of 47.4:1, and a gimbal 
ring assenlbly. The ablat ive components are encased in a continuous 

titanium case surrounded by a s t a in less  s tee l  foi l /glass wool composite 
thermal blanket. The radi a t i  on-cool ed nozzle extension i s  made from a 

columbiun~ a1 loy and contains a high-emissi vi ty ,  oxidation-resistant 
coating. The flanged chamber and nozzle extension are bolted together. 

Joint  leakage i s  prevented by an Inconel X-705 K-seal. The gimbal 

assembly i s  located a t  the chamber throat  plane and provides for  a 
+ 6-degree gimbal of the thrust vector during f l igh t .  - 

Figure 1-1. LMDE Thrust Cliamber Assembly 



Figure 1-2 depicts the chamber configuration t ha t  successfully passed 

the Phase B Engine Qual i f ica t ion.  I t  has proved t o  be part icularly 

e f f i  ci ent in meeti ng present performance requirements. The ablat ive 1 iner 
is  designed to char completely through. Liner thickness i s  sized t o  
maintain the 6Al-4V t i  tani uln case temperature within reasonable 1 iqi t s  a t  

engine shutdown. The t i  tani urn .case i s  the principal pressure vessel and 
is  capable of operating a t  specif icat ion safety factors a t  temperatures in 

excess of 800°F. The attachment flanges fo r  the in jector ,  gimbal, and 
. . .  

. . i i O Z L i t  e.\r;ension are machined as an integral part  of the titanium case. 

.) Aside from i t s  good high-temperature strength,  t i  tanium i s  also l igh t -  
weight and re la t ively  easy to  machine. 

.. -. . - - 
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Figure 1-2. Qua1 i f i ed  Chamber Liner 
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The use of a continuous metal case requires a two-piece ablat ive 
l iner  w i  t h  i  nsert i  on of each portion from e i  ther end of the case during 

assembly. The two are  joined a t  the throat by a positive lock which, 
a f t e r  engagement, cannot be separated without complete destructi on. 

Pnvelopment t e s t s  have shown th i s  lock t o  perform sa t i s fac tn r i ly  with 

more than adequate strength t o  survive the vibration design loads. Wen 



the engine i s  operat ing,  the  lock i s  redundant since. the ne t  t h r u s t  holds 
the e x i t  cone l i n e r  i n  the  case. Additional re ten t ion  i s  supplied by the 

nozzle extension a t  the  c = 16 lcca t ion .  

The back wall o r  external  wall temperature requirements a r e  met by s 
coniposi t e  thermal blanket  (Figure 1-2) composed of a f i be rg l a s s  wool 

enclosed by two shee ts  of 0.9015-inch thick s t a i r ~ l e s s  s t e e l  f o i l .  This 
2 heat  sh i e ld  provides a 1ightwe:'ght (0.25 1 b / f t  ) , eff ici : ,q+,  thermal 

system t h a t  pro tec ts  the vehicle  engine cavi ty from being exposed t o  

g teniperatures above 400°F. In addi t ion t o  t he  high thermal e f f ic iency  of 
351 

the blanket,  t.he design margin i s  increased by control  of the  sur face  

emissivi ty  of t h e  f o i l  and t h e  ti tanium case. 

Actual t h roa t  erosion experienced during nominal duty cycle f i  r ings 

i n  Phase B Engine Qua l i f i ca t ion  Testing i s  sumnarized i n  Table 1-1. 

Table 1-1. Qual i f ica t ion  Nominal Duty Cycle Calculated Erosion 
Summary - Percent Increase i n  Throat Area 

Duty Cycle Phase 

FTP Phase 

58 t o  68 Percent Thrust Ramp 

60 t o  40 Percent Thrust Phase 

25 Percent Thrust Phase 

Total Erosion a t  Depletion of 
Vehi c l e  Propel 1 ant  Load 

Total Erosion f o r  Ent i re  
Duty Cycle 

Engine No. 

4 

8.8 

0 

0 

14.4 

21.2 

23.2 

5 

7.1 

0 

0 

8.8 

14.4 

16.8 , 15.9 19.4 , 
6 

4 

0 

1 

10.6 

13.9 

7 

8.75 

0.75 

0 

9.9 

17 



1.1.2 Mainline Duty Cycle 

The nominal LMDE duty cycle i s  shown ill Figure 1-3. I t  consists of a 
33-second orbi t-. injection f i ri ng , a one-hour coast , and a nominal 784- 

se,and descent firing. Both firings s t a r t  and remain for 26 seconds a t  
low thrust while the vehicle i s  stabilized. During the orbi t-injection 

f i r ing,  the engine i s  throttled to  fu l l  thrust ,  nominally 9850 pounds, 
fo r  7 seconds and then shut down. During the main descent f i r ing,  the 

engine is  again throttled t o  full  thrust after the startup; this braking 

phase lasts from 320 t o  370 seconds a t  full  thrust and i s  completed in an 

additional 68-to-127-second peri od a t  abou t  6000 pounds thrust. In the 
next '115 seconds, a vehicle flare-out i s  accomplished, with throttl ing in 

the range be t\veen 6000 and 4000 pounds thrust . Subsequent -. :.gi ne operati on 

i n9;olves gradual throttling near 2500 pounds thrust as the vehicle hovers. 

Finally , the relatively rapid-throttli ng touchdown maneuver i s  accomplisi~ed. 

The total f ir ing time required of the engine i s  1000 seconds, which includes 
90 seconds of acceptnce testing plus a total  of 910 seconds of duty cycle 

firings. This duty cycle time includes the capability of consuming what 
remains uf t i l e  C u l  i vehicle yrope; 1 dn t i o d d  o f  17,936 p i j u ~ ~ d s  dur ing t l i t  

hover phase. 

THRUST 
(LBF) 

-OREIT iNJECTlON 

12.000 - BRAKING PHASE -------- RANDOM THROTTLING - BETWEEN 1000 AN3 - 
6500 LBF THRUST 

FLARE 
OUT 

HOVER AND 
LANDING 

i w 

TIME (SECONDS) 

Figure 1-3. Noniinal LMDE Duty Cycle 
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The lunar module gas-pressurized f w d  system provides propellants a t  
the engine in ter face  a t  220 psia during fu l l  th rus t  opc:*ation. As the 

engine i s  th ro t t l ed ,  the i  nterface pressures approach the feed system tank 

pressures, which are controlled t o  235 5 2 ps ia .  Thc propellal~ts  are 

nitrogen tetroxide (N204) and 50150 (N2H4/UDMH) a t  a 1.6 mixture r a t i o .  

A t  the f u l l  t h rus t  t h r o t t l e  posi t ion,  the nominal head end chamber 

pressure i s  104 ps ia ,  th ro t t l ing  down t o  11.4 psia a t  the ten-percent. 

t h rus t  level .  

1 . l .  3 Extended blission " G "  Duty Cycle Requi rement - 
During the l a t t e r  phase of the CIC Program, a de f in i t ive  extended 

mission for the  LM engine arose. The mission called f o r  use of 

19,562 l b  of propellant i n  the duty cycle of Figure 5-34. This duty 

cycle was employed for  the  f ina l  demonstration f i r ings  of t h i s  tecl~nology 

prograr!]. 

M a i n r  ar;nmnlichmot~tc n C  tho rTr D ~ * n c i r a m  1,rnb.n a c  f n l  ln1.1~.  

0 Detai 1 ed analyt ical  and experimental evaluation o f  the current 
descent engi ne chaifiber kial 1 envi ronlnent and the correl a t i  on of 
th i s  environment with the r e su l t an t  thl-us t charnber overall 
dul.abi 1 i ty l th roa t  erosion. 

1 
i L 

0 Determi nati  on of vari a t i  ons i  n thernial en\ i  ronment as functi ons 
of internal  chamber contour, in jec tor  flow d i s t r ibu t ion ,  b a r r i ~ r  f 
coolant flow, and er~gine th rus t  level .  ! 

1 
I 

a Analytical evaiuation and expcr;: I . ... onfirmation of improved 
abl at.i ve charber milteri a l s  and ci-ianiber des;gns. 

0 Ver l f i  cation tes t ing  of an inipro~ed descent engine thrust  chamber 
design ( in ternal  contour and niateri a1 ) i n  a fligptwei y h  t conf.igtira- 
t ion ,  with a s igni  ;ical:t reduction in throat  er'csion ever) though 
the duty cycle duration was increased by 19 percent. 

0 Incorporatiori of the inlproved chatiiber l ine r  n:atcri a1 in to  tile 
mai nl i  tie LI4DE cha:nber ( ~ u a l  i3 design) \.ri th a s i  gni f i  cant reduction 
in throateeoosion over the  cxte1;ded duty cycle. 

Improven~ents i r? i  ni t i  a1 perfor1i;ance and reduction in  throat  erosion I 
brou3ht a!~out .  by col;to~;r changes were n o t  niarked encli13h t o  warrant change 

in the. :mi r:li nc: c e s i o n .  ilovrevcr, the introductior~ of qu;?l-tz-fabri c- 



reinforced phenolic resulted i n  a s ignif icant  ~ ; i i ~ r a v c ~ ~ e t ~ t  i n  erosion 

resistance and i t  has sin:e been incoroorated into the c; nline desian. 
Design verif icat ion test ing of the redesigned chamber is  now i n  progress 
under the pri me LMDE contract.  

As defined by the contract,  the program was conducted i n  three phases, 
the first  two concurrently, consisting of the following: 

Phase I - kfine/Characteri ze the Internal Conbus tion Chamber Environment. - 
Experimental heat t ransfer  studies were conducted w i  th avai 1 able 

qua1 i f ica t ion design head end assemblies t o  evaluate the thermal envi ron- 
ment t o  which the ablative thrust  chamber was subjected. Specially designed 
and instrumented thrust chainbers were fabricated for obtaining the desired 

chanber wall environment data. The basic objective of these t e s t s  was to  
define the local heat t ransfer  conditions a t  the chanber wall and correlate 
these data w i  t h  the overall abl a t i  ve charher durabi 1 i ty/ throat  erosi on. 

Phase I1  - Evaluation of Improved Ablative Chamber Materials and Designs. 

.4 !;fprct!!re and industry survey was made tcl, deter9;no c a ~ d i r l 3 t e  

ablative materi a l s  f o r  an advanced ablative chanber desi gn. A laboratory 
investigation showed that  by the proper balance of carbon and si l i c a  i n  

an ablative structure favorable endothermi c reactions could be i nd: .ed 
resulting i n  the formation of :table refractory S i c  instsad of the  
volati 1 e SiO product. The reaction mechanism was duplicated i n  specimens 
exposed i n  an inexpensive torch simulation of the LMDE combustion products. 
Other candidate ablative and hard throat  nlaterials were evaluated similarly.  

The most promising advmced ablati ve materials were fabricated in to  
a coiposi t e  ablative throat and t e s t  f i r ed  a t  sea level i n  a chamber 
contour (Contour C)  t ha t  promised improved engine performance. As a 
resu l t  of th i s  f i r ing ,  quartz-fabri c-reinforced phenolic was chosen as 
the material t o  be used i n  a subsequent flightweight chamber t e s t  f i r i ng .  
A standard 1 ajrii nated LMDE s i  1 i ca-fabri c/phenol i c chamber was bui 1 t t o  the 
configuration (Contour A)  tha t  exhibited the l eas t  heat f lux and gas 

recovery temperatur-e; a t  FTP and t e s t  f i red  a t  sea level with the  

quali ficdtion configured in jector .  From these t e s t s  , an advanced chamber 



design was recommended for  NASAIMSC approval and subsequent fabri cation 

of a flightweight uni t  in Phdse 111. 

A hard throat design concent was analyzed thernially and presented to  

NASAIMSC. 

Phase 1 I 1  - Design, Fabrication, aild Test of an Improved Descent Engine 
Thrust Chamber. 

A flightweight prototype chamber was fabricated by production 

procedures. The improved chamber design (Contour C )  was verif ied in an 

extended mission duty cycle a1 t i  tude t e s t ,  using a quali fication-type 

head end assembly of defined ablat ive chamber compatibi 1 i t y  character is t ics .  

The head end assembly ut i l ized for  t h i s  tes t ing was typical ,  from a chamber 

erosion standpoint, of the Qua1 B Descent Engine configuration. Although 
the promised performance improvement was not at tained,  throat  erosion was 

reduced s i  gni f i  cantly . 
Whi l e  the improved chamber, described above, was being fabricated , 

a new requirement, called an extended G mission duty. cycle, was placed upon 
1 M ~ K  fn- !I,--' )P 1 5  ;1qq c z b s ~ q t ! ~ n t  ?l!s:isn; . ! + x:: d c ~ c r s t r . > t s V t " . t  th? ._, I . , .  ., ,!.... .. iUL 

LMDE chamber could survive the iixreased f i r i ng  time, but erosion would 

increase by 50 percent over t ha t  experienced i n  the Qualif icat ion B' 

Program. When the LMDE chamber was redesigned t o  incorporate the quartz- 

fabri c/phenoli c and other improvements result ing from th i s  program, however, 
i t  survived the new duty cycle with l e s s  than half the erosion of the 

mainline s i l i c a  chamber. 

The overall program logic i s  shown in Figure 1-4. The t e s t  matrix is 
shown i n  Figure 1-5. 
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2. MATERIALS SURVEY A I D  EVALUATION 

As part of Program Phase 11, an extensive survey of abl at ive and 

hard throat l iquid propellant rocket engine combustion chamber materials 

was undertaken. Eniphasis was placed upon development subsequent to 1962 
t o  identify improved throat  materials which could be incorporated into 

an advanced combustion chamber design fo r  the Lunar Module Descent Engine. 
Detai led survey resul ts  are presented in Reference 21. 

A t  the same tinle an ablative char reaction study was undertaken in 

the laboratory to determine which of a matrix of char specimens of 

di fferent  s i  1 i ca-to-carbon ra t ios  best combined a hi gii rate of endothermic 

reaction with a result ing interacted char s t ructure  of reasonably s table  

geometry. Results of the investigation are presented in  References 16 atid 20. 

Finally, various ablat ive and hard throat  candidate niateri a ls  were 

evaluated i n  an i nexpensive torch t e s t  that  sinlul ated LMDE combustion 

products a t  a representative heat f lux,  Reference 25. 
- - 
L , 1 [-;AT t mi H L ~  S U ~ V E  i - 

The materi a ls  survey included a conlprehensive review of the avai 1 ab1 e 

l i t e ra tu re  on materi a1 developments supported by personal contacts wi t h  

key government and industry groups active in the development, evaluation, 
and fabrication of rocket engine combustion chamber materi als  . 

Insofar as ablat ive materials are concerned, only a few references 
were found t ha t  were applicable t o  the LMDE environment. Of those repcrts  
cot~sidered to  be pert inent ,  none indicated a posi t ive  direction toward 

achievenien, of a s ignif icant  improvement in  throat erosion over that  

e x h i h i  ted by the current LMDE s i l i c a  fabri c/phenolic 1 aminate. There were 
indications that  quartz fabric offers a potential improvement over s i  1 i ca 

f a b r i c  as a reinforcen~ent. Therefore, the survey report (Reference 21) 

recowlended that  quartz f abri clphenol i c be evaluated as a potenti a1 
iwrovc~lent in throat  materi a1 for the LMDE as now consti tuted,  despite 

tlle f a c t  that  quartz seenled t o  offer  l i t t l e  advantage in an early LMDE 
throat: t e s t .  Conlpared to injector performance a t  the time of the previous 
quai-tzlphenolic throat  t e s t ,  the current qua1 i f  i ed in jector  provides more 

u n i  for111 propellant d is t r ibut ion and fuel barr ier  cooling so  tha t  the wall 



environment i s  more uniform. This f a c t ,  plus the high viscosity of quartz 
compared to  s i l i c a ,  could resu l t  in  an overall reduction in  throat  erosion 
during the mission duty cycle. 

On the basis of the survey of hard throat  t e s t  r esu l t s ,  i t  was 
concluded tha t  several ~nateri a ls  have the potenti a1 of reducing erosion as 
compared to  ablative materiais. However, no hard throat  has ye t  shown the 
prornise of zero erosion wi thout cracking under siniul ated LMDE engine 
envi roninent t e s t  conditions . 

Considering the prime requirements fo r  a hard throat of both cllemical 
erosion resistance and thermal shock resistance,  a detai 1 ed throat  design 
analysis was recommended for  four materials: 

(1 ) Tungstcn/3-percent rhenium w i  re-reinforced zi rconi a 

(2) Si/Si C-infi 1 t rated precharred graphi t e  fabr ic  1 ami nate 
(Pyrocarb 751 ) 

(3) Hafni um- tantal um-coated tantal  urn-10 percent tungsten 

( 4 )  dT.A y a p h i  te .  I + 

Itenis to  be considered include the e f fec t  of variations of material 
thickness on i nsert thermal and s t r e s s  gradients , i n-wall temperatures, 
backwall temperatures, and surface operating temperatures, during the  
nominal LiilDE ~nissi  on duty cycle. 

2.2 THE CARG9iI/SILICA REACT103 

Highly endothermic s i  l i  ca-carbon reactions can take place a t  elevated 
temperatures within the char region of s i  1 ica  reinforced ablative materials . 
The primary char-reinforcement reactions which are therrnod~~namically 
feas ible  under typical LMDE chamber operating conditions are as follows: 

Second8ry r2actions are also possible as f o l l  otls : 



I t  i s  not completely obvious, from the data presently available in the 

l i t e r a tu r e ,  whether the above reactions are beneficial or detrimental to  

the overall in tegr i ty  of an ablative chamber in the LMDE combustion 

environment. On thc: one hand, a1 1 of the s i  lica-carbon reactions absorb 

;,:::--.;:,.. i;,:. .the other h a n d ,  however, a t  l eas t  one of 
. . . . .  . -  7. . .. . . , _._. 

these . ~ ~ a c i y ~ - : ~ ; - .  .; . . . - .'- - . -- .- - f ' *  
~ i 0 ( ~ )  f CO ) may contribute markedly t o  

t ' 
(9)  

the degradation of the geometrical in tegr i ty  of the char s t ructure .  

Commerci a1 ly-avai 1 able s i  1 i ca- or quartz-rei nforced ablat ive materi als  

. . . - - which are candidates for  evaluation under Contract NAS9-8229 represent a 
wide range ot s i  1 i ca- to-carbon char ra t ios  and s i  1 i ca-carbon char 

mi cros tructures . Hence, these nla t e r i  a1 s can be expected t o  behave qui t e  

differently with respect to both the nature and r a t e  of the endothermic 

p2 char reactions. For example, the presently used s i  l i  ca-phenol i c  LMDE 
.- . 

. - chanlber nlateri a1 has a high s i  l i ca-to-carbon r a t i o  which should favor 
>< :,. . . 

.- 1:.XZLY%Te'-Tc)RiihrT311 L?~..i-"idtile silicorl IIIOIIOX-lac. ~ I I  tile utile,. I I ~ I I U ~ ,  

material systems w i  t h  lower s i  lica-to-carbon ra t ios  may we1 1 fzvor the 

formation of refractory s i  l i  con carbide (Reaction 3 ) .  

2.2.1 Test Specimens 

Table 2-1 describes the matrix of t e c t  specimens whi ch were evaluated 

i n  the TRbJ 1 aboratory investigation (Reference 16).  The specinlens were 

prepared in  the form o f  small cylinders (0.25 inch diameter by 0.25 inch 

long) by e i the r  1 aminating or molding techniques. The molded specimens 

cuil t a i  ned chopped s i  1 i ca and/or carbon f ibe rs  which were randomly ori ented 

throughout the resin matrix. In samples TW-5 and TRY-6, a spa11 amount 

of -325 mesh s i l icon carbide powder was added to the molding corllpound in  

addition t o  the s i  1 i ca and carbon chopped fibers . I n  sarl~ples TRW-7 and 

TRN-8, -325 mesh s i l i con  powder was added. The laminated speci~llens were 

machined from f l a t  blocks with the cloth p l i es  oriented paral lel  to the 

center l ine of the cylinder. All of the  specimens were charred prior  t o  
f-'? test.in? by heating in a vacuum a t  1000°C for approximately 2 hours. 



TRW-4 Molded Cyl indt ,  

Sample Designation 

MX-2600 

TRW- 1 

TRW-2 

TRW-3 

TRW-5 Molded Cy 1 i ndc 

Sample Type 

F l a t  Laminate 

Molded Cy 1 i n d  

Molded Cylind, 

Molded Cylinds 

TRW-6 Molded Cylinde* 

TRW-7 Molded Cyl indl  

TRW-8 

TRW-9 

TRW-10 

TRW-11 

TRW-12 

Molded Cy 1 i nd 

F l a t  Laminate 

F l a t  Laminate 

F l a t  Laminate 

Molded 
Cylinder 
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Table 2-1. M a t r i x  o f  Specimens fo r  High Temperature Char I n t e r a c t i o n  S tud ies  

TY PC 

ninate 

:yl inder 

:ylY " 

Zyl inder 

:yl inder 

Ly l inder  

,ylinder 

Cyl i n a r  

Cyl inder 

ainate 

t - .  
ninate 

l i inate 

Resin Type 
and 

% by w t  

Phenolic SClOO8 
31 % 

Phenolic SC1008 
31 % 

PhenolicSC1008 
30% 

Phenolic SC1008 
30% 

Phenolic SC1008 
18% 

Phenolic SC1008 
39% 

Phenolic SClUOB 
20% 

Phenolic SC1008 
30% 

Phenolic SC1008 
20% 

Phenolic SC1008 
30% 

TRW A Type 
Polyirnide -35% 

TRW A Type 
Polyin~ide -35% 

55% 
- 

Rei nforcement Type 
and 

X by w t  

S i l i c a  Cloth Type C100-48 
61% 

S i l i c a  Yarn R10060 
69% 

Carbon Yarn Type CR10800 
27% 

S i l i c a  Yarn Type R10060 
43% 

Carbon Yarn Type C~10800 
17% 

S i  1 i c a  Yarn Type R10060 
53% 

S i l i c a  Yarn R10060 
82" 

S i l i c a  Yarn R10060 
46% 

Carbon Yarn Type CR10800 
15% 

Silica Yarn Type R10060 
67% 

Carbon Yarn Type CR10800 
5% 

S i l i c a  Yarn Type R10060 
45% 

Carbon Yarn Type CR10800 
15% 

S i l i c a  Yarn Type R10050 
67% 

Carbon Yarn Type CR10800 
5% 

S i l i c a  Cloth Type C100-48 
48% 

Carbon Cloth Type CCA5 
22% 

(A1 ternate Layers o f  
Carbon bnd S i l i c a )  

S i l i c a  Cloth Type C100-48 
65% 

S i l i c a  Cloth Type Cl00-48 
44% 

Carbon Cloth Typ& CCA5 
21% 

(Al ternate Layers o f  
Csrbon and S i l i c a )  

F i l l e r  Type 
and 

% by wt 

S l l i c a  Powder 
8% 

- 

- 

- 

S i  1 icon Carbide 
Powder 

9% 

S i l i c o n  Cat.bide 
Powder 

8% 

S i l i c o n  Metal 
Powder 

9% 

S i  1 icon Metal 
Powder 

8% 

- 

- 

- 

- 62% 385 

Result ing 

% Si02 

81 % 

81% 

50% 

62% 

90% 

56% 

73% 

56% 

73% 

57% 

73% 

49% 

I n i t i a l  

% C 

19% 

19% 

50% 

38% 

10% 

34% 

11% 

34% 

17% 

43% 

27% 

51 % 

Char Conlposi 

% Sic 

- 

- 

- 

10% 

10% 

- 

- 

- 

t i n n  

X S i  

- 

- 

- 

- 
- 

- 

10% 

10% 

I 
., 

- 



2.2.2 Experimental Apparatus a n d  Testing Procedures 

Figure 2-1 shows a scherilatic diagrani of the high temperature, cons t a~ j t  
volume, react ion k ine t ics  sys ten1 used in  a! 1 of the experiments. The 

systenl consisted of an Astro high tempei-?%re furnace,  automati c temperature 
control sys tern and recorder ,  Mu1 1 i t e  react ion tube,  gas niani fol d and s torage 
bulbs, hi gh-vacuum purnpi ng ' sys  terv, a sensi t i  ve P i  rani Gauge, and recording 
devi ces f o r  conti nuous moni tor ing  of the system pressure.  Under operat i  on, 
the volume of the sys tem was constant ,  and the  r a t e  of react ion was fol lowed 
b j  the pressure r i s e  i n  the system as carbon mondxide gas was evolved from 
the  react ing s i l i  ca-carbon p e l l e t s .  

I*ia;s spectroscopic examination of the gas generated f v m  typical  
.. . .. - experiments a t  1500°C showed t h a t  carbon monoxide was the  predominant 

(>90 percent) non-ccndensi b l e  gaseous react ion product. As indicated 
previously, s i l i c a  can r eac t  with carbon in  s c v ~ r a l  ways t o  produce 
carbon monoxide as a reac t ion  product. 

A1 1 of the react ions were thermodyna~ni cal l y  f e a s i b l e  under the low 
,A ,.Lu,.L {:;::2-3 t o  3 torr)  e . ~ y e i ~ i e e n t ~ !  c n d i  t i  3:s. Esidcncc for  

determining w h i  cli of the preceding reac t ion  scliemes predomi ~ a t e d  was 
obtzined by measurement of i n i t i a l  and f i n a l  sample we-ights f o r  each 
specimen, t o t a l  carbon nionoxide generated, and by X-ray d i f f r ac t ion  
analysis  of the r e su l t i ng  s o l i d  products of reac t ion .  

2.2.3 Test - Results- 

Table 2-2 and Figures 2-2 and 2-3 summarize the experimental da ta .  

The f i r s t  colurfin 3f Table 2-2 presents the  saniplr: d ~ s i g n a t i o n  f o r  
each of the 13 mater ials  evaluated. Composition and fabr ica t ion  approach 
fo r  each of the 13 mater ials  Has presented previously in  Thble 2-1. 

The second column of Table 2-2 l i s t s  the in i  t i  a1 s i l i  ca/carbon wesght 
r a t i o  of each of the charred specimens. I t  i s  apparent from t h i s  ccllumn 
t h a t  the t e s t  specimens cover ,> wide range of i n i t i  a1 s i l ica- to-carbon 
r a t i o s .  Tile :4X-2600 reference material  ( S i 0 2 / C  = 4.3) i s  near t o  
s lo ich io~i ie t r ic  f o r  the fornia.tion of s i l i c o n  nlonoxide ( r eac t ion  I!, while 
spccimer~s TF4GI-3, ?Rid-5 ,  TKW-7, and 'TRbl-12 r e s u l t  i n  SiO,/C char r a t i o s  
;rhi ch w e  ju; t s toi c t ~ i ~ ~ n c t r i  c for  t h e  for~l iat ior  of s i  1 icon carhide 
( r  1;~ct;ion 3 ) .  
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Table 2-2. Surnmsry of Experir!e::t,; ; 

*The reported wei y h t  losses include the specimen v:eigL- 
t o  the 150G°C environment. 

**Calculated weight changes were based on the asc!~nl!)tic 
from the reaction tube and deposit on the cooler i'(-:- 
In Saniples TRW-5 through TRb!-8, the r e l a t i  vely small 
calculations. 

FOLDOUT FRAME I ***More CO fomled i n  t h i s  experiment than could be a c c ~ : ~  
of t h i s  specimen was higher than the 108 reported. 
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.leasuren~ents arid Co1:ipat-i son of Measured and Cal cul ated Saii~ple I.!e i 911 t Changes 

. loss durSng 9)-e-charring as \./ell as the weight loss during 30-minute exposure of the char 

I that a l l  Sic vihich forms remains i n  the sanlple tube, ancl a l l  S i O  or  S i  which forrns evaporate 
, ons of the system. Calculated weig! i t  changes were based on nieasured CO pressure r i se  da ta .  
:inourits of S i  or S i c  in i t ia l ly  present were n o t  taken into account i n  i i iaking t h e  weight loss 

:;ied f o r  by any of the three reactions. I t  ~~oulcl appear l i ke ly  t h a t  the  actual carbon content 

,, - 
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The t h i r d  column o f  the table l i s t s  the measured weight loss o f  each 

specimen i n  m i  11 i grams. The reported weight losses include the specimen 

weight loss during pre-charring as well  as the weight loss during 30-minute 

exposure o f  the char t o  the 1500°C temperature. I n i t i a l  sample weights 

were 125 + 1 mg i n  a1 1 cases. From a comparison o f  columns two and three, 

i t  i s  apparent t ha t  the samples w i th  high i n i t i  a1 s i  lica-to-carbon r a t i o s  * 
had the greater weight losses. Indeed, the MX-2600 reference material . 

and the TN4-1 sample both reacted t o  the po in t  where greater than 95% AT 

-*, 
of the i n i t i a l  sample was converted t o  v o l a t i l e  products a f t e r  the . : 

30-minute, 1500°C test .  

The fourth column o f  Table 2-2 indicates the magnitude o f  dimensional 1 
changes i n  the specimens which occurred during the 30-minute exposure t o  f 

4 
the 1500°C t e s t  temperature. It i s  apparent from t h i s  column tha t  there $ 

were great differences i n  the abi li t i e s  o f  the d i f f e r e n t  candidate materi a1 -3 
rS 

specimens t o  maintain t h e i r  geometrical i n t e g r i t y  during exposure t o  tes t -  

i ng  condi t ions . These differences are i 11 us t ra ted  i n  Figures 2-4 through 
2-16, which shm~ photomacroqraphs o f  the snecimens before and a f t e r  tect ing.  

.dearly a1 1 specimens w i th  s i  li ca-to-carbon ra t i os  near t o  stoichiometri  c 

fo r  the formation o f  s i l i c o n  monoxide (MX-2600 and TRW No. 1, 6, and 10) 

were reduced t o  pwder during the test ,  whi le many o f  the specimens w i t h  

low s i  lica-to-carbon ra t i os  (TRY No. 2, 3, 5, and 7) exhibited e i the r  
no change or a very small change i n  dimensions during the thermal exposure. 9 
The differences i n  geometrical i ntegr i  ty and sample weight loss between I 

j 
the d i f fe ren t  types of candidate materials strongly suggests t ha t  a 

d i f fe ren t  r e a c t ~ o n  mechanism predominated f o r  specimens w i  th high s i  l i c a -  
i ! 
$ 

to-carbon ra t i os  than predominated f o r  low si l ica-to-carbon r a t i o  materials. i 
Possible exceptions t o  t h i s  conclusion were specimens TRW-9 and TRW-11 i 

i 
which were prepared by laminating al ternate layers o f  s i l i c a  and carbon i 

i 
cloth. The photomacrographs o f  these specimens indicate tha t  react ion 

took  lace predominantly i n  the s i l i c a - r i c h  areas o f  the specimens, and 
I 

even though the overal l  s i  l ica-to-carbon ra t i os  o f  these specimens was I 
! 

* 
Sample TRW-4 i s  an exception which i s  read i ly  explained. This specimen had ! 

. such a 1 arge excess of s i l i c a  over tha t  which could theoret ica l ly  react  ! 
t h a t  the t o t a l  weight loss could ! lot  be very high. 
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VIRGIN MATERIAL AFTER 1500°C REACTlON 
-1ox -1ox 

TRW - 3 (CHAR " 62%s02, 38% C) 

Figure 

VIRGIN MATERIAL AFTER 1500°C REACTION 
-1 ox -1 ox 

TRW - 4 (CHAR = 90% YOp, 10% C) 

Figure 2-8 ' 





V4RGIN MATERIAL 
-inx Figure 2-11 REACTED AT 1500°C 

-1 ox . -. - 
TRW - 7 (CHAR =M./. S i02 ,  34% C, 10% Si) 

VlKGlN MATERIAL 
-1 ox 

T ~ W  - 8 (CHAR = 
gure 
73% 

1 .  . . . . :. sA&J 

2-1 2 
REACTED AT 1500°C 

-1 ox I 

SO,, 17% C, 10% SI) 
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very low, i t appears li kely t ha t  the local ized SI li ca-rich areas of the 

specimens resulted i n a predominant reaction mechanism simi l a r  t o  what 

occurred i n  specimens o f  high overa l l  s i  li ca-to-carbon ra t i o .  

The f i f t h  column describes the resul ts o f  X-ray d i f f r ac t i on  analyses I 
i 

- 1  

o f  selected specimens a f t e r  reaction. Analysis o f  the specimens w i t h  low I 

si l ica-to-carbon ra t ios  (TW No. 2, 3, 5, and 7) indicated that aloha 

s i  1 icon carbide was the only detectable crys ta l  li ne species present. 1t i F - 
i s  possible, o f  course, tha t  unreacted amorphous carbon was also present 

i n  some or  a l l  o f  these specimens t o  a s ign i f i can t  extent, since amorphous I J " 
1 

materials cannot be detected by the X-ray d i f f r a c t i o n  analysis. Specimen L 

TRW-4 which had a very high sil ica-to-carbon r a t i o  showed a very d i f f e ren t  
- .---- r e s u l t  from the low s i  1 ica-to-carbon r a t i o  specimens. No s i l i c o n  carbide - 

uas detected i n  sample TW-4, and a s i l i c a  (Si02) was the predominant 

species present. Small amounts o f  s i l i c o n  and graphite may also have been 1 
Z 

present i n  t h i s  specimen. I 
The next three columns o f  Table 2-2 show calculated sample weight t 

losses based on measured carbon monoxide pressure r i s e  data .assuming t h a t  t 
e i ther  reaction 1 ( S i O  forms), react ion 2 ( S i  f o rm) ,  o r  reaction 3 ( S i c  

forms) takes place. The calculated weight changes were based on the ! - .  - 
assumption tha t  a1 1 S i  C which forms remains i n  the sample tube, and a1 1 1 
SiO and S i  which form evaporate from the reaction tube and deposit i n  the 

coolcr regions o f  the system. I n  samples TRW-5 through TRW-8, the 
re l a t i ve l y  small amounts o f  Si o r  S i c  i n i t i a l l y  present were not  taken 

i n t o  account i n  making the weight loss calculations. A comparison o f  th, 
measured weight loss data presented i n  column 3 w i th  the calculated weight 

changes shavn i n  columns 6 through 8 shors tha t  weight changes calculated 
on the basis o f  reaction 1 (SiO formation) give the best correlat ion w i t h  I 
the measured weight changes for a l l  o f  the specimens w i th  high i n i t i a l  1 
si l ica-to-carbon ra t i os  (samples IlX-2600, TRW-1, TRW-4, TRW-6, TRU-8, and I 
TRW-10). On the other hand, specimens w i  t h  1 aver s i  1 i ca- to-carbon ra t i os  f 
gave bet ter  correlat ions between measured and calculated weight changes i 
when reaction 2, reaction 3, o r  a combination of reactions 1 and 3 were i 1 

assumed t o  predominate. Since no s i l i c o n  metal was detected i n  any of the I 
I 



X-ray d i f f rac t ion  measurements on l o w  s i  lica-to-carbon specimens, i t  

appears that a combination of reactions 1 and 3 i s  more l i k e l y  for these 

samples than reaction 2. 

The l a s t  colunm of Table 2-2 indicates the most probable reactions 

based on a.comparison of the measured and calculated weight changes and 

the X-ray I f f rac t ion  data. As indicated above, a reaction scheme leading 
i 1 

to the formation o f  vo la t i l e  s i l i con  monoxide appears t o  predominate f o r  I 
i - 

the specimens with high silica-to-carbon ra t io .  On the other hand, f o r  

specimens with low i n i t i a l  s i  lica-to-carbon ratios, reaction schemes 
1 .: 

leading a t  least i n  par t  t o  the formation o f  a s i l i con  carbide appears I 
t o  be favored. 

Figures 2-2 and 2-3 show the reaction rate data fo r  each o f  the 
i 

samples plot ted i n  terms o f  mg o f  (30 fonned per i n i t i a l  mg o f  carbon 

versus time. The i n i t i a l  reaction rates f o r  the specimens i n  terms o f  
I 
I - .  

CO formati on varied over about a factor o f  5. ' Hi th the exception o f  

sample TRW-12, the specimens w i  t h  higher s i  li ca-to-carbon rat ios appeared 

t o  have the higher reaction rates. 
I 
i 
1 

Experiments w i  th samples TIW-2 and TRW-9 were rerun wi th  some . 

modifications to  the basic tos t  procedures described above. Instead o f  4 - 
f 

pre-charring the sample a t  1000°C p r io r  t o  1500°C exposure, the samples 

were quickly heated f r o m  room temperature t o  1500°C, held fo r  30 minutes 

a t  1 500°C, held for  30 minutes a t  1500°C under vacuum, and then quickly 

cooled to  room temperature. The tes t  specimens af ter  1500°C exposure 

(no pre-charring) looked ident ical  t o  the specimer i n  the i n i  ti a1 
experiments (pre-charred a t  1000°C). 

2.2.4 Laboratory Prwram Recomnendations 

Based on results o f  the TRW Laboratory studies that char reactions 

favoring the formation o f  s i l i c o n  carbide, rather than vo la t i le  s i l i con  

m:ioxide , can be ob t a i  ned by decreasi ng the i n i  ti a1 s i  1 i ca-to-carbon r a t i o  

of the char below that  o f  the current LMDE material, i t  was recommended 

that a t  least  one abi at ive material containing a low s i  li ca-to-carbon char 

r a t i o  be selected f o r  engine testing. This ablative throat. could be 

fabricated from standard phenolic resin a~id at ternate layers o f  quavtz 

fabric and graphite fabric. This composite system rfould y i e l d  a char wi th  



a i 1 f ca- to-carbon r a t i o  of approximately 1.3: 1 , compared t o  a r a t i o  of 
J;2mximately 4.3:l for the current MX-2600 material. A potent ia l  

c:sddvantage of t h i s  approach 'is t ha t  the resu l tant  char structure would 

:, ccmposed o f  s i  l i ca - r i ch  and carbon-ri cn areas which may be too far 

rc-aved from each other t o  promote rap id  chemical reaction. 

Quartz fabr ic  was proposed over s i l i c a  becaure o f  i t s  higher v i rcos i  ty. 

Graghi te  fabr ic  was proposed over carbon because o f  i t s  higher temperature 

c a ~ a b i  l i t y .  

% c; It was also wcomnended t h a t  another approach t o  enhancmnt o f  Sic 

.i 
fcmation be evaluated i n  a throat  configuration. A high resin-content 

? q~artr- fcbr ic/phenol ic would be pre-charred and reimpregnated t o  i t s  
ori q i  nal s i  1 i ca- to-carbon ra t io .  This approach would have two advantages : 

( 1  It would s imp l i f y  pa r t  fabr icat ion i n  tha t  the need f o r  
inter leaving dissimi l a r  fabr ics would be eliminated. 

(2) I t  would provide m r e  int imate contact between the s i l i c a  
and carbon to  enhance the reaction between. the two. 

- .  
L .a TORCH TESTS 

Many laboratory t e s t  methods have been used for  the evaluation o f  
chanber throat  materials, but none can simulate exactly the conditions 

of the engine environments. The actual envi ronment consists of a t  leas t  

f ~ u r  major components which combine, affecting materi a1 s behavior: thermal , 
reactive gas, veloci ty, and pressure. I n  the torch t e s t  investigation, 

reported completely i n  Reference 25, the methane-oxygen-ni tri c oxide 

:ixture wds used t o  approximate the thermal and react ive gas environment, 

h t  not the pressure and ve loc i ty  effects. The purpose o f  the study was 
evaluate and compare a large number o f  candidate throat  materials f o r  

t c p i r  thenno- chemical behavior under LMDE gas envi ronments . Post torch 
:'st analysis c r i t e r i a  i ncluded visual exarnication, weight change, and 

'ii 'ens i onal change (erosion) . 
. . 

i' i .  1 Test Equi p w n t  
7 the torch tast ing f a c i l i t y  i s  pictured i n  Figure 2-17. The containment. 

: . : :  3 Q " ' " 1  a stainless steel  tank 4-feet i n  diameter by 7-feet high. The . i 

.. d 
i 

i s  divided a t  the center and flanged w i th  an O-ring seal f o r  Vacuum- 
:is . 
. ..' . . 
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t i g h t  operation. The upper chamber h a l f  i s  provided w i t h  three view ports 

fo:* monitoring flame in te rac t ion  experfments. Provisions am made t o  heat 

each view po r t  t o  prevent fogging. The lower chamber h a l f  i s  equipped 

w i t h  two access ports through which metered gas flows are fed t o  the torch 

assembly artd a l l  e l ec t r i ca l  and instrumentation connections are made. The 

vacuum chamber i s  connected throln1h a fi 1 t r a t i o n  system t o  a large roughing 

pump which exhausts t o  the atmosphere outside. 

An A-frame and chain ho i s t  are provided t o  f a c i l i t a t e  removal o f  the 

upper chamber ha1 f which can be moved 1 a tera l  l y  t o  c lear  i t s  lower section. 

A1 1 torch and sample handling controls and instrumentation are b u i l t  i n t o  

the lower h a l f  o f  the vacuum chamber. Test specimens t o  be exposed t o  the 
flame environment are supported on a c i r cu la r  platform. This p la te  can be 

positioned up o r  down t o  adjust torch-to-sample spacing. The p la te  pivots 
about the rear  support t o  move experiments i n t o  and out  o f  the established 

flame environment by means o f  an externa l ly  operated reach rod. 

A schematic o f  the t e s t  apparatus i s  show i n  Figure 2-18, and a 
closeup view o f  the torch t e s t  i n  progress i s  shown .fn Fiyure 2-19. The 

oxygen and n i t r i c  oxide gases are premixed p r i o r  t o  entry t o  the torch ' 

t i p  manifold where the oxidizers are mixed w i t h  methane before burning. 

The f low rates o f  the gases t o  the torch are metered w i th  accurately 

cal ibrated f l  ow-meters . A two-color pyrometer i s  posi t ioned outside 

the chanber t o  monitor the surface temperature o f  the t e s t  specimen during 
testing. 

2.3.2 Test Procedure 

Test condi ti ons were establ i shed t o  maximi ze the thermal environments 

and t o  approximate an oxygen-rich LMDE chanber gas composition. A canputer 

program based on thermodynamic data o f  CH4-02-NO was used t o  guide the 

select ion o f  the desired gas mixture. After experimenting w i t h  a nurrber o f  

fue l lox id i  zer r a t i os  using MX-2600 specimens and comparing w i  th  the computer 

program output on equi 1 i b r i  um chemical species produced from these m i  xtures , 
a composition o f  40 CH4-50 02-10 NO by volume was selected as the best 

compromise o f  the flame temperature and combustion products. . This flame 

was used i n  a1 1 torch tes t ing  i n  t h i s  program unless otherwise specified. 1 

i 
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e A comparison o f  equi l ibr ium torch temperature and chemical species w i th  

LMDE chamber gas composition and temperature f o r  a number of mixture ra t i os  

i s  shawn i n  Table 2-3. 

The heat f l u x  was determined w i  th a copper calorimeter having the  

same configurat ion as the t a s t  specimen, Figure 2-20. Tbc heat f l u x  

r ad ia l l y  through the wal l  of the specimen was found t o  be 120 Btu/sq. 

ft/sec and was checked per iodical  l y  t o  assure uni formity of t e s t  

condi t i  on from specimen t~ specimen. 

Having standardized the gas mixture and heat f lux,  the next step- was 

t o  determine the most appropri ate t es t  durat ion f o r  comparing the various 
-- materials under the same tes t  conditions. Experiments were conducted 

w i th  MX-2600 f o r  t e s t  durations of 150 seconds, 300 seconds, 600 seconds, 
1200 seconds and 1800 seconds. Results o f  weight losses and diametrical 

changes are tabulated i n  Table 2-4 and p lo t ted  i n  Figure 2-21 . 
On the basis of the MX-2600 t e s t  results, 300-second and 600-second 

t es t  durations were selected as reference points for-.evaluation and 

comparison o f  candidate throat  m t e r i  als . Therefore, a1 1 tes t ing  i n  t h i s  
i n v e s t i g a t i o ~  was performed using the two time durations, unless 

otherwise specif ied. Test specimen preparation and manufacturing methods 
for these materials are described i n  de ta i l  i n  Reference 25. I n  the main 

t ex t  o f  t h i s  report, the comnerci a1 names o r  b r i e f  descriptions o f  the 

materials are used rather -than the pa r t  numbers o f  Reference 25. 

The weight and dimensions o f  each specimen were measured before and I 
after  torch test ing.  I n  the beginninq o f  the run, the heat f l u x  was 
measured and t k  flame and/or specimen posit ions were adjusted t o  assure 

a1 ignment and v n c e n t r i c i  t y  o f  the flame w i  t h  the center 1 i ne o f  the t es t  
specimen. ~ f i e r  evacuating the chanber and wi th the t e s t  specimen i n  I 
place on the platform, but  out  o f  the t es t  posit ion, the  flame was 1 i  t I .. 
using the desired gas mixture. The specimen was then swung i n t o  the t es t  E 
pos i t ion as t i m i  ng started. Temperature. readings were taken a t  30-second . . .  2 
in tervals by focusin; the pyrometer on the inside diameter surface about 

1/16-i nch below the top edge of the hole, A t  the conclusion o f  the t es t  
i Q 
I duration, gas flow was immediately shut o f f  ,and the specimen was allowed t o  * 

;I cool natura l ly  whi le the vacum was maintained. 
'\ 

.'Q . 
i 2-25 

.w.-- . . . .. - 
i :. 
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PLY ORIENTATION 
FOR LAMINATED SPECIMENS 

Flgure 2-20. Torch Test Specimen Configurati on 

TIME, SECONDS i 
Figure 2-21. Rates o f  Weigh+ Loss and Erosion o f  MX-2600 
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Table 2-4. Weight Loss and Per:etit Erosion of 
MX-26CO f rom Torch Tasting 

I Test Duration, Seconds I Weight Loss, % 
. - --- 

2.3.3 Test Results 

Erosion, % I 

Pos t-tes t analyses i n c l  ~ d e d  visual examination, weight loss detertrnina- 

ti on, and erosion or  dimensional changes. Metal 1 ographi c and X-vay 
d i f f r ac t i on  analyses were performed on cer ta i  n specimens as required. 

Photographs o f  torch-test specimens are shown by groups i n  Figures 2- 22 
through 2-25. Table 2-5 sumnari zes the complete t e s t  data showing the 

equi i b r i  unl surface temperature, t es t  duration, we.i g h t  loss and percent 
. . 

erosion. Results are discussed i n  ~eference 25. 

Typ:'cal specimen close-ups are shown i n  ~ i ~ u r e s  2-26 and 2-27. Hard 

throat  material erosion along the length o f  the t c s t  specimen i s  compared 

t o  t ha t  o f  MX-2600 s i  1 i ca-fabri c/phenoli c i n  Figure 2-26. The erosion 

p r o f i  l e  o f  a t yp i  cal quartz-fabri  c/phenoli c, MXQ-190, i s  compared i n  
Figures 2- 29 and 2- 30. The erosion p ro f i l e  o f  a typ ica l  pyrolyzed 

laminate, Carbi tex 100, i s  shown i n  Figure 2-31. 

2.3.3.1 Gas Composition E r z c t  I 
A1 1 torch tes t ing had beep conducted w i th  i n  oxidizer-r ich flame 

simu1 at; ng the most severe LMDE cheirber envl ronment. An apparent ~nomaly I 
was the f a c t  t ha t  there was no trace o f  s i l i c o n  cerbide i n  any of the I 
specimens exposed t o  the torch, even those f o r m 1  ations tha t  d i d  form I -' 

s i  1 icor: carbide i n  1 abwatory egperi ence. I n  addit ion, s i  li con carbide 1 I 

i 
was also found i n  t h ~ j  surface char of LHDF chamber l i ne r s  .;hat had heen f 
exposed t o  a duty-cycle f i r i ng .  I t  was postulated, therefore, th?.t a t  i 

i 
f u l l  th rust  operation, ths boundary 1 aycr o i  ~ ' : e  LMOE cbamber was ,fuel- i 
r ie l ,  and that  f ac t  the i n  s i  t u  r e a ~ t i n r ,  between carbe!: and si l . :ca 1 .: 
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Table 2-5. Torch Test Data 

Average Percent 
Erosion* 

3.1 
4.8 

2.0 
4.9 

4.7 

2.2 

6.4 

6.5 
5.9 

34.0 

43.0 

45.1 

74.9 

37.3 

0- 1 
0.1 

2.2 
9.2 

7.5 

4.2 
9.1 

1.9 

9.0 

6.7 

8.0 

5.7 

8.9 

5.2 

2.1 

12.9 
4.4 

Specimen 

MX-2600 
MX-2600 

TRW-2A 
TRW-2A 

TRU-2A Precharred and 
Reimpregn-ated 

MXQ-190 . . 

MXQ-190 

HRX-211 

HRX-212 

Carbitex 100 (Sic mod.) 

Carbitex 100 (ZrB2 mod.) 
Carbitex 100 (TiB2 mod.) 

Carbi tex 100. (W2B mod. ) 
Carbitex 100 (BqSi mod.) 
Pyrocarb 751 
Pyrocarb 351 
I RW- 5 
TRW-5 

TRW-5 Precharred and 
Rei mpregnated 

TRW-2 
TRW-2 

TRW-2 Mold 
TRW-2 Mold 

Quartz Polyimide 
Quartz Polyimide 
EC-260 S i l i c a  
(W mod. ) 

EC-260 S i l i c a  
(W mod.) 
Ironsides Resin wi th 
As t roquart t  

Ironside Resin wi th 
As troquartz 

C-100-48 Refrasi l  LOW Resin 
C-100-48 Refrasi 1 Low Resin 

Iieight 
Granls 

11.73 
13.75 

13.16 
15.05 

11.31 

10.32 

14.07 

3.19 

2.62 
9.18 

11.27 

11.39 
17.16 

9.26. 

2.31 

5.09 

11.41 
14.29 

9.67 

12.09 
14.60 

9.87 

11.51 

8.40 

12.10 

8.24 

17.01 

10.97 

13.31 

7.82 

10.49 

Specimen Surface 
Temperature (OC) 

1760 

1835 

1750 

1760 

1710 

1850 

1770 

1900 

1825 

1750 

1960 
1660 

1650 

1645 
1800 
1780 

1765 

1770 

1770 

1820 

1810 

1790 
1790 

1750 

1740 

1850 

1850 

1700 

1750 

1940 
1920 

Percent 

16.4 
19.4 

20.1 
22.3 

17.8 

16.2 

19.7 

4.7 

3.9 
22.8 

22.8 

24.6 

30.7 

19.4 

2,e 
6.7 

15.4 
20.2 

17.3 

18.1 
21.9 

14.7 

20.1 

12.5 

17.8 

9.7 

25.0 

14.1 

19.6 

11.3 
15.2 

Time 
(Seconds) 

300 
600 
300 

600 

600 

300 

600 

300 

300 

600 

600 
600 

600 
600 
300 

600 
300 
600 

600 

300 
600 

300 

600 

300 

600 
300 

600 

300 

600 

300 
600 



Table 2-5. Torch Test Data (Continued) 

Average Percent 
Erosion* 

3.8 
5.5 

4.9 

7.7 

2.3 
11.5 

13.8 
25.0 

27.6 

21.8 

31.4 

5.4 

16.3 

5.2 

5.7 

-- 
-- 
-- 
-- 
..- 
-- 
-- 
-- 
- - 
- - 
-- 
4.2 

13.8 

Time 
(Seconds) 

300 
600 

300 

600 

300 

600 

300 

300' 

300 

300 

300 
300 

600 
600 

600 

600 

600 
300 

600 
600 

600 

600 

300 

600 

600 

600 
600 

600 

Weight 

Grams 

8.50 
10.43 

8.48 

12.30 

10.51 

13.06 

3.87 
5.42 

9.40 

5.02 

5.41 
11.67 

16.00 
7.10 

10.31 

10.20 

-- 
-- 
-- 
0.46 

-- 
- .. 
- - 
- - 
2.59 
-- 

13.18 

5.66 

Specimen Surface 
Temperature ( O C )  

1860 

1840 

1790 

1850 
1810 

1815 

1770 
1950 

1720 

1645 

1660 
1450 

1660 
1880 

1780 

1980 

2000 
2030 

2020 

1610 

1760 

1760 
1620 

1720 

1800 

1640 

2020 

1815 

Loss 
Percent 

12.5 
15.4 

13.0 

18.7 

16.6 

20.6 

9.5 
10.8 

14.0 
10.4 

11.8 

18.5 

25.1 
12.1 

15.8 

-- 
-- 
-- 
-- 
0.153 

-- 
-- 
-- 
-- 
0.53 
- - 

16.0 

8.4 

Specimen 

' ;-1;3-48 Refrasi l  
tcr;h Resin 
C- 100-48 Refrasi l  
~ i g h  Resin 
C-100-28 Refrasi l  

c-100-28 Refrasi l  

TRil-3 
TW-3 
Carbitex 100 (Sic mod.) 

Carbitex 100 (ZrBp mod.) 

Carbitex 100 (WpB mod.) 
Carbitex 100 (BqSi mod.) 

C s i i t e x  100 (Tie2 mod.) 
TRU-1 1A 

TRM-1 1A 
TRW-Z Precharred 

TRIJ-2 Precharred and 
icei~rpregnated 

Type C W-3Re Reinforced 
Z i  rconi a 

Type A W-3Re Reinforced 
Z i  rconi a Bonded Zirconi  a 
Zi rconia Bonded Zirconia 

Carbone Graphite 
(Sic coated) 
ZrBp V 

Z r R 2  V I l I  
Porous Tunysten w i th  
L13 Treatment 

Porous Tungsten w i th  
L13 Treatment 
JTA Graphite 

Crystar (Sic mod.) 
Graphite Phenolf c 
!?.rB2 mod.) 

S f C  h d e r  1200 Mesh 
';r~t'li te Fiber Reinforced 
IC-1630 Phenolic Precharred 



Table 2-5. Torch Test  Data (.continued) 

* 
Average percent erosion i s  obtained by t i k i n g  the average o f  the absolute percent d iametr ical  
changes throughout the length of the hole i n  the t e s t  specimen. Thus, average erosion = 

where xi i s  percent erosion a t  locat ion  i, and N i s  the number o f  measurements. 

** 
These specimens were tested using a gas mixture o f  50 CH4 t o  50 O2 by volume. 

--Weight loss o r  erosion less than 0.1%. 



TRW-2A Precharred and Figure 2-27 TRW-5 Precharred and 
Fipure 2-26 Reimpregnated 600 Reimpregnated 600 

Second Test ( 2 X )  Second Test (2X) 

MX 2600.----, 6M) SECOND EXPOSURE I 
1 ALSO TYPICAL OF ZIRCONIA BONDED ZIRCONIA, 
I JTA GFAPHIIE CARBONE GRAPHITE, CRYSTAR Sic, 
8 POROUS T U N ~ S T E N  \'I/L-I3 TREATMENT, ZrB,Y, Z rB ,mr  I' I 
' TYPE A W-Re REENFORCED ZIRCONIA, TYPE ~VI-Ro - 
! REENFORCED ZIRCONIA I ' I 

I I I I t 

I /a2/8  418 b/e 8/8 10/811/812/8 
LOCATION OF MEASUREMENTS 

SO 1 

MX2600 --- 
MXQ 190- 
300 SECOND a 

EXPOSURE 

,@\\ 

I . 
/- 

-25 I I 
I I I L d  

1/161/82/8 4/8 6/8 8/8 10/811/812/8 
LOCATION OF MEASUREMEbITS 

F igc re  2-28. Erosion P r o f i l e  of Figure 2-29. Erosion P r o f i l e  o f  MXQ-190 
"Hard Throat" Mater ia ls  ,300 Second Test 



Figure 2- 3G. Erosior, P r o f i l e  o f  MXQ-190 
600 Second Test 

9" 

MX 2660,,--. 

300 SECOND EXPOSURE 

8i 
P. 

LOCATION OF MEASUREMENTS 

MX 2b00 -"- 
4 59% 

Figure 2-31, Erosion P r o f i l e  o f  Carbi tex  100 
(TiB2) 300 Second Test 

" 

MXQ 190- 
600 SECOND 
IXPOSURE 

\ 
-t------ 



t o  form s i l i c o n  carbide. Therefore, two o f  the most promising mater ia ls ,  

TRW-2A and TRW-5 (see Table 2-5), were retested, along w i t h  the basel ine 

MX-2600 mater ia l  , w i  t h  a fue l  - r i c h  flame. TRW-2A was a phenolic 1 aminate 

containing two p l i e s  o f  quartz f a b r i c  ( instead o f  the s i l i c a  f a b r i c  o f  

TRW-2) per p l y  o f  graphi t e  f ab r i c .  

The e f f e c t  o f  gas atmosphere on weight loss and et.*osion ,kaonl torch 

tes t i ng  appears t o  he s i g n i f i c a n t  f o r  ce r ta in  composi t e  fcrwi  7ations. A . . 
?c!,+EI .,weight loss was obta i  ned i n  TRW-2A and TRW-5, b u t  tloL i :I MX-2600, 

when a f u e l - r i c h  mixture was used. However, a lower ercc,:on r a t e  was a lso 

evident by conipari ng the dimensi onal changes i n  a1 1 specitnc.~,~ except 

TRW-2A tested a t  f ue l - r i ch  gas mixtures, 

X-ray d i  ff pact ion analyses were performed on several spec5mens a f t e r  

to rch  tes t i ng  t o  determine i f  s i l i c o n  carbide had fo~r::ed. The fo l low ing 

are the resu l t s  o f  these analyses: 

S i l i c o n  Carbide 
2 e c i  men Test Condi ti ons Detect ion 

.$+1X- 2600 LMDE Throat, (duty cycle) Yes 

MX- 2600 Torch Test '(40 CH4 - 50 O2 - 10 80) No 

MX-2600 Torch Test (50 C1t4 - 50 02) Yes 

TRW- 2A Torch Test (50 CH4 - 50 02) Yes 

I t  i s  i n t e r e s t i n g  t o  note t h a t  a less ox id i z ing  atmosphere was 

favorable f o r  the formation of s i l i c o n  carbide which formed p r e f e r e n t i a l l y  

on the surface i n contact w i  t h  the flatile, 

2.. 3.4 Torch Test Concl us igns and Reco1nmenda_tions 

On the basis of erosion o r  din~ensional change measurementr; o f  torch 
tested specimens, i t  was concluded t h a t  on ly  hard t h r o a t  matevials such as 

JTA, S I C ,  W-reinforced t i rconi  a, z i rcon ia ,  and coated carbon/graphi t e  

mater ials such as Sic-coated Carbone graph i te  and Pyrocarb 751 can w i th -  

stand the simul ated LMUE t h roa t  environments w i t h  l i t t l e  o r  no erosion. 

l iwever,  poor thermal shock res is tance i n  sollie o f  these mater ia ls  and 
' 

i n s u f f i c i e n t  development i n  others may preclude the se lec t i on  o f  these 

nlater ials f o r  f u l l - s c a l e  t.v;~'luation 



O f  the ablative type of resi n-base materials , TRN-2A, quartz/Ironsi de 
resin, MXQ-190, and MX-2600 showed about equal erosion resistance i n  torch 
tests. On the basis of 300-second testing, several formulations such as 
TRl4-2A and MXQ-190 appear to have an edge over NX-2600. Full-scale engine 
tests were recom~ended to verify these conclusions . 

Some indications were shown i n  tes t  results t ha t  precharri ng or 
precharring followed by resin reimpregnatio)~ is effecti ve i n  improving tile 
erosion performance of the precursor resi n-bas e niatefi a1 . Encouraging 
results shown by precharred TRW-2 and TRM-5 f ormul at i  ons uarranted 
verification by engine testing. 

. . 



3. LMDE CHAMBER THERMAL ENVIRONMENT 

3.1 PROGRAM OBJECTIVE 

The objective of Phase I of the subdect study ef for t  was to  define 
and characteri ze the internal combustion chamber environment and t o  deter- 
mt:v  methods to minimize the severity of the environment to which the LMDE 
ablative chamber is subjected. Heat transfer studies and t e s t s  have been 
conducted w i t h  qualification design Read end assemblies t o  evaluate the 
thermal environment. Heat transfer rigs and measuri ng techniques were 
developed and tested i n  order to evaluate heat transfer w i t h  the Oual B 
chamber contour, variations i n  the internal chamber contour (modified 
contours), injector flow distribution, barrier cooling flow variation, 
and engine thrust level. 

3.2 DEFINITION OF EXPERIMENTAL DATA REOUIREMENTS 

Special ly  desi gned and instrumented thrust chamber hardware was 
utilized for  meas:lrement of heat transfer to  local areas of the chamber 
wall. These ineasurements were taken during f i r ings a t  various thrust 
levels to  characterize the chamber thermal profile, both axially and c i r -  
cumferential ly. The basic heat-sink chamber hardware was employed fo r  
short duration f i r ings a t  selected engine operating conditions. The local 
wall heat transfer data was obtained u t i l  i t  ing transient surface tempera- 
ture  techniques and data reduction procedures described i n  detail  i n  
Section 3.5.3. The water-cool ed chamber design provided local wall heat 
flux data during long durationlvariable thrust level engine operation. 
The heat flux was readily determined from the measured water flow rates 
and temperature r i s e  under chamber equil i brium operating conditions. 

Streak chambers were tested a t  selected fixed thrust sett ings to 
obtain throat erosion patterns. These throat erosion data were compared 
and correlated w i t h  the thermal environment data from the heat-sink and 
water-cooled chamber t e s t s  to  arrive a t  the variation of erosion w i t h  heat 
f l u x .  In addition, ablative (MX 2600) chambers were duty cycle tested to  
provide throat erosion patterns. Tt.~ese ddta  were also compared with the 
heat flux data to  provide the erosion/thermal environment correlations. 



The diagram of Figure 3-1 depicts the data flow achieved i n  the t e s t  
programs to  arrive a t  the thermal envi ronment/erosion correlations pre- 
sented herein. 

3.3 SIGNIFICANT CONCLUSIONS AND INFORMATION 

a The heat sink tes t s  showed that  the hot wall thermal environment 
does not exhibit constant recovery temperaturelheat transfer co- 
eff ic ient  1 eve1 s for  wall temperatures 'from ambient t o  1800°F. 

a The use of theoretical f i l m  coefficients in  conjunction w i t h  the 
heat flux data provides the most obvious and currently acceptable 
means t o  derive recovery temperature from the CIC t e s t  rigs. 

0 The throat recovery temperatures vary from 4000°F to 4650°F over 
the LMDE Qual B thrust range. (See Section 3.5.4.4.) 

a Convective heat transfer coefficients i n  the Qual B chamber barrel 
section were shown t o  be up to  5.5 times theoretical values. 

e A t  low thrust levels the barrel section heat flux was greater 
than the throat  section. 

a The throat heat transfer cobfficients appeared t o  vary from 1.0 
to  1.1 times the theoretical values. (See Section 3.6.1.2.) 

a A correlation of the erosion and thermal environment was accomp- 
lished w i t h  a streak and an ablative chamber a t  25% thrust. The 
data showed the erosion t o  vary directly w i t h  heat flux changes. 

A t  thrust 1 evels of 50%, 65% and FTP, heat flux changes 
general l y  produced proportionate changes i n  erosion depth. 

e A throat heat flux reduction of 40% was accompl ished i n  going 
from a Qual B contour to a Contour "A1' w i t h  a heat s i n k  throat. 

. Duty cycle tes t s  of the same two configurations w i t h  ablative 
throats showed Contour "A" to be more eroded than Qual B. Since 
the heat sink tes t s  were conducted only a t  FTP the effects of the 
duty cycle erosion sequence could not have been predicted. Also, 
streak chamber tes t s  a t  FTP for  both chamber contours showed a 
reduction i n  erosion for Contour "A",  thus substantiating the heat 
flux reduction a t  t h e  fixed thrust point. 
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The effects o f  heat f l u x  on LMDE throat  erosion was deduced t o  be 
only pa r t  o f  a more complex problem. The erosion I s  caused by 

several mechanisms o f  temperature, shear, oxidation, me1 t v i  scos- 
ity, and other properties. But perhaps the most s i gn i f i can t  

mechanism i s  one of thermochemical reactions occurring a t  the wall .  
The in te rac t ion  o f  a complex two-zone combustion f low f i e l d  i n  
which primary and secondary ox id izer  streams react  w i th  the f ue l  
sheet and the bar r ie r  cool ing f low p o i n t j  up the f a c t  t ha t  the 
zone nearest the wall a t  the throat  i s  s i gn i f i can t l y  detrimental 
t o  the i n t e g r i t y  of MX2600 abla t ive  material during the present 
LMDE duty cycle f i r i n g  sequence. 

3.4 ANALYTICAL GAS-SIDE HEAT TRANSFER COEFFICIENTS 

The gas-side heat t ransfer  t o  the chamber wal l  i s  a funct ion o f  the 

propel 1 an t  properties, chamber pressure, and engine geometry. The most 
important heat t ransfer  mode f o r  the LMDE chamber i s  tha t  o f  forced con- 
vection. 

There are Several forced convection correlat ions cur rent ly  i n  use 

f o r  rocket th rus t  chambers. These include both boundary layer  and pipe 
f low equations. The most comonly used, eas i l y  appl i ed  c l  osed-form pipe 
f low solut ion i s  tha t  o f  ~a r t z ' s imp l i f i ed  analysis technique: 

Using the Bartz reference temperature 

a i s  given by 



where: = slope of the gas viscosity -. temperature data 
Y = rat io  of specjfic heats 

An investigation of the LMDE combustion gas property variations from 
available rocket chemistry data was made. The current LM Descent 
Engine injector exposes the chamber to  a two-zone (on a simp1 ified basis) 
combustion flow f ie ld ;  the zone nearest the wall has a mixture ra t io  which 
varies w i t h  length of travel and, qujte with wall temperature. 
The range of wall mixture ratios investigated should adequately represent 
the maximum probable for the LMDE chamber. 

The property variations taken from rocket chemistry data for  N204/ 

50-50 N2H4 - '  UDMH were as follows: 

* 
Percent variations shown correspond to property differences a t  the specified 
conditions ( P ~  and O/F) compared to pc = 50 psia, O/F = 1.6. The variations 
shown are typical of that experienced over the ent i re  mixture ra t io  range. 

These results show that  the theoretical gas property variations for  
3 

l Y  . &. 
: mixture ratios from 0.8 to  2.2 are  insignificant and would have l i t t l e  effect 

,;., ,.j 0 
L < .... on the Bartz convective heat transfer coefficients i n  the LMDE chamber and 

throat, 



A ful l  range of LMDE chamber-throat heat transfer coefficients as a 
function of O/F PC, wall temperature, and chamber location was generated 
by use of the Bartt simplified analysis technique i n  order to  f ac i l i t a t ?  
the analytical and experimental heat transfer studies planned in support 
of the program. The results of th is  . analysis are  shown i n  Figure 3-2. 

3.5 HEAT SINK CHAMBERS 
5- 

The following subsections describe the heat sinkTchambsrs uti l ized i n  
the heat transfer tes t s  for  the chamberlin jector compati~fl-iiy improvement 

study. Specifically, the discussion covers the design, analysis, and sub- 
sequent tes ts  and results for  the heat sink chamber and throats uti l ized 
throughout the program. 

3.5.1 'chamber Design 
The Qua1 B heat s i n k  thrust chamber design as shown i n  Figure 3-3 

employed mild s teel  cylindrical chamber sections and a contoured throat 
section. A 1.5 inch thick chamber wall was established such that  the 
backwall (extsrior) would not experience a temperature increas2 during the 

planned short duration f i r ing  tes t s .  T h i s  restriction allows the use of a 
single hot side wall temperature measurement as opp~sed to  a temperature 
gradient measurement that  would require chamber outside surface temperature 
measurements opposite each hot wall surface thermocouple. Generally , the 
heat transfer prediction techniques that  yield local heat flux require both 
hot and cold wall temperature responses as a function of time over the 
engi ne f i r ing duration. E l  imi nation of the cold wall temperature responses 
i n  the transient analysis (1) reduces the required data acquisition volume, 
and ( 2 )  reduces data reduction and Qnalysis time. Surface temperature 
probes (per Reference 5) were uti l ized to  obtain both axial and circum- 
ferential temperature data i n  the chamber and throat areas as shown in the 
photograph on Page 3-10. The thermocouples were spaced as shown i n  Figure 
3-4 to  measure regions on and between barrier cool l I ig holes. The angular 
orientation of the chamber relative to  the flow control valves was, of 
course, variable so as to  be able to  l ine up  the groups of TIC 'S  a t  station 
3 and 7 with regions of high erosion tendencies as shown by streak and 
ablative chamber tes ts .  Reference 3 further detai ls  the hardware require- . 

ments and design cr i te r ia  for the heat sink chamber. 



4 5 6 7 
(R) CHAMBER RADIUS - INCHES 

(PC) CHAMBER PRESSURE - PSlA 

FIGURE 3-2 LMDE CHAMBER-THROAT HEAT TRANSFER COEFFICIENTS 
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HEAT SINK CHAMBER PHOTOGWPH 



3.5.2 Ana ly t i ca l  Thermal Analysis of Heat Sink Throat - 
An analys is  was perforned on the heat s ink  t h r u s t  chamber t o  determine 

the  pro babl e thermal operat ing charac ter is t i cs .  The analys is  was conducted 
a t  the  th roa t  s t a t i o n  u t i l i z i n g  the  heat s ink  thermal mode? as shown i n  
Figure 3-5, The i n te rna l  and external  surface temperature:? vtere determined 
as funct ions of time, chamber pressure, and e f fec t ive  gas recovery tempera- 
ture. Previously, 1 im i  ted  heat t rans fe r  data ind ica ted  average e f fec t i ve  
gas temperatures var ied from approximately 3500' t o  500U°F over the range of 
operat ion ( t h r u s t  l e v e l )  o f  the LMDE chamber us ing Oual B head end assem- 
b l  ies. Therefore, t h i s  parametric analysis encompasses a l l  possib le heat 
loads an t i c i pa ted  dur ing actual engine operation. 

The ana ly t i ca l  r e s u l t s  shown i n  Figures 3-6, 3-7, and 3-8 were used 

as gui'del ines i n  establ  i s h i  ng t e s t  dura t ion  1 imi ta t ions .  The two pre- 
scr ibed i n te rna l  (hot  wa l l )  temperature 1 i m i t s  o f  1400 and 1700°F were 
adequate t o  ensure chamber i n t e g r i t y  and o v e r a l l  durabr 1 i ty  wh i l e  provid- 
i ng  the  desired l o c a l  wa l l  environmental data. Temperatures up t o  2000°F 
could be tn le ra ted  provided *he stay tlme a+ thr? h + g h ~ r  fclqperat!lre was ~f 

shor t  dura t ion  so as no t  t o  cause l o c a l  ox ida t i on  st reaking across the 
thermocoupl es . See Reference 3 f o r  addi t i o n a l  a n a l y t i c a l  temperature 
data, 

3.5.3 Data Reductinn and Analysis Technique 

The method o f  data reduct ion f o r  the  heat s ink  thermocouple t e s t  data 
was selected based on the fo l l ow ing  desi red object ives:  

e Fast turnaround t ime from t e s t  t o  reduced data 5n engineering 
form. 

o Processing o f  the data be accompl ished a t  the CTS onsi t e  
computer, 

e Censistent analys is  technique, 

e Inaxpensive data reduct ion. 

An approximate so lu t i on  o f  the temperature d i f f u s i o n  equation was 
2 : selected f o r  use i n  the on- l ine data reduct ion program. 

'$ 0 
! t 
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CHAM3EP. PRESSURE, PSlA 

FIGURE 3-6 HEAT SINK CHAMBER PERVISSIBLE FIRING DURATION 



RECOVERY TEMP., O F  ..I 

FIGURE-3-7 .+ HEAT SINK CHAMBER PERMISSIBLE FIRING DURATION 
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The solution is of the form, 

where : 

T" = wall temperature a t  time e 

T, = i n i t i a l  wall temperature 

TR = recovery temperature 

-.-- - - 
. hg = convective film coefficient 

.= material thermal conductivity 

a = material thermal diffusivity 

This  solution requires the following assumptions and boundary conditions 
between any two consecutive time points: k 

r Constant recovery temperature 
e Constant film coefficient 
r Constant wall thermal properties 
e Semi-infini t e  wall body 

T h i s  simp1 if ied solution was found t o  yield comparable heat flux re- 
sul ts  to the more elaborate tumerical solutions of the temperature diffu-  

sion equation which requires complete wall interior mesh point temperature 
distribution calculations w i t h  i terat ive techniques, convergence restr ic-  
tions and s tab i l i ty  c r i te r ia  i n  order .to arrive a t  the hot side surface 
thermal gradient and the heat f l ux .  Studies showed that the approximate 
technique yields the same heat f lux values (within t5%) as the more ela- 
borate numerical solution. 



Rearranging Equation (1 ) , 

where, 

and, 

Appl i ca t ion  o f  Equation (2) t o  ana ly t ica l  wal l  temperatures showed t ha t  

t h i s  curve form yie lded the best f i t  t o  the ana ly t ica l  ~01ut.ions when 

compared wi th four other basic curve fit forms. I n  add i t ion the curve 

forni represented by (2) was compared wi th  t es t  data from steel heat s ink  
'.. chambers and found t o  y i e l d  the most accurate f it over the other basic 

forms. 

From the basic form o f  Equation (21, it i s  apparent tha t  the components 

o f  heat transfer, namely hg and TR, are read i l y  determined once the constants 

A and B o f  Equations (3) and (4), respectively, are calculated. This i s  
simply accomplished by imposing a l eas t  squares curve fit t o  the raw wal l  

temperature-time data o f  the same basic form as Equation (2) and computing 
the constants A and B. 

The Heat Sink Rig Data Analysis Program (HEAT) was wr i t ten  (Reference 

13) and implemented on the SDS 930 comput~r located a t  CTS t o  provide the 

required on-1 ine data reduction capabil i ty,  

Temperature data from each thermocouple f o r  each t e s t  i s  recorded 

a t  the Capistrano Test S i te  Control Center. 



Thermocouple I /L 
Probe Data to  Ac uisi tion 

Locati ons System a t  2 TS 

. . .. .. 
I - ' wnot 

HEAT SINK 4 ()/A (Heat Flux) 
CHAMBER ---I hg (~PYFEII.) 

TR (Gas ~ e c o v e r ~ )  
Temperature 

' ~ h e  recorded temperature data were reduced a t  CTS on the ~ e n e r a l  Data 
Reduction Processor. T h i s  provided a listing of engine performance data 
and raw wall temperature data from the thermocouples i n  engineering units. 
I t  a1 so writes a FORTRAN readable data tape which contains the raw wall 
temperature (Tw) and time ( 0 )  measured from the f i r e  switch signal. A t  
this point the data is reviewed and the.  control data cards s e t  up for HEAT. 

HEAT i s  then loaded and executed. 

< .  
: . 1%. execution HEAT performs the following functions : 

. . 
. . 0 The data tape is read; temperature data for  time e are f ~ u n d  

.: and stored. 

o A least  squares curve f i t  is computed for  each thermocouple 
using a l l  data on the tape for  time between el and eN. 

a The data tape i s  rewound and the s t a t i s t i c s  of each curve f i t  
.(index of determination, standard error of estimate, and maximum 
residual) are computed, 



a Using the assumptions of a semi - in f in i te  wall, constant gas 
recovery temperature (TR) and constant convective heat t ransfer  

coef f ic ient  ( h  ) f o r  each thermocouple- and the temperature curve 
9 

fit, the heat transfer equations are  numerically solved f o r  heat 
f l u x  (Q/A) . recovery temperature, and convective coe f f i c i en t  

a t  the N time points between el and eN. 

a The computed information i s  p r in ted  out  i n  tabular form, 

Complete documentation o f  the HEAT program i s  contained i n  Reference 13. 

Qual B Base1 Sne Thermal Environment Characterizat ion 

The Qual B heat s ink chamber conf igurat ion was subjected t o  f i f t e e n  

(15) f i r i n g s  between 19 December 1968 and 28 January 1969. Testing was 

conddcted on HER 023 i n  the TRW VETS f a c i l i t y .  The t o t a l  react ive  time 

accumulated was i n  excess o f  350 seconds consist ing o f  8 tes ts  on the 

i n i t i a l  bu i l d  and 7 tes ts  on the second bui ld.  The f u l l  LMDE t h rus t  

range was covered i n  the  heat s ink tes ts ,  name1 y FTP, 65X, 50% 2574, and 

10%. 

3.5.4.1 Heat Sink Chamber Test Summary 

The Qual B base1 ine  heat s ink chamber tes ts  completed during the 
characterizat ion t e s t  program are  presented i n  Table 3-1 . 

3.5.4.2 Tem~erature Data 

Typical temperature data from the heat s ink chamber are  shown i n  
Figures 3-9 and 3-10. These p l o t s  show the ax ia l  and circumferential  

va r ia t ion  o f  ho t  side wal l  temperature as a funct ion o f  t h rus t  l e ve l  on 

a common basis of 55me a f t e r  f i resw i  tch. Other t yp ica l  t rans ient  tempera- 

t u re  traces are shown i n  Reference 26. These temperature data were 

used t o  calculate the heat f l u x  leve ls  throughout the chamber u t i l  i t i n g  
the HEAT data reduction program. 



TABLE 3-1, HEAT SINK CHAMBER TESTS 

I * 
1 - 
C Approximate Val ues . . 

** 
No Barrier Coolant Flow 

NOTE: A 1.00 inch in jec to r  turbulator  was used on a l l  t e s t s .  
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3.5.4.3 Heat Flux Summary 

A summary o f  the throat  region heat  f luxes for the Qua1 B steel  chamber 
i s  presented i n  Table 3-2. 

TABLE 3-2. HEAT SINK HEAT FLUX SUMMARY 

* 
B.C.H.  - B a r r i e r  Coolant Hole 

3-23 



Table 3-2 (Continuad) 



t r .  .. . 
I . .' . _  . _ - .  _ * . . .  . . . -  . a A .  . - .  ,.... 

Emphasis on heat f l u x  data has been placed on tes ts  VA1-688 through 

693 because of the care taken i n  preparing the thermocouple instrumenta- 

t i o n  on the heat sink chamber. 

Heat f l u x  data a t  throat  locat ions 6 and 7 have been charted i n  

Figure 3-11 t o  show the heat f lux  changes wi th  thrust  l eve l  f o r  the 

Qua1 B H/S configuration. 

The th roa t  plane showed the highest inc ident  heat f l u x  when 
compared w i th  other throat  region (convergent) 1 ocat ions f o r  

wal l  temperatures i n  excess o f  1 500°F. 

The heat f l u x  a t  the th roa t  i n - l i n e  w i th  the bar r ie r  cool ing 
-- . -  --- .- - holes was ( i n  general) s l i g h t l y  greater than th roa t  points 

lncated between bar r ie r  cool i ng holes . 
Sta t i s t i ca l  analysis and averaging techniques were necessary 
t o  adequately define the heat f l u x  1 eve1 s on and o f f  the 

bar r ie r  cool ing holes. 

e The heat f l u x  leve ls  i n  the throat  region ( locations 6 and 7) 
were as fol lows : 

I Heat F l  ux, Btu/sec-in 2 

Thrust Level (T,) = 1 6OO0F 

FTP 1.98 (1 6 Data 
Point  

65% 1 .36 Averages) 

50% 0.82 

25% 0.58 

3.5.4.4 Indicated Throat Recovery Temperatures 

The heat f l u x  data from Tab1 e 3-2 was analyzed on a parametric basis 

3 veveal i ng the possible combinations o f  e f f ec t i ve  loca l  gas recovery tempera- 

tures and corresponding f i l m  coe f f i c ien ts  t o  sa t i s f y  the average heat f l u x  . 

a t  the throat  s ta t ion  f o r  each th rus t  leve l  investigated. 
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Computations were accomplished by use o f  .the f o l l  owi ng: 

where: 

T" = (Variable as shown) 

Q/A - Heat Flux f rom Table 3-2 

TR - assumed range o f  values 

The fo l lowing type o f  curve was then generated t o  a i d  i n  the deter- 

mination o f  TR a t  each t h rus t  level :  

THRUST = CONST. 

The ho t  s ide wall thermal environment d i d  not  exh ib i t  constant recovery 

ternperaturelheat t ransfer  f i l m  coe f f i c ien t  leve ls  during heat' s ink tes ts  

w i t h  wal l  temperatures up t o  1800°F. 

The indicated recovery temperatures a t  the throat  plane ( locat ion 7) 
were as shown on the fo l lowing page. 



These resu l t s  are based on the assumption t ha t  nominal theoret ical  
f i l m  coef f ic ients  from Section 3.4 e x i s t  a t  the throat. The recovery 

temperatures shown are, a t  best, approximate values. The use o f  theoret i -  

ca l  f i l m  coef f ic ients  grants the only means possible ( a t  the present time) 

t o  derive recovery temperature information from the heat f lux  data. The 

resu l t s  o f  t h i s  study are shown graphical ly  i n  Figure 3-12. 

3.5.5 Modified Chamber Contour Thermal Environment Characterization 

The modified chamber contour test series was i n i t i a t ~ d  on 18 February 
1969 and completed on 21 March 1969. Testing was conducted on liEA 023 i n  

the VETS f a c i l i t y .  The t o t a l  react ive  time accumulated was 480 seconds 

consist ing o f  8 Countour "A" tests, 5 Contour "B" tests, and 8 Contour 

"Cu tests. The thermal environment information has been compared wi th  

data from the Qua1 B throat  conf igurat ion t o  y i e l d  the contour changes 

most 1 i k e l y  t o  r e s u l t  i n  reducing LMDE throat  heat f l ux  and erosion. 

3.5.5.1 Modified Contour Test Summary- 

The modified chamber contour tes ts  u t i l i z i n g  a comon conical 

instrumented heat s ink th roa t  are summarized i n  Table 3-3.. 
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3.5.5.2 Experimental Chamber Configurations 

The heat f l u x  data from a l l  tes ts  were obtained f r o m  the fo l lowing 

thrust  chamber configurations: 

(TRW DWG. E403734) 

( I l l u s t r a t i ons  are no t  t o  scale) 

The Qua1 B configuration above has been analyzed and the resu l t s  o f  

the study have been documented i n  Section 3.5.4 as the baseline thermal 
characterization. 

r 

t 

CONTOUR "A" 
SEE PTR 4024-004 REVISION A)  18' COW ICAL THROAT 

6' 47" -----f,- 
CONTOUR "B" 

(SEE PTR 4024-004 REVISION A) 



CONTOUR "C " 
(SEE PTR 4024-004 REVISION A) 

( .' j 
* _ _ .  

A common heat sink conical throat  was used on a l l  tes ts  o f  the modi- 

f ied chamber contours. This throat  (Figure 3-13 below) was used t o  obtain 
t ransient  hot wal l  temperature data by use of thermocoupl e probes 1 ocated 

a t  the hot side surface. 

FIGURE 3-1 3 HEAT SINK CON1 CAL THROAT PHOTOGRAPH 

These temperature data were used t o  calculate the throat  region heat 

f l ux  levels by use of Section 3.5.3 data reduction proaram. 

Typical t ransient  temperature traces from s t r i p  charts taken during 
.'I 

- %  the tests are presented i n  Reference 26. 

I .<  . . 3.- 3 2 
. t  



3.5.5.3 Heat F lux Summtry and Comparisons w i t h  Qual B 

The thermal data acqulred from these t e s t s  has produced the  fo l l ow ing  

information: 

0 Each modi f ied chamber conf igurat ion y ie lded l w e r  t h r o a t  reg ion  
heat loads than the Qual B con f i gu ra t i on  a t  t h r u s t  l e v e l s  o f  25%, 
65%, and FTP. 

The 50% t h r u s t  l e v e l  t e s t s  showed t h a t  the modi f ied chambers 
. - : . . .  . '  .. . . : .. . .' .. .:j,ialded . h igher  t h r o a t  heat 1 oads than the  Qua1 B conf igurat ion.  

. T .  c: .! o The heat f l u x  changes due t o  the  modi f ied contours r e l a t i v e  t o  
the Qual B base1 i n e  th roa t  heat f l  ux l e v e l  a re  as fo l  lows : 

- - - - 

NOTE: o Q/A values from data a t  T, = 1 600°F 
Q/A values a re  s ix teen data p o i n t  averages 
f o r  t h r o a t  s ta t i ons  6 and 7 

e The modi f ied chamber contour t e s t s  ( u t i l i z i n g  a con ica l  t h roa t )  
showed t h a t  the heat f l u x  a t  s t a t i o n  6 upstream o f  the  t h r o a t  
plane exh ib i ted  'che h ighest  heat f l u x  i n  the t h r o a t  region. 

B The 65% t h r u s t  t h r o a t  heat f l u x  was r e l a t i v e l y  i n s e n s j t i v e  t o  
the  modif ied chamber contour changes. 



a Modified chamber contour "C" produced a 45 percent reduction i n  
throat heat load a t  25% thrust when compared w i t h  the Oual B con- 
figuration. All 'other thrust levels showed contour "C" to  exhibit 
very l i t t l e  (<lo% - reduction) heat flux changes compared with Qua1 B 
levels. 

Bar charts of the heat flux information are presented in Figures 3-14 . . 
through 3-21. All modified chamber contour throat heat flux levels are 
presented a t  fixed thrust levels in Figures 3-14 through 3-17 on a contour 
comparison basis. In addition, throat heat flux levels are presented for 
each individual contour i n  Figures 3-18 through 3-21 on a thrust level 
comparison basis showing the heat flux reduction w i t h  reduced thrust. 

3.5.5.4 Improved Flow Distribution Test Series 

The experimental heat transfer studies for the improved flow dis t r i  - 
bution tes t  series were conducted using a head end assembly f i t t ed  w i t h  
the XX2 Injector (as opposed to  the Qual HEA 023 used i n  a l l  previous 
testing). A1 l o f  the tes ts  perforriied used either modified chamber Contours 
''A1' or IIC1' . The fol lowi ng sect! ons present the chamber heat flux 1 eve1 s 

resuleing from the tes ts  in which the flow distribution i s  improved by vary- 
i ng the oxidizer turbul ator diameter. These results are presented and 
compared for a range of turbulator sizes for  Contour "A" and two sizes for 
Contour "C". These comparisons aid i n  the selection of a turbulator size 
most 1 ikely to result  in reduced LMDE throat erosion. 

Test Summary 

The improved flow distribution t e s t  series was init iated on 12 May 1969 
and completed on 5 June 1969, Testing was conducted on HEA XX2 in the VETS 
faci l i ty .  The tes t  series 1 s defined in Reference 27 and summarized in 
Tab1 e 3-4, 
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TABLE 3-4. INWW'VEU FLOW DISTRIBUTION TEST SERIES 

- .. . ,-. . -. ' 
Heat .Flux Summary and Comparisons 

A common heat sink conJcal throat  (Figure 3-13) was used t o  obtain 
transient  hot wall temperature data by use of thermocouple probes located 
a t  four axial locations a t  the b,t s ide  surface. Stations 4 ,  5, and 6 are  - :. 
located a t  the entrance t o  Gre throat  and Station 7 is  located a t  the  throat  
pldne. 

Heat f lux levels a r e  obtained from the temperature data b,y means of 
t he  data reduction program described i n  Section 3.5.3. The data acquired 

from these t e s t s  has produced the following information: 

e, For chamber Contour?.:JIA" a t  FTP, the 0.928 turbulator yielded the 

lowest heat f l  ux of a1 1 turbulators tested.  



0 Over the range o f  wall temperatures experienced during the tests, 
the 0.960 and 1,025 turbulators yielded heat f luxes lower than 
tha t  o f  the standard 1,000 turbul ator', w i th  the 1.025 turbulator  
being the lowest o f  the three. 

Extrapolation o f  the heat f l u x  data t o  temperatures several hundred 
degrees above these experienced i n  the tes ts  showed t ha t  heat f luxes 

' w l th  the 0.960 turbulator  would be lower than t ha t  w i th  the 1.025 
turbulator. The extrapolat ion also indicated t ha t  a t  s t i l l  higher 
wall  temperatures (i ,e., close t o  actual operating conditions) the 
1.025 turbu la tor  would y i e l d  the maximum heat f l ux .  

0 For Contour "A", a t  65%, the 0.928 turbulator  showed lower heat 
f luxes than the 1.025" turbulator  i n  the region i n  the immediate 
v i c i n i t y  o f  the throat  plane, but s l i g h t l y  higher heat f luxes i n  
the r e s t  o f  the throat. Extrapolat ion o f  the data t o  higher wall  
temperatures shows t ha t  the upstream heat f l u x  decreases w i th  the 
smaller turbu la tcr  size. 

For Contour " C " ,  a t  FTP, the 0.928 turbulator yielded tower heat 

f luxes a t  a l l  s tat ions than the 1,000 turbulator .  

o The wall heat f luxes a t  the various stat ions i n  the throat  region 
a t  which measurements were made are' as follows: 



r The reduction i n  heat f lux a t  FTP i n  the region i n  the imn\nediate 
vic ini ty  of the throat  plane which was obtained using a 0.928 
turbulator instead of the standard 1,000 turbulator i s  presented 
below fo r  each contour tested, 

Above O/A values have been evaluated a t  a wall 
temperature of 1 600" F. 

The reduction i n  heat f lux i n  the region i n  the immediate vic ini ty  i 
? 

of the throat  plane of Contour "A" obtained by using a 0.928 turbu- 
l a to r  instead of a 1,025 turbulator is  presented on page 3-52 for 
each cmtour  tested. 

A t  each axial location the heat f lux to the walls i s  determined by 
taking the average of eight  equal l y  spaced circumferential points, four 
of them being on the barrier  coolant holes and four of them off the barrier  
coolant holes. Figures 3-22 through 3-25 present the average heat flux a t  
each s ta t ion as a function of wall temperature fo r  each turbulator s i z e  
tested for  Contour "A" a t  FTP. Figure 3-26 shows data f o r  the average 
heat f l u x  for  Stations 6 and 7. Figures 3-27 through 3-31 present the 
same information for  Contour "A" a t  65%. Figures 3-32 through 3-36 

present the same information f o r  Contour "C" a t  FTP, Most of the t e s t  data 
was for  a vlall telnperature o f  less  than 16Q0°F but extrapolation has beerr 
conducted u p  t o  1800°F as shown. 

3-45 
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FIGURE 3-22 WALL TEMPERATURE (OF) FIGURE 3-23 

HEAT FLUX 

(BTU/IN~-SEC 

FIGURE 3-24 WALL TEMPERATURE (OF) FIGURS-25 

CONTOUR "A" HEAT F L U X  LEVELS AT FTP 
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FIGURE 3-26 CONTOUR "A" HEAT FLUX LEVELS AT FTP 



FIGURE 3-27 WALL f EMPERATURE (OF) FIGU%E 3-28 

FIGURE 3-29 WALL TEMPERAI'UEE (OF) FIGURE 3-30 

CONTOUR "A" HEAT FLUX LEVELS AT 65% THRUST 
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FIGURE 3-32 WALL TEMPERATURE (OF)  FIGURE 3-33 

FIGURE 3-34 WALL TEMPERATURE (OF)  FIGURE 3-35 

CONTOUR "C" HEAT .FLUX LEVELS AT FTP 



WALL TEMPERATURE (OF)  

FIGURE 3-36 CONTOUR "Ctt  HEAT FLUX LEVELS AT FTP 
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0.928 Turb. 

Above Q/A values have been evaluated a t  a wall 
- temperature of 1600°F. 

Figures 3-37 through 3-39 summarize the above results for the region 
i n  the immediate vicinity of the throat plane; i.e., Stations 6 and 7. 
Figure 3-37 shows throat heat f l u x  as a function nf turbula tor  size f o r  

Contour "A" a t  FTP w i t h  two different wall temperatures. Figure 3-38 

shows throat heat flux as a function of turbulator size for  both of the 
contours tested a t  FTP w i t h  a wall temperature of 1600°F. Figure 3-39 
presents throat heat flux as  a function of turbulator size for  Contour 
"A", a wall temperature of 1600°F, and two different thrust levels. , 

3.6 WATER-COOLED CHAMBERS 

The fol lowing subsections describe the experimental hardware, data, 
analyses, and results achieved during the program for  two heat transfer 
rigs ut i l  i zi ng water-cool i ng schemes to derive the required heat transfer 
data. Figure 3-40 shows the steel water-cooled chamber which has three 
separate compl ete  annul us water passages. Figure 3-41 shows the a1 umi num 
water-cool ed chamber. This chamber was composed of many is01 ated cool i ng 
slots  throughout the entire chamber i n  order t o  determine heat transfer 

t variations ci rcumferentiall y as we1 1 as axial ly. 



(CURVES SHOWN ARE DATA AVERAGES OF STATIONS 6 AND 7\ 

TURBULATOR SIZE (IN. ) 

FfGURZ 3-37 CONTOUR "A" HEAT FLUX AT FT? 

TURBULATOR SIZE, (IN.) 

FIGURE 3-38 CONTOURS "A" AND "C" HEAT FLUX AT FTP 
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3.6.1 Steel Water-Cooled Chambers 

P ser ies  o f  LMDE water-cooled s tee l  chamber t e s t s  were performed and 

the  r e s u l t s  were analyzed t o  der ive  heat f l u x  t o  the  wa l ls  and possib le 

co r re l  a t ions between recovery temperatures and f i l m  c o e f f i c i e n t s  as a 

funct ion o f  chamber a x i a l  l o c a t i o n  and th rus t .  These data were a1 so ussd 

t o  substant ia te baseline thermal design margins f o r  the C I C  Program heat 

t rans fer  t e s t  chambers. The r e s u l t s  presented represent two head end 

assemblies. HEA 038 was tes ted  before HEA 023. HEA 023 was the CIC Pro- 

gram common head end assembly used w i t h  a l l  chamber conf igurat ions except 

dur ing the tu rbu la to r  t e s t  ser ies. 

Several s i g n i f i c a n t  ~ o n c l u s i o n s  may be drawn from the  arralysis. These 

a re  presented below w i t h  comparisons between HEA 038 and 023 resu l t s .  

e The water-cooled chamber heat f l u x  using HEA 023 i s  s i g n i f i c a n t l y  
greater  than when using HEA 038 a t  t h r u s t  l e v e l s  greater than 25%. 

o HEA 038 showed t h e  t h r o a t  reg ion  gas recovery temperature t o  be 
nlaximum around 25% thrust. 

HEA 023 t e s t s  i n d i c a t e  a peak recovery temperature ex,;sts i n  the  

t h r o a t  region a t  around 25% and 80% t h r u s t  although i t  i s  no t  as 
c l e a r l y  def ined as f o r  HEA 038. Furthermore t h r o a t  recovery 

temperature could be considered as almost constant over the  

t h r u s t  range f o r  HEA 023 tes ts .  

e For the  chamber bar re l  from t h e  i n j e c t o r  t o  approximately 5 inches 

downstream o f  the  turbulence r i n g ,  t he  maximum heat f l u x  t o  the  

wa l ls  occurs a t  a t h r u s t  l e v e l  o f  approximately 70%. The th roa t  

maximum heat f l u x  occurs a t  FTP. 

A t  FTP the chamber bar re l  experiences very low heat loads from 

the  i n j e c t o r  t o  approximately 5 inches downstream o f  the  t u r -  

bul ence r i ng . 
e F i lm  b a r r i e r  cool ing effects Sn the  bar re l  d imin ish r a p i d l y  a t  

t h r u s t  l e v e l s  below FTP. 



. . >... I , . . , '  . " . . 

a Due t o  unpredictable combustion turbulence and two-tone p r o f  il es 
i n  the chamber, conventional p ipe f l ow  co r re la t i ons  and B a r t t  
p r e d i c t i o n  methods are  inadequate f o r  .predict ing f i l m  c o e f f i c i e n t  

p r o f i l e s  i n  the  chamber bar re l .  By using an assumed recovery 
temperature p r o f i l e  and i t e r a t i n g  between f i l m  c o e f f i c i e n t  and 
recovery temperature some degree of c o r r e l a t i o n  i s  obtained be- 
tween these r e s u l t s  and pretfminary, heat s ink  t e s t  resu l t s .  

a There i s  some evldence from the  data analys is  t o  substant ia te 
t h a t  the "pipef low" co r re la t i ons  and B a r t t ' s  p red i c t i on  methods 
are  reasonably accurate a t  the  throat .  

3.6.1.1 !la Reduction and Analysis 

. . The s tee l  LMDE water-cooled chamber sf Figure 3-40 i s  shown schema- 

t i c a l  ly. i n  Figure 3-42 along w i t h  a1 1 o f  the  t e s t  data acquired from t e s t  

f i r i n g s  using HEA 023 and 038. The measured ~001a i ) t  water garameters and 

engine operat ing condi t ions shown were f o r  steady-state operat ion. 

The ser ies o f ,  t e s t s  analyzed Rad the. cool a n l  fi ow rate and hul k 

temperature r i s e  measured f o r  t he  t o t a l  chamber and f o r  each o f  the fou r  

separate sections. Thus, average heat  f l u x  was ca lcu la ted  f o r  each t e s t  
as fol lows: 

Heat: 

Heat Flux: 

-A 
91A - Area 
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Chamber Sections 

b- Throat Section ,-d 

In order to determine the average recovery temperatures a t  each 
section, a convective heat transfer coefficient profile was assumd to 
exist over the entire chamber as shown i n  Figure 3-46. The recovery temp- 
erature was calculated as follows: 

A1 ternatively, i f  a recovery temperature profile i s  assumed, then 
Equation (7) can be used t o  derive a film coefficient profile. 



The hot side average wall temperature, 

where: 
t = wall thickness 
k = conductivity of wall material . . 

The inside cold wall temperature is obtained by assuming that heat trans- 
,: fer t o  the water flowing i n  the wall cooling annulus is taking place under 

conditions of sub-cooled nucleate boiling. If TSAT is the saturation 
- - . - - . . temperature of the l iqu id ,  then under these conditions the maximum value 

of (TWCold - TSRT) is 60°F and the minimum is  about 30°F. For purposes of 
t h i s  analysis it was assumed that (TwCold - TSAT) was 50°F under a l l  condi- 
tions. The saturation temperature of the l a te r  under t es t  conditions was 

Therefore, 

Hence, 

Wall material : 347 SS 

Wall' thickness: 0.065 i n .  (al l  sections) 

3.6.1 .2 Thermal Environment Results and ~~nc lus ions  
f i :  ,. 
\- . . The measured steady-state t es t  data from ~ i ~ u r e  3-42 was reduced to 

thermal environment information and the significant results are as foll ows: 

a Figures 3-43, 3-44, and 3-45 show the ca~culated-average heat 
f l u x  a t  each water-cooled section as a function of- chamber 
pressure. 

a Figure 3-46-shows the 'Bartz theoretical film coefficients (from 
Section 3.4) for the LMDE chamber and throat as a function of 
chamber pressure. 
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FIGURE 3-43 AVERAGE HEAT FLUX (HEA 023) 

.PC - PSIA 
, . 

FIGURE 3-44 AVERAGE MEAT FLUX (WEA 038) 
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FIGURE 3-46 BARTZ THEORETICAL FILM COEFFICIENTS 
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& Q $ .  
YPI I . C  --a Table 3-5 shoka the estimated hot side wall temperatures f o r  

each chamber section as a function of  chamber pressure using 
Equation (9). 

TABLE 3-5. ESTIMATED HOT SIDE WALL TEMPERATURES 



I' 

Table 3-6 shows the average coola.nt .flow par?.mt?ters and heat trans- ! i 

f e r  areas f o r  the t e s t  r igs .  
\ i 

Figures 3-47 and 3-48 show the ca l cu lhed  recovery temperatures for , , 
' I i ! 

each chamber section as a funct ion o f  chamber pressure using nominal ! I : 
I ; 

values o f  convective f i l m  coe f f i c ien ts  from Bartz's short form 1 
! i 

anal ys 3 s . i I : i 
i j 

Figures 3-49 and 3-50 show the calculated recovery temperatures for  . i 

each section as a funct ion of chamber pressure. Two sets o f  re-  ; : 1 1  i 
covery temperature curves are shown. The higher se t  represents i i 

8 
i .  i 

the resu l t s  from using the nominal Bartz coef f ic ients  (BARTZ = 1). 

The lower set shows the reduction o f  calculated recovery tempera- 
tu re  f o r  Bartz coef f ic ients  t ha t  are twice the nominal value (BARTZ 

= 2). The resu l t s  show tha t  the conventional forms o f  the f i l m  

coe f f i c ien t  prof  i 1 e do not pred ic t  expected recovery temperature 

p ro f i l e s  a x i a l l y  i n  the chamber. Since a recovery temperature 

greater than 51 50°F (combustion temperature) i s  not possi b l  e i n  

the LMDE chamber, the assumption o f  nominal Bartz coe f f i c ien t  

levels for the chamber i s  erroneous f o r  the f u l l  chamber pressur? 
range i nvestiga ted . 
Figures 3-51, 3-52, and 3-53 present an a'nalysis o f  the data f o r  

HEA 023 tes ts  i n  a s l  i g h t l y  d i f f e r e n t  form. The recovery tempera-, 

tu re  i s  assumed constant regard1 ess o f  chamber locat ion or pres- 

sure and the heat t ransfer  coe f f i c i en t  i s  evaluated as a funct ion 
o f  locat ion and chamber pressuve. The f igures present the resu l ts  

f o r  recovery temperatures of 5000°F, 4000°F and 3000°F and the 
heat t ransfer  coe f f i c ien t  i s  presented as a function of the nominal 

Bartz coe f f i c ien t  a t  each locat ion.  The coe f f i c ien t  ra t?os  shown 

represent the amp1 i f i c a  t i on  factor r e l a t i v e  t o  Bartz. 

e Neither the assumption o f  BARTZ = 1 o r  a constant recovery tempera- 

ture i s  s t r i c t l y  va l id .  Both h/hEARTz and recovery temperature w i  11 

vary as a funct ion of both chamber locat ion and chamber pressure, 

Figures 3-54 and 3-55 present the resu l ts  o f  an analysis of t h i s  

e f fec t  and show the var ia t ion  o f  recovery temperature w i th  chamber 

locat ion and pressure fo r  an assumed f i l m  coe f f i c ien t  p r o f i l e .  
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FIGURE 3-48 RECOVERY TEMPERATURE PROFILE (HEA 038) 



BARTZ = I I 
~ P R E D I ~ T I O N  j I1 I 

FIGURE 3-49 RECOVERY TEMPERATURE PROFILE (HEA 023) 



FIGURE 3-50 RECOVERY TEMPERATURE PROFILE (HEA 038) 



CHAMBER LOCATION 

1.4 

FIGURE 3-51 AMPLIFICATION FACTORS PROF1 LE , TR=500OeF 

D 

HEA 023 DATA 

CHAMBER LOCATION 

FIGURE 3-52 AMPLIFICATION FACTOR PROFILE ,. .TR=40000F 



CHAMBER LOCATION 

FIGURE 3-53 AMPLIFICATION FACTOR PROFILE, TR=30000F 



FIGURE 3-54 RECOVERY TEMPERATURE PROFILES 
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I 
ASSUMED FILM COEFFICIENT = 5 X BARTZ AT SECTION I 

= 3 X BARTZ AT SECTION I1 
= 2 X BARTZ AT SECT ION II I 
= 1.1 X BARTZ AT THROAT 

CHAMBER LOCAT ION 

FIGURE 3-55 RECOVERY TEMPERATURE PROFILES 

3-74 



This assumed f i l m  coe f f i c i en t  i s  based upon i t e r a t i n g  between a 
prel iminary assumed temperature p r o f i l e  and the resul tan t  f i l m  
coeff icient p r o f i l e  using some estimates f o r  recovery tempera- 

tures i n  chamber section No. 1 based upon data from heat s ink  

tests. 
TABLE 3-7. COOLANT FLOW PARAMETERS 

* 
Cool ing flow-area data derived from the f o l  lowing TRW 
Systems reference pr in ts :  

El 10224 

El 10225 - Throat Section Linear 

El 1 0226 

E401253 - Assembly 

EF112279 - Chamber Section LJner 
** , 
" ~ ~ 0  represents the average f low ra te  a t  each section f o r  both tests. 



@ 3.6.2 Qua1 B Experimental A1 uminum Chamber Thermal Analysis 

A comprehensive thermal analysis was performed on the experiments: 

water-cooled LMDE thrust  chamber o f  Figure 3-56. . This study was made t o  

provide adequate thermal design margin f o r  the aluminum heat t ransfer  

r i g  and t o  establ i s h  the water f low requirements f o r  accurate heat trans- 

f e r  measurements over the f u l l  engine operating range. A hot  wal l  tempera- 
tu re  1 i m i t  o f  550°F was establ ished i n  order t o  'ensure overa l l  chamber 

i n t e g r i t y  and % .  durabi l  i ty . Water flows were selected f o r  each cooled sec- 
t i o n  i n  order t o  provide a baseline f o r  the detai led design o f  the water c:'. cooled chamber r ig .  Each o f  the two (2) chamber cy l i nd r i ca l  sections were 

found t o  be safe u t i l i z i n g  water f low rates o f  7 lbm/sec. The th roa t  sec- 
t i o n  was adequate using 20 lbm/sec. 

Heat Transfer Data Acquis i t ion Requirements 

The heat t ransfer  t e s t  r i g  was designed t o  provide heat t ransfer  data 

t o  loca l  areas o f  the chamber walls during steady-state engine operation. . 

In order t o  acquire accurate heat t ransfer  i n f ~ r m a t i o n  the water Claw ra te  

must be s u f f i c i e n t l y  1 ow t o  a1 low rea.sonab1 e water temperature i ncreas-es 

t o  occur while passing through each loca l  area. The temperature r i s e  must 

be o f  su f f i c i en t  magnitude a t  the f u l l  th rust  operating po in t  i n  order not 

t o  compromise accuracy a t  low thrust  points due t o  the lower heat input  

along the wall. Figures 3-57 and 3-58 show the calculated water tempera- 

tu re  r i s e  f o r  the chamber and throat  sections f o r  the assumed range o f  

conditions. It i s  apparent t ha t  the lower water flows y i e l d  the most 
temperature r i  se f o r  any operating environment. It was desirabl e, however, 

tha t  the water temperature a t  each section out1 e t  not  be near the b o i l  i ng  
po in t  a t  atmospheric pressure. The r e s t r i c t i o n  o f  non-boil ing a t  the out- 
l e t  o r i f i c e  prevents o r i f i c e  flow character is t ic  changes since the 

water density and Reynold's number remain essent ia l ly  unchanged during 

the tests. 

Cool i ng Capacity Requirements 
. . 

The water heat fl ux capabi 1 i t y  requirements were determined f o r  each 

section o f  the chamber such.that high wall temperatures would not ex i s t  i n  

the water cooled r i g  during hot f i r i n g  tests. Previously, LMDE' test  data 



FIGURE 3-56 ALUMINUM WATER COOLED TEST RIG PHOTOGRAPH 
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FIGURE 3-57 CALCULATED WATER TEMPERATURE R ISE  FOR CHAMBER SECTION 



FIGURE 3-58 CALCULATED WATER TEMPERATURE RISE FOR THROAT SECTION 



2 showed that heat fluxes up to 3.2 Btu/sec-in could be experienced locally 
i n  the chamber-throat region. For water heat flux capabilities in th is  
region a number of forced-convection non-boiling and nucleate boiling 
investigations were performed. A correlation of the pertinent nucleate 
boiling data i s  shown in Figure 3-59 representing the pertinent range 
necessary for analyses of the water-cooled rig under maximum heat f l u x  
conditions . 

Util ization of the improved cool i ng capabil i t i e s  of water i n  forced- 
convection nucleate boiling permits the use of lower flow rates in the c ': various sections of the t e s t  rig without compromising the maximum operat- 
ing wall temperatures. Furthermore, the lower flows wi  11 promote greater 

.-.-. - . -- .heat transfer measurement accuracy due t o  the resulting higher temperature 
increase- while passing through each cooled section of the rig. 

The present water source supplies water .at 70 t o  80 psia to  the rig 
manifold supply r ing.  The mean water pressure i n  the rig coolant passages 

Fw p?2 was estimated to be 60 psja. .Under this condition the wataln saturation 
w 

temperature is 300°F. Since the water temperature varies from 70°F to  
over 1 OO°F through the cool ant passages, the degree of subcool i ng varies 
from 230°F to 200°F. 

The anticipated cool ant water vet oci t i e s  were derived from Figure 
3-61 as  follows: 

Inlet to Transition Point 
Transition Point to Exit 



FIGURE 3-59 NUCLEATE BOILING DATA FOR WATER 



The anticipated heat f l u x  values were as follows: 

I n l e t  to  Throat Section 

* 
Maximum based on TR = 5000°c PC * 100 psis O/F = 1.6 

* 
Minimum based on TR = 3500°F PC 10 psia O/F = 1.6 

Previous heat transfer data from the LMDE steel water-cooled chamber 

assembly i r~dicated that the above anticipated niaximum and minimum heat 
f l u x  values should bdequ",ely represent the range of conditions necessary 

f o r  thermal design o f  the proposed water-coaled tes t  r ig .  Although LMDE 

water tes t  data substantiates the present thermal . design c r i te r ia ,  addi - 
t ional  e f f o r t  was continued t o  iso late and define the unconventional heat 

transfer sh i f t s  i n  the LMDE chamber during duty cycle excursions o r  a t  

thrust levels lower than FTP. It was not anticipated that  these s h i f t s  

would lower the p-esent b u i l t - i n  thermal design margin f o r  the aluminum 

water-cooled tes t  r ig.  

Standard heat f l u x  correlations from which Figures 3-59 and 3-60 
were derived show that  water nucleate bo i l ing  would ex is t  f o r  the maximum 
anticipated heat loads and water supply scheduled f o r  the tes t  r i g .  Figwre 

3-60 shows the peak heat f l ux  capabi l i ty as a firnction o f  coolant velocity. 

It i s  apparent that a very drast ic reduction i n  flow would be required i n  

order t o  exceed the peak heat f l u x  and cause a burnout fa i lure.  The burn- 

out water veloci ty i s  less than 1.5 ft/sec for the tes t  r i q  a t  the maximum 

anticipated throat heat load. 
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FIGURE 3-61 COOLANT WATER VELOCITY 



Wall Operating Temperatur- 

The anticipated wall temperatures along each chamber section anc 
through the throat were determined for the maximum anticipated heat loads, 
the passage designs shown, and the selected water flow rates. The thermal 
mode1 atid the wall locations examined are shown i n  Figure 3-62. Each loca- 
tion depicts definite passage dimensions and should quite accurately repre- 
sent the hardware designs. The steady-state wall temperatures resulting 

fr-m .thz-::?-.-.'y:is are shown i n  Figure 3-63 for a l l  chamber and throat loca- - . . - .-. 
tiGni:".5".-. --' . . -- ' 

The throet analysis showed a maximum wall temperature of 570°F for 
the worst possible heat flux condition. The other wall points along the 
throat section showed temperatures varying down to 450°F. The cylindrical 
chamber sections each showed a maximum wall temperature o f  450°F. The 
mean and cold wall temperatures were also shown i n  Figure 3-63 to faci l i -  
tate thermal growth and stress calculations f;?r the .final design. 
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FIGURE 3-63 STEADY -STATE WALL TEMPERRTURES 



3.6.3 Aluminum Chamber Data Reduction Program 

A data reduction technique was developed f o r  use w i th  the Qua1 0 
aluminum water-cooled chamber. The data reduction program (WATCH) was 

wr i t ten  f o r  the SDS 930 computer located a t  CTS. 

. a A typ ica l  f low schematic i s  shown i n  Figure 3-64. Most o f  the 
. . 

parameter designati ons are depi cted a t  speci f i c 1 ocat i  ons i n  

the f low scheme. 

a Figure 3-65 shows the t o t a l  water f low schematic f o r  the aluminum 

t e s t  r i g .  

Measured Parameters 

TIN Water temperature a t  main i n l e t  header 

TE(T) Water temperature a t  main discharge header 
W(T) Total f low t o  main i n l e t  header 
W(A) Flow t o  Section A 
W(B) F I O W ~ O  Section B 
W(C) Flow t o  Section C 

TE Water temperature i n  each e x i t  1 ine. (segment discharge) 

TE(A) section A (17 Total) 
TE(B) section B (17 Total)  
TE(C) section C (z Total ) 

62 T.ota1 Chamber 

Cal cul atkd Parameters 

DELT Temperature r i s e  through each segment 

W(TT) Total f low [check on W(T)] 
W Flow through each segment 

V Veloci ty through each s l o t  o r  segment 

QA Average heat f l u x  f o r  each segment 
TWH Average hot  s i  de wal l  temperature (approximate) 
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&ut Paranieters 

CF Segment f 1 ow coeff ic ient  d'less 

NS Number o f  cooling s lo ts  per segment d ' less 

AR Segment heat t ransfer  area i n  2 

K Constant i n  ve loc i t y  calculat ion 1 b,/f t 

Ca1 cul a t i  ons 

DELT = TE - T IN  (average over a selected time i'ncrement) 
6 ---- - - - -. - - * . - - . - - . - 

W = CF W(n) where n = A, B, o r  C 

W(TT)= W(A) + W(B) + W (C) 

W DELT 
Q A -  , 

TWH = 350 .+ 63 QA 

The complete aluminum chamber assembly was water-flowed resu l t i ng  

i n  the f low coef f ic ients  l i s t e d  i n  Table 3-7. These ca l ib ra t ion  

coef f ic ients  were subsequently used Sn the WATCH program as constant 

input  items. Complete documentation and l i s t i n g s  o f  the WATCH program 
are provided i n  Reference 28. 



TABLE 3-7 COLD FLOW CALIBRATION 

1 s t  Chamber Section 
Flow No, Cool i ng 

Segment Coef. Slots 
301-2.5 0.0839 18 

-32.5 0.0830 18 

-62.5 0.0839 18 

-92.5 0.0845 18 

-110 0.0132 3 

-115 0.0130 3 

-120 0.0132 3 

-125 . 0.0131 3 

-130 0.0129 3 

-135 0.0130 3 

-152.5 8,0839 18 

Throat 
Flow No. Cool i ng 

Segment Coef. Slots 

Th-10 0.0421 6 

-25 0.0424 6 

-40 0,0424 6 
-55 0,0424 5 

-70 0.0424 6 

-85 0.0412 6 

-100 0.04?2 6 

-110 0.0135 2 
1 1  0.0141 2 
-120 0.0136 2 
-125 0.0135 2 

I 2nd Chamber Section 
Flow No. Cool i ng 

Segment Coef, Slots 

002-2,5 0.0840 18 

-32.5 0.0852 18 

-62.5 0.0838 18 

-92,5 0,0852 18 

-110 0.0129 3 

-115 0.0131. 3 

-120 0,0131 3 

-125 0.0129 3 

-130 0.0129 3 

-135 0.0130 3 

-152.5 0.0830 18 
I 

1 

-182.5 0.0632 18 

-212.5 0.0842 18 

-242.5 0.0853 18 

-272,5 0.0840 18 

-302.5 0.0828 18 

-332.5 0.0828 18 

-i82.5 G.GS2S 18 

-212.5 0.0824 18 

-242.50.0824 18 

-272.50.0835 18 

-302.50.0872 18 

-332.5 0.0828 18- 

-130 0.0135 2 

-135 0.0135 2 

-145 0.0412 6 

-160 0.0412 6 

-175 0.0413 6 

-190 0.0417 6 

-205 0,0414 6 

-220 0,0415 6 

-235 0.0412 6 
-250 0.0420 6 

-265 0.0415 6 

-280 0.0417 6 

-295 0.0419 6 

-310 0.0423 6 

-325 0.0419 6 

-340 0.0417 6 
-355 0,0419 6 



Qua1 B Base1 i ne Thermal Envi ronment Character1 t a t i  on 

Tests were performed on the LMDE aluminum water cooled chamber 
and the resultant data were reduced i n  support of the LMDE Qua? B baseline 
thermal erivi ronment characterization program. The engine was subjected 
t o  a tes t  series consisting of seven thrust levels covering the entire 

\ 
thrust range for  the LMDE chamber. These tests  included steady s ta te  
dwells a t  lo%, 25%, 40%, 50%, 60%, 65% and 100% thrust levels. 

This section presents the ixial  and circumferential heat fluxes in 
the engine as a function of thrust level as necl as averaged heat fluxes 
i n  the throat and chamber as a function of thrust level. 

3.6.4.1 Conclusion and Pertinent Information_ 

Emphasis on heat flux data has been placed on test VA2-640 due to  
the quality and duration of the steady-state data acquired. Analysis 
of this t e s t  has yielded the following s'ignificant data and information. 

Q The water .flows t o  each section were nominally as i'ol lows 

Section A - 5.36 1 b/sec 
Saction B - 5.42 lb/sec 
Section C -13.63 1 b/sec 

8 The minimum segment water velocity of 7.9 f t /sec occurred in 
the t e s t  rig in Section A .  

8 The water temperature r i se  a t  10% thrust was only 3.5 to  7.0 degrees 
for a l l  the water segments. Since the deviation i n  temperature data 
is as much as 1 ' ~  the heat flux accuracy a t  this thrust level cannot 
be considered t o  be sufficiently reliable. 

a Section A (nearest heed end) showed a higher - average heat flux than 
sections B or C for  a l l  thrust levels between 10% and 65%. 

e Section B showed a higher average treat flux t h a n  Section C for 
thrust levels between 10% and 40%. 

o Section C (throat region) showed the highest average heat flux 
only a t  FTP (when compared with sections A and B ) .  



Approxin~ate average heat flux a t  each section are as follows: 

a A l l  hot side wall temperatures were estimated t o  be between 
360 and 470'~. 

Thrust 
Level 

% 

10 
25 
40 
50 
60 

- .  
65 

'FTP 

3 3.6.4.2 Heat Flux S$mmary 

The aluminum water cooled chamber t e s t  r ig  was designed and constructed 
to  provide for  the measurement of heat transfer t o  local areas of the 
chamber walls during steady s t a t e  engine operati on. Determination of 
heat flux, both axially and circumferential ly,  was made by measuring water 
flow ra te  and temperature rise i n  the appropriate segments. Figure 3-41 
shows the chamber and throat sections indicating the location of' the various 
water outlets. 

Design c r i t e r i a  f o r  t h i s  test r ig  were presented i n  Reference 8 and 
investigations of the thermal' and hydraulic adequacy of the design are 
presented in Section 3.6,.2 and Reference 8. 

Q/A (6tu/in2-sec) 

Section A Section B Section C 

0.29 0.24 0.19 
0.71 0.67 0.57 
1.09 0.89 0.84 
1.26 1.04 1.06 

- 1.46 1.24 1.36 
. - 

1.52 1.29 1.43 
1.21 1.36 1.88 - 

Tests were conducted on April 28, 1969 using HEA 023 on the TRW VETS 
f aci 1 i ty . Three tes t s  were performed as f 01 1 ows : 

.r 

a VA2 - 639 Calibration t e s t  

a VA2 - 640 Complete r u n  through with steady s t a t e  dwells for 
25 secs a t  lo%, 25X, 40X, 50%, GO%, 65% and 100% thrust levels. 
The duty cycle for this  t e s t  i s  i l lustrated in Figure 3-66. 





a VA2 - 641 Par t ia l  run-through w i th  steady s ta te  dwells f o r  20 secs 

a t  10%. 25X, 40%, 50%, and 60%. 

Only the data from VA2 - 640 was studied i n  any de ta i l  since t e s t  

VA2 - 641 produced, essential ly, redundant data. A quick look a t  the 

reduced data f o r  the thrust  leve ls  which were performed on VA2 - 641 

revealed resu l ts  which were iden t i ca l  t o  t ha t  f o r  VA2 - 640. 

Typical s t r i p  chart  temperature traces f o r  each section e x i t  water 

are shown i n  Figures 3-67, 3-68, and 3-69. 

. The heat f l u x  as a funct ion of angular locat ion f o r  d i f f e ren t  t h rus t  
levels and ax ia l  locations are presented i n  Figures 3-70, 3-71, and 3-72. 

The heat f iuxes and wal l  temperatures have been averaged f o r  each 

stat ion. These average heat f luxes and wal l  temperatures are tabu1 ated 

befox i n  Tables 3-8 and 3-9 and shown graphical ly  in Figures 3-73 through ' .  

3-76. 

TABLE 3-8 AVERAGE HEAT FLUX AT EACH STATION 

Thrust 
Level 

(%I 
10 

25 

40 

50 

60 

65 

FTP 

Average 
Mixture 
Rati o 

1.544 

1.569 

1 .583 

1 .588 

1.602 

1 .595 

1.581 

Average Q/A 
2 (Btu/ in -sec) 

Stat ion A Stat ion B Stat ion C 

.295 .243 .I88 

.710 .673 .572 

1.091 .896 .840 

1.257 1.038 1.064 

1.457 1 .242 1.359 

1.523 1.293 1.430 

1.213 1.357 1.883 ' 
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FIGURE 3-75 WALL TEMPERATURE VARIATION 
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FIGURE 3-76 HEAT FLUX VARIATION 



TABLE 3-9 AVERAGE WALL TEMPERATURE AT EACH STATION 

Discussion o f  the Results - 
The f a c t  t ha t  higher heat f luxes are being recorded i n  the chan~ber 

than i n  the throat  was a cause o f  some concern as it was no t  i n  accord 

w i th  data from previous tests.  At  present there i s  no exact explanation 

f o r  the cause of thzse resu l ts ;  however, several mgchanisms are hypothesized 

t o  be cont r ibut ing t o  the e f fec t .  

h rus t  
Level 

(41) 

10 
25 
40 
50 
60 
65 
FTP 

a The f a c t  t ha t  t h i s  phenomenon has not  shown up i n  previous tes ts  

indicates t ha t  the low wal l  temperature i n  the chamber f o r  t h i s  

series o f  tes ts  may be a s i gn i f i can t  cont r ibut ing factor .  

2 

Wall Temperature (OF) 
Stat ion A Stat ion B Stat ion C 

369 365 362 
395 392 386 
41 9 406 403 
429 41 5 41 7 
442 428 . 436 
446 431 440 
426 435 469 

e Tests on other engines w i th  s im i l a r  configurat ions have revealed 

t ha t  during the ear ly  p a r t  o f  the f i r i n g ,  when the wal l  i s  cool, 

the heat t ransfer  coe f f i c ien t  i n  the chamber i s  very high, i n  fact,  

many times higher than the theoret ical  Bartz coe f f i c ien t  . A1 though 

the recovery temperature i n  t h i s  region i s  low, when coupled w i th  

the very high heat t ransfer  coe f f i c ien t  the r e s u l t  i s  a high heat 

f l u x  t o  the wal l .  

0 The high chamber heat t r8nsfer  coef f ic ient  may be due t o  the manner 

i n  which the ba r r i e r  coolant f i l m  l i e s  along the charnl~er wal ls  i n  

e i t he r  a t h i n  l i q u i d  layer next t o  the wal l  o r  a two-phase outer zone. 



it  i s  a lso possible t h a t  the high coeff icient i s  a r e s u l t  o f  
oxidizer  impingement on the wal l .  This poss ib i l i t y  has been 

essent ia l ly  substantiated froin streak chamber tests  a t  25% thrust .  

The chamber cy l indr ica l  section was found t o  be highly eroded 

while the throat  showed very l i t t l e  erosion ( t e s t  VA1-665). 



3.7 COMPARISON OF HEAT SINK AND WATER-COOLED CHAMBERS 

An evaluation and comparison study was made of the thermal resul ts  

from t e s t s  of the three basic Qua1 " t e s t  r igs .  

a Steel water-cooled chamber 

a Steel heat sink chamber 

a A1 umi num water-cooled chamber 

A l l  of the reduced heat f lux data has been presented previously. 

Throat ! . . '. F l u x  -- - 
Average beat f iuxes i n  the throat  region are tabulated below f o r  the 

three se r ies  of t e s t s  performed on the heat sink, aluminum water-cooled 

chamber and the s tee l  water-cooled chamber. The heat s i n k  data has been 
extrapolated (assuming a l inear  relationship) t o  the same wall temperature 

as the al~minu~n chamber wall temperature. . 

Figure 3-77 shows the throat  heat f lux  as a function o f  thrust level 

fo r  each of the three configurations tested.  The heat f lux data for  the 
heat sink engine has been extrapolated back t o  the same wall temperature 

as that  for  the aluniinum water cooled chamber. This extrapolation i s  
questionable since the curve of heat f lux versus wall temperature for 

I 
Thrust 
Level 

X 

10 

25 

40 

50 
60 

65 

FTP 

- - 
Wall Temperature (OF)  
Aluminum W/C 
and Heat Sink 

362 

386 

403 

41 7 
436 

440 

469 

--- ..---- 
Average Throat Heat Flux ( ~ t u / i n ~ - s e c l  

Steel W/C 

' 

41 0 

570 

645 

680 
(No data) 

765 

870 

Steel 
Water 
Cooled 

0.230 

0.845 

1.125. 

1.265 
(No data) 

1.596 

1.980 

Heat Sink 
( ~ h r o a t  
Integrated 
Average) 

N.A. 

0.705 

(No data) 

1 .I80 
(No data) 

1.245 

2.000 

Aluminum 
Water 

Cooled 

0.188 

0.572 

0.840 

1,064 

1,359 

1.430 

1.883 



2.0 . 

0 HEAT SlNK CHAMBER. 

ALUMINUM WATER COOLED CHAMBER 

1.8 

1.6 

1.4 

1.2 

1 .o 

0.8 

A) HEAT SlNK WALL FLUXES 
EXTRAPOLATED TO SAME WALL 
TEMPERATURE AS FOR ALUMINUM 

0.6 WATER COOLED CHAMBER - 
(390 - 470°F) 

B) STEEL WATER COOLED CHAMBER 
HEAT FLUXES EVALUATED AT 
WALL TEMPERATURES OF 570 - 
870°F 

0.4 I I 

0 
L 

2 0 4 0 60 80 100 
THRUST LEVEL % 

FIGURE 3-77 THROAT HEAT FLUX COMPARISONS 



the heat sink engine i s ,  in some cases, not clearly enough defined 
(wi t h  respect t o  1 i neari ty) to permit accurate extrapol a t i  on. This i s  
particularly true of the data for  the 65% thrust level and explains 
why the 65% thrust point does not f a l l  on a smooth curve. 

A t  thrust  levels greater than about 50% the agreement between the 
three sets of data i s  f a i r ly  good. A t  thrust levels below 50% the 
differences between the three sets  of data are more marked. 

One obvious factor which may be cont~ibuting to  the differences in 
the three sets  of data is mixture ra t io  variation. Previous studies have 
indicated that f a i r ly  large off-nominal mixture ra t io  variations theoretically 
result  i n  relatively insignificant changes i n  the Bartz heat transfer co- 
efficient a t  the throat. Also, studies of combustion temperature as a 
function of mixture ra t io  have indicated that  small changes i n  mixture 
ra t io  w i  11 have l i t t l e  effect  on the combustion temperature. However, 

m small changes i n  mixture ra t io  may have a signific-ant effect upon the 
tf< -,. - oxi di  ze r / f  uel injector spray di s-Lr'l b u t i  on. There iiray be a corresporrdi ngly 

marked effect  upon the interaction'between th i s  spray and the barrier 
coolant film, and hence upon the heat flux. 

There i s  very l i t t l e  experimental evidence which reveals the effect 
of mixture ra t io  changes upon throat heat fluxes fo r  th is  engine. Two 

sets  of tes t s  were conducted on the heat sink configuration d t  25% thrust 
with the only apparent difference between the two being the mixture rat io .  
Throat heat flux data was reduced and extrapolated to  a wall temperature of 

c 386'~ and the results are presented below. 
Throat Heat Flux 

Test No. - Date Mixture Ratio [Btu/in -sec) - 2 

VA1-688 1/17/69 1.60 0.573 



Below are tabulated the mixture ra t ios  fo r  the t e s t s  performed upon 

the three di f ferent  configurations : 

Chamber Heat Flux 

'Thrust 
Level 

% 

10 

2 5 

40 

50 . - 

60 - 
6 5 

FTP 

Average heat fluxes i n  the cylindrical chamber section closest  t o  the 

throat  region are tabulated below f o r  the three ser ies  of t e s t s .  The heat 

s i n k  data has been extrapolated t o  the same wzll temperatures as that  of 

the a1 umi nurn water-cooled chamber. 

Overall Mixture dati o 
Steel W/C 

1.61 
1.59 

1.60 

1.60 

(No t e s t )  

1.58 
1.60 

Heat Sink 

N .A. 
1.63 

(No t e s t )  

- 1.61 
(No t e s t )  

1.61 

1.61 

Thrust 
Level 

% 

10 

2 5 

40 

5 0 

A1 umi num W/C 

1.54 

1.57 

1.58 

1.59 
3.60 

1.59 
1 .5g 

!p 1 !i - 1  !0.749--l;:l:; 1 1 . 1 9 0  1 
0.883 I .  335 

2 
Average Chamber Heat Flux !Bta/in -sac)& 
Heat Sink 
(S t a t i on3 )  

N.A. 
0.415 

(No data) 
0.628 

(No data) 

Average 
Wall Temperature (OF) 
Aluminum W/C 
and Heat Sink 

36 5 
392 

406 

41 5 

Aluminum 
Water 

Cooled 

0.243 

0.673 

0.89C 

1.038 
1 .242 

Steel W/C 

397 

490 

575 

61 3 

(No data) 

Steel 
Water 
Cooled 

0.182 

0.547 

0.850 

1.000 . 

(No da ta)  



Figure 3-78 shows the heat flux a t  a chamber location just  upstream 
of the throat as a function of the thrust level for each of the three 
configurations tested, The heat flux data from the heat sink engine has 
been extrapolated back t o  approximately the same wall temperature as 

that for  the a1 uminum water-cooled chamber. 

The data for  the two water-cooled engines shows close agreement. The 
fact  .oLbs4.Ahe:.a,ll~minum . . ..-. water-cooled chamber shows a s l  ightly higher heat 

. . -.. 
. . f l L r n , ~ ~ ~ t ~ : - ~ ; ~ ~ ~ ~ ~ ~ ~ e d  wi t h  the s tee1 water-cooled chamber, i s  probably due 

( .  : to  1 ower wall temperatures (higher driving potential). 

The heat sink data shows chamber heat fluxes significantly lower 
than for  the other two configurations. The higher heat flux for  the .__ _ . . -- . . 

two water-cooled configurations i s  probably due t o  the altered thermal 
environment in the vicinity of the walls due to  the lower wall temperature. 
This pnenomenon has been previously discussed in Section 3.6.4. 



C) STEEL W/C CHAMBER HEAT FLUXES 
EVALUATED AT WALL TEMPERATURES 
OF 400 - 700" F 

THRUST LEVEL % 

FIGURE 3-78 CHAMBER HEAT FLUX COMPARISONS 
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3.8 THERMAL E N V  IRDNMENT/EROSION CORRELATION 

This documentation presents the thermal environment-erosion data 
correlations obtained for both the Qua1 B baseline and the improved flow 
distribution t e s t  series. The experimental heat transfer studies were 
conducted with specially designed and instrumented throat sections t o  
obtain the wall thermal environment data. 

3.8.1 Qual B Baseline 
The Qual B Base1 i ne experimental heat transfer studies were conducted 

using HEA 023. The erosion data were obtained from the ablative erosion 
baseline tes t s  and streak chamber tes t s  conducted a t  25% thrust and a t  FTP. 

0 A significant erosi onlthermal environment correlation was 
established using the 25% thrust streak and ablative chamber 
throat erosion profiles and the heat flu . data acquired from 
the 25% thrust heat sink t e s t .  These data show t h a t  the percent 
change i n  heat flux a t  the throat produces agproxin~ately the same 
percent change i n erosion radius. 

r FTP, 65%, and 50% thrust levels show generally that the ablative 

erosion radius increases as heat flux increases. However, no 
clear-cut correlations were evident. 

0 There was no satisfactory correlation between heat ,fluxes in the 
th roa t  region of the aluminum water-cooled chamber and erosion 
depths measured a t  the throat in the ablative and streak chambers. 

o Peak heat fluxes in the aluminum chamber throat region were 
recorded a t  angular locations between 110 and 120". This i s  in 
good accord with heat sink and erosion data. 

Thermal Environment/Erosion Correl at1 on Results 
The results of the erosion/heat flux profile studies are presented in 

Figures 3-79 through 3-84. The percent changes shown in the results are 
the changes relative to the minimum values of erosion radius or heat flux 

measured circumferent'lal ly around the throat .  
. 



"""3 
b a ~  The percent changes in erosion radiils and h a t  f l u x  shown in Figures 

3-82, 3-83, and 3-84 were calculated from data shown in Figures 3-79, 3-80, 
and 3-81 , Tile calculation procedure was as fol.7 pws: 

I I 
0 360 

ANGI 'LAR LOCATIOP; (DEGREES) 
The resu l t s  obtained and the analysis performed fo r  each thrust 

level are  presented as  follows : 

e 25% Thrust 
Figure 3-79 shows the data u t i l i zed  t o  ~ccomplish the erosion/ 
thermal environment correlat ion.  The data was comprised of 

(1)  the 25% streak (VA1-665) throat  erosion prof i le ,  ( 2 )  the 
duty cycle tested ablat ive chamber (VAI-666 thru 671 ) throat  
erosion profi le ,  and ( 3 )  the 25% H/S t e s t  data from VA1-692. 
The 25% streak had been tested speci f ica l ly  t o  aid i n  the erosion 
prof i le  correlat ion qui t.e early in the t e s t i  ng program, A1 so,  
s ince the f inal  portion of the duty cycle imposed on the ablat ive 
chamber was a t  25% thrust (see Figure 3-85) a wa?l erosion profi le  
indicative of 25% was probably created, as opposed t o  the prof i le  
bei ny high1 y dependent upon th;us t level excursions preceding the 
f ina l  portion of the duty cycle. 



f l  
. . . ., r - kigure 3-82 shows the cor.,i'(:i htion a t  25% thrus t  which indicates a 

. ,  . one-to-one relationship between erosion radius changes a t  the 
throat  to  the indicated heat f lux changes fo r  both s t rsak and 
ablat ive chamber throat  erosion prof i les .  

a m  
Figure 3-80 shows the data u t i l i zed  a t  FTP t o  compare erosion 
trends with heat f lux.  The data consisted of (1)  the FTP s treak 

. . (VA1-659) throat  erosion .proeFi , !-. . l e  ( 2 )  the duty cycle tested ablat ive 
chamber (VA1-666 thri.*Gll')' ' throat erosion profi 1 e , and (3) the FTP 
HIS t e s t  data from VA1-693. The FTP streak had been tested t o  
provide erosion character is t ics  t o  aid i n  possible correlations 
w i t h  heat t ransfer  data a t  the throat .  

Figure 3-83 shows the percent variations of heat f lux and erosion 
radius a t  FTP f o r  both the streak and ablat ive chamber throats .  
As indicated there i s  no clear-cut correlat ion.  Since the 
ablat ive erosion was a post duty cycle prof i le  measurement, i t  
could n o t  be an.i;.icipated t h a t  a corre')ation wou'id ex is t .  The FTP 

portion of the duty cycle shows only a 4% throat  area change; 
whereas, the throat  area had increased 24% by the end of the duty 
cycle. 

a 50% and 65% Thrust - 
Figure 3-81 shows the duty cycle tested ablat ive throat  erosion 
p rof i l e ,  the 50% thrust HIS chamber t e s t  data, and the 65% thrust 
H/S chamber t e s t  data. 

Figure 3-84 shows the percent variation o f  heat flux and erosion 
radius f o r  the ablative throat  f o r  both 50'. and 65% th rus t ,  There 
i s  some heat flux/erosion correlat ion evidence shown but i t  cannot 
be construed t o  mean t ha t .  the correlations a re  valid. Since both 
thrus t  levels  occur in the middle of the ,dut.y cycle i t  was not 
anticipated that  the erosion prof i le  would be indicative of 50% 

and 65% heat f lux profi les (u~,!ess o f  course, the heat flux 
profi les a t  eech duty cycle thrus t  'l'evel matched exactly) .  
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Aluminum Rig Heat Flux/Erosion Comparts~ns~ 
An attempt was made to  corre la te  the aluminum r i g  heat f lux data with 

erosion data obtained from the ablat ive erosion- baseline t e s t s  and streak 
chamber t e s t s  conducted a t  25% thrust  and a t  FTP, 

No satisfactory correlation could be found; although the location of 
maximum heat flux a t  angular location 110 - 120" corresponds to  the loca- 
tion of '  maximum erosion. The lack of correlation' is the resu l t  of a 
number of factors,  namely: 

a The "throat" region investigated i n  the a1 uminum water-cooled 
chamber consists of more than jus t  the small region in  the 
immediate vicinity of the throat  plane and extends upstream into 
the chamber. The region immediately upstream of the throat  plane 
has exhibited heat f lux variations (heat sink data of Figure 3-86) 

which 
shown 

indicate 
be1 ow. 

high turbulence or  flow impingement effects  
A QUAL B THROAT 

, The flow pattern in this upstream region is not as clearly defined 
as a t  the throat  i t s e l f  where erosion measurements are usually made. 
Since .::I.? throat  heat flux i s  actually an average over a region 
where timid heat flux changes probably occur axia l ly  and circum- 
fe ren t ia l ly  i t  i s  not surprising that  no sa t is factory erosion 
correlation could be found using the a1 uminum water-cooled throat  
data. 



NOTE: EACH POINT SHOWN 
BELOW REPRESENTS THE AVERAGE OF 

EIGHT (8) CIRCUMFEKENTIAL 
DATA POINTS 

THRUST 
(Tw = 1000°F) LEVEL I I TEST 

AXlAL LOCATION, INCHES 

FIGURE 3-86 HEAT SINK CHAMBER THROAT REGION HEAT FLUX PROFILES 



e Due to  the low wall temperature, the chemical environment i n  the 
immed.iate vicinity of the wall may be consider8bly di f ferent  than 
that  under which ablation actually occurs, Since ablation is  both 
a thermal and chemical phenomenon this factor can be quite 
significant .  

The throat  heat flux/erosion prof i le  study approach was used t o  
obtain information and correlations which ~ ~ i g h t  show the pre- 
d ic tab i l i ty  of using heat flux as a measurement of anticipated 
throat  erosion, The val id i ty  of using heat f lux changes to  

(.~ : accurately predict erosion changes appears t o  have some merit. 
However,. the extent t o  which such pr.edictions might be carried is 
ye t  t o  be determined. 

3.8.2 Improved Flow Distribution Test Series 
T h i s  section presents the correlation between throat  heat f lux and 

erosion t e s t  data fo r  Contour ' A '  and Contour 'C' chambers a t  FTP using 
f l  the XX2 injector.  The heat  f lux information was derived from data obtained 
t<.,.?== 

during the improved flow distr ibution t e s t  se r ies .  The erosion data was 
obtained from 60 second streak chamber t e s t s  conducted a t  FTP as par t  of 
the same t e s t  se r ies ,  

Summary 
Correlation o f  heat flux data w i t h  s t reak erosion information has 

yielded the fo l l  owing: 

A s ignif icant  hezi f l  ux/erosion corre la t i  an has beefi established [ , '  

fo r  the Contour-'F' chamber a t  FTP. The data shows that  the 
percent change in heat f lux a t  the throat  produces approxi~nately 
the same percent change i n  erosion radius. 

e No satisfactory heat f l  ux/erosion correlation could be establ i shed 
for  the contour ' C i  chamber a t  FTP. However, erosion of the chamber 
turbulence ring during each f i r i ng  probably a1 t e r s  the flow 
distr ibution fro~n tees t to  t e s t  thus. precluding exact repeatabi-1 i ty  

in circumferential heat flux from t e s t  t o  t e s t .  



Results 
Figure 3-87 presents d a t a  obtained from tests  on chamber Contour ' A '  

with the XX2 injector. Throat radius subsequent to streak chamber f i r ing 
(VA2-643) and heat flux from heat sink firings (VA2-648) are plotted as a 
function of circumferential location. I t  cen be seen t h a t  these curves 
have similar shapes indicating that a correlation may be practical. 

Correlation of the two sets  of data was performed by the technique 
,- ... descri-!..:?11 i,n Section 3.8.1 and the results of this  correlation are shown 

.. . .- . 8 )  

. . , . in ~ i g u r e s  3-88 and 3-89. Figure 3-88 expresses percent changes in heat 
(. .: . flux and erosion radius relative to  the minimum value of each. Figure 3-89 

plots percent erosion radius change against percent heat flux change, 

These rcsul t s  indicate a very good correlation between the two sets  
of data. 

Figure 3-90 presents data obtained from tests  on chamber Contour ' C i  

w i t h  the XXZ injector. Throat radius subsequent to  streak chamber f i r ing 
-?VA?-+-;.: (fnd h e a t  f l u x  from heat s ink  Fir? ngs (VA2-654) are plot ted as a . . 
function"of ci rcumi'erenti.al location. Exami nation of the pl of.? reveals 
the fol lowing: 

o The two curves do not have the same shape indicating that a 
satisfactory correlation may not be possible. 

a The difference between maximum ,and minimum values for both heat 
flux and erosion radius are significantly smaller than for 
Contour ' A '  . This i s  probably the effect of the large turbulei7ce 
ring close to the head end of Contour ' C '  which, by turbulating 

the flow, results i n  a more uniform circumferential flow 
distribution. 

Figures 3-91 and 3-92 present the results o f  the attempted correlation 
of the two sets  of data for Contour 'C' and confirnl the curves of Figure 
3-90, No satisfact0r.y correlation could be found. The primdry cause o f  

: 4~ the lack of correlation probably l i e s  in the presence of the large 
:' (. ,, . .. t~~rbulence ring in Contour 'C'. In addition t o  smoothing ou t  the flow, 
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FIGURE 3-89 THROAT EROSION/HEAT FLUX CORRELATION, CONTOUR "A", FTP 
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FIGURE 3-92 THROAT HEAT FLUX/EROSION CORRELATION, CONTCIUR "C" FTP 



sect ioning o f  the chamber a f t e r  the tes ts  revealed s ign i f i can t  erosion of 

the r i n g  dur ing the tests.  Si rce the erosion was no t  uniform t h i s  i n d i -  

cates t h a t  the  f low pat te rn  along the wa l ls  may vary from t e s t  t o  t e s t  w i t h  

l i t t l e  p o s s i b i l i t y  o f  a t t a i n i n g  exact r e p e a t a b i l i t y  , 

3.9 '1T120 " EROSION INDEX 

Erosion charac ter is t i cs  o f  LMDE head end assemblies are establ ished 

by reac t i ve  tes t i ng  w i t h  a f iberg lass st reak nozzle a t  a s ing le  t h r o t t l e  

point ,  usua l ly  FTP. The index of erosion i s  the "Ti20 time", the run t ime 

equivalent t o  20 percent th roa t  area increase for  the  streak sample. This 

index i s  used throughout t h i s  report .  

T i20 values are calculated between any two selected t e s t  data po in ts  

during the r u n  as fol lows: 

Where: t = time, seconds 

c* = chamber cha rac te r i s t i c  exhaust ve loc i ty ,  f t / sec  

Subscript 1 = cond i t ion  a t  f i r s t  t ime s l i c e  

Subscript 2 = cond i t ion  a t  second t ime s l i c e  , 

The 'IT120 time" values f o r  the FTP streak erosion tes ts  are calculated 

f rom the 15.0-second and the 58.0-second data points, o r  the l a s t  steady- 

s ta te  data po in t  i n  the run. The 15.0-second data p o i n t  was selected because 

the t rans ient  h2at e f f e c t s  have s tab i l i zed.  For the 25% t h r u s t  streak 
erosion tests,  t ' le values are  calculated from the 58.0-second and 98.0- 

second data points. 



3.1 0 OX ID IZER TURBULAT; ., Cr rCCTS 

The effect  of oxi?,; 
t :.Pr turbulator s i z e  was .evaluated during three 

t e s t  se r ies  i n  the couvi: 
uf' the program. 

HEA 023 was i n i t i t i t  
1 1 y assembled with a 1.025-inch-diameter turbul a tcr  

which was subscauently Y. 
121 aced w i t h  a 1.000-inch-diameter turbul a tor  af ter  

the first 
s t ' '  l k  t e s t  (VA1-657) oroduccd a low "T12n time" o f '  

seconds* One Of the ' . I  Jectives of the t e s t  ser ies  was t o  adjust  turbu- 
l a to r  s i z e  such that  th: 

l i berglass streak erosion "Ti  20 time" f e l l  w i t h i n  
the range of 75 to 85 sc.  mds.  The 1.000-inch-diameter turbul ator produced 
an acceptable "Ti20 timt., 

o f  79 seconds (VA1-659) with a near nominal mixturfi 
r a t i o  of 1.598. 

The characterist ic 
velocity (c*) with a water-cooled chamber was the 

same with the 1 .000-i nc? 
,fiameter turbulator (VA1-656) as  i i i t h  the 1.025 irlcll 

diameter turbulator (VA'I 
661). The 10 second increase i n  "T120 time" is 

equivalent to  a reduct ic  
in the predicted FTP throat  erosion fo r  375 

seconds f rorn 16 perce1t.i: . 
o 8 percent with a qua'l 0 chiln~ber. dsse~ubiy.  

During the in jectc-  
flow dis t r ibut ion t e s t  se r ies  w i t h  injector XX2, 

four di f ferent  sized tur ;  
ulators were used w i t h  a Contour A chamber 

assembly containing a hz : 
1 t  sink throat .  The chamber heat Tlux as  a functiorl 

of turbul ator diameter .i -, 
; discussed i n  Section 3.5.5.4. The uncorrected 

FTP '* varies from 5384 
C/sec for  the .1 .02&inch-diameter turbulator t o  

5350 f t / s ec  fo r  the 0.92.. 
" t -  inch-diameter turbulator, as  shown i n  Table 3-10. 

TABLE 3-10 
EFFECT O F  ;URBULATOR DIAMETER ON PERFORMANCE 

TEST NO. c* 
FT/SEC M.R. - 



During th i s  same flow distr ibution t e s t  se r ies ,  two dif ferent  turbu-  
. . latordiameters were used w i t h  a Contour C chamber assembly con t a i~ ing  a 

. ., 
heat sink throat. The uncorrected c* varied from 5502 f t / sec  (VA2-654) 

w i t h  a 0.925-inch-diameter turbulator t o  5550 f t / sec  (VA2-655) w i t h  a 1.000- 

Snch-diameter t u r b u l a t ~ r  . 
Figure 3-93 contains curves of oxidizer turbulator area versus c* for  

both the Contour A and Contour C chamber assemblies based on the ' 

. . . . . .. T. .... 
I . r  ..' . - .?I '. , ..- . . . . . 

.. . . . . . .  . -.* - dafa2-;.t*x& .. ... < ~ , ; ~ % ; - ~ ~ & f ~ ~ f  I.::. , p.cl above. 

Prior to  conducting a duty cycle on a Contour C quartz chamber 
assembly i n  the HATS f a c i l i t y  (Section 5.4), HEA 034 was tested on VETS 

w i t h  a water cooled chamber using two dif ferent  sized turbulators, Two 

dif ferent  sized turbulators were a lso  used during the checkout t e s t s  on 

HATS prior to  the duty cycle. During the VETS tes t ing w i t h  HEA 034, the 

Q ~ a l  B contour water-cooled chamber c* varied from 5440 f t / sec  (vA~-690)with a 
1.000-inch-diameter turbulator t o  5405 f t / sec  w i t h  a 0.925- inch-diameter 

trrrhl~la tor ,  as shown i n  Figure 3-93. When the turbul a tor  diameter was . . 

changed from 1.000 inch to  0.925 inch dur ing HATS tes t ing,  the LSp a t  F i Y  

dropped from 304.2 seconds (HATS-41 7 )  Lo 301 .2 seconds (HATS-41 8). This 
3 second drop i n  T s p ,  o r  one percent performance decrease, agrees very we1 1 

with the 48 f t / s ec  drop i n  c* (one percent) experienced with the Contour 
C heat sink chamber when going fror~i a 1.000-inch to 0.925-inch-diameter 

turbulator as shown i n  Figure 3-93. Figure 3-93 a lso  shows tha t  ~erformance 
decreases a t  a more rapid r a t e  f o r  a Contour C chamber than for  a Contour 

A or Qua1 B chamber as the turbulator diameter is reduced. As turbu- 

l a to r  diameter increases, there appears to be a 1 imi ti rig s i ze  beyond which 
-there i s  l i t t l e ,  i f  any, ~ f f e c t  on engine c* perfonnance. 

. . . .. 3.11 THROAT PRESSURE PROFILE 

During the flow dis t r ibut ion t e s t  ser ies  (Section 3.5.5.4), one heat 
sink throat  was instrumented with pressure taps a t  twelve axial locations, 

. . ,. Figure 3-94, with the objective of determining whether performance 
. :. 
, . .I,. 

, ' . : c .  . , ,,  .A. +, 
differences as indicated by head-end chamber pressure (Pcll) were real .  

> . .  ,. .I .. . - 5  ' 

, 8 ;.. I 
- .  Contour A and Contour C were coinpared i n '  the t e s t  ser ies .  Contour C had 

,.(__. . .. , . ;:. -, J 

. . .:, .!' . .  , 

an  apparent increased performance as measured by PC-,. 
.';.<; 

* .  : -. 
r ;: 





. . 

, . 
I .' . / . 

, I.. . . . . , . . < 



I 
6 . . -  . 

S t a t i c  pressures f o r  3 FTP t z s t s  a re  ? l o t t e d  i n  F igure  3-95 from 
. . data normal i zed  t o  a t o t a l  propel  1 a n t  f l o w  r a t e  o f  32.4 1 b,'sec, The data 

a r e  tabulated i n  Table 3-11, 

It was concluded t h a t  the  s t a t i c  pressure method was t oo  i n s e n s i t i v e  

t o  de tec t  performance v a r i a t i o n s  of l e s s  than one percent. For instance, 

pressures a t  S ta t ions  10, 11 and 12 show no performance d i f f e r e n c e  f o r  

Contour C w i t h  t he  0.925 and 1.000-inch-diameter t u rbu la to r ,  b u t  a t  

._ . '.. . ' . 
s t a t i ons  f a r t h e r  upstream t h e  1 ;ter appears t o  have an advantage. As a . . 

,'. , . .  r e & l  t, the  s t a t i c  pressure per fc  rmance measurement approach was terminated. 
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4. HARD THROAT THERMAL ANALYSIS 

4.1. ANALYSIS OF CANDIDATE MATERIALS 

A prel iminary thermal analysis of the four  candidate hard th roa t  i n s e r t  

materials was. completed. The analysis was intended t o  be used only f o r  

screening purposes t o  a i d  i n  the se lec t ion of a candidate i n s e r t  material .  

The four selected i n s e r t  mater ia ls were Ta-W, JTA graphite, W-Re/Zr02 com- 

posi t e  and Pyro-Carb. The thermal analysis o f  the i n s e r t  mater ia ls was 

-conducted, on a parametric basis, t o  evaluate the e f f e c t  o f  var ia t ions of 

materi a1 thickness on i n s e r t  thermal gradients , i n-wall temperatures, back- 

wal l ,  and surface operating temperatures. The LMDE (Qual B) mission duty 

cycle was used f o r  the imposed thermal env'ironment. 

To evaluate' the r e l a t i v e  thermal mer i ts  o f  the fou r  mater ia ls the 

f o i l ow i  ng design c r i  t e r i  a were used; (1 ) rnai n t a i  n the backwall temperature 

during the f i r i n g  a t  less than 800'~ t o  minimize the thermal stresses i n  

the ti tan i  urn outer she1 1 , (2) maintain the in ter face temperature between 

the i nse r t  material  and the MX-2600 less than 3000'~ t n  prevent high 

temperature ab la t ion o f  the MX-2600, and (3) minimize the temperature 

gradient across the i n s e r t  t o  prevent severe thermal shock loading. Another 

thermal design constra int  1 i m i  t s  in ter face temperature a t  less than 700'~ 

during the 33 second i n i t i a l  burn and the fo l lowing one hour coast. This 

w i l l  prevent charr ing of the MX-2600 p r i o r  t o  the duty cycle f i n a l  burn. 

I f  charring occurred the resu l tan t  outgassing could r e s u l t  i n  loosening 

of the i nse r t  w i th  possible detrimental e f fec ts  during the f i n a l  burn. 

4.1 .1 In te r face  Temperature Study 

A thermal analysis was performed t o  determine the in ter face temperatures 

between the fou r  hard throat  i n s e r t  materials and the MX2600 ab la t ive  during 

the i n i t i a l  f i r i n g  and the subsequent soakback. Parametric studies were 

performed t o  invest igate the e f f e c t  o f  i n se r t  thickness as wel l  as inse r t i ng  

various thicknesses o f  py ro l y t i c  graphite between the i nse r t  and the ablat ive. 

The LMDE (Qual B) mission duty cycle o f  Table 4-1 was used f o r  the imposed 

thermal environment. 



TABLE 4-1 LMDE (QUAL B) DUTY CYCLE 

TIME 

seconds 

I n i t i a l  Burn 

0 - 25.999 

26 - 32,999 

Coast -. 

33 - 3632.999 
Final  Burn 

3633 - 3658.999 

HEAT TRANSFER- 
COEFFICIENT, hg,, 
Btu/in -sec-OF 2 

0.17 x 

1.05 

1.0 x 

0.17 

1.05 

0.68 

0 .52 

0.41 

0.2:' 

1.b x .lo-'z 
. -I 

CHAMBER 
PRESSURE 

ps i  

10 

100 

0 

10 

RECOVERY 
TEMPERATURE 

OF 

3800 

3800 

0 

3800 

3800 
I 

3800 

3800 

3800 

3800 

3800 

3659 - 4022.99 I I00 

4023 - 4098 60 

4223 40 

4233 30 

4533 20 
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Studies were conducted f o r  the four candidate i nse r t  materials : 
Ta-W, JTA graphite, W-Re/ZrOp composite and Pyro-Carb. I n  addition, studies 

were made o f  the e f f e c t  o f  inser t ing a layer o f  py ro ly t i c  graphite between 

the i nse r t  and the MX2600 ab la t ive  as an addi t ional  source o f  high thermal 

resistance. 

Analysis 

A sketch of the thermal model used f o r  the analysis i s  shown below. 

I n  the case o f  the Pyrocarb the material 

t~ > 

consists o f  Pyrocarb 400 i n f  i 1 t ra ted  INSULATED 
w i th  S i -C .  To take t h i s  i n t o  account 

i n  the model, the f i r s t  l / lO th  o f  an --- -. . - - . . 
inch o f  the model i s  considered t o  con- 

s i  s t  o f  Pyrocarb 751. The thermal oper- LA 

a t i  ny boundary condi ti ons , gas-si de 

heat t ransfer  coef f  i c i  ents and recovery 

temperatures are summarized i n  Table 4-1 L~~ 

f o r  the comprete ! .ME {Qua'i B) duty --_L__- .-._. . 

cycle and were obtained from Reference 

20 based upon a heat t ransfer  coe f f i c ien t  1 

of 1.5 times the theoret ica l  Bartz 

coeff icient. For the purpose o f  t h i s  

analysis, only the f i r s t  1600 seconds 

of the 3600 second coast were inves t i  - - hgas .- 

gated since the in ter face temperature Trecovery 

peaks out wel l  w i t h i n  t h i s  time period. 

For the materials u t i l i z e d  i n  t h i s  analysis a l i s t  o f  the references 

f rorn which the thermophysical propert ies were obtained i s  presented i n  

Table 4-2. The thermal conduct iv i ty  as a funct ion of temperature for  these 

materials i s  presented i n  Figure 4-1 and heating capab i l i t y  as a funct ion 

of temperature i n  Figure 4-2. 



TABLE 4-2 

MATERIAL THERMOPHY S ICAL PROPERTIES 
REFERENCE TABLE 

I 

b 

MATERIAL 

&Ji re Reinforced 
Zirconia Composite 

Tantal um/Tungsten 

Pyro-Carb 400 

Pyro-Carb 751 

h 

JTA Graphite , Para1 le l  grain 
Pyrolytic graphite, Perp. 
grain 
NX-2600, Paral 1 el Grain 

PROPERTY REFERENCE . 
TRW Equi, 2 n t  Labs. 
Cleveland, Ohio 

"Thermal Physical Properties of 
Temperature Sol id Materi a1 s" 
Y. S. Touloukian, MacMillan Co., 
N.Y., 1967 

- 

Technical Data Bulletin, No. 7.3 
H i  tco, Gardena, Cal ifornla 

Private Correspondence from 
H i  tco , Gardena , Cal i f  orni a 

TRW IOC "Thermophys i cal Property 
Tables", E. M. Stafford to  Distri- 
bution 4-12-68. 

1 
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Results 

The results of the parametric analysfs of the four selected insert  
materials are presented in Figures 4-3 through Figure 4-11 and are summarized 
in Tables 4-3 and 4-4. 

a)  Figures 4:3 through 4-6 present the maximum interface temperature 
during in i t i a l  f i r ing and soakback for  each material as a function 
of insert  thickness and pyrolytic graphite thickness. 

b)  Figure 4-7 presents data culled from Figures 4-3 through 4-6 and 
shows the minimum inser t  thickness required t o  maintain the inter- 
face temperature below 700'~ as a function of inser t  material and 
pyrolytic graphite thickness. 

c) Figures 4-8 through 4-11 present temperature-time histories a t  
the interface for  each of the four materials. Results are pre- 
sented fo r  each combinati on of pyrocarb and pyrolyti c graphite 
thi ckness . 

Discussion 

The results of Figure 4-7 are quite important in i l lustrat ing two 
points: 

a) The most favorable inser t  material from the point of view of 
maintaining interface temperatures be1 ow 700'~ i s  wire rei nforced 
zirconia which showed significantly lower required inser t  thick- 
nesses than the other materials investiga$ed. 

b) The insertion of a layer of pyrolytic graphite has a pronounced 
effect upon interface temperature. For three of the materials , 
0.3 inches of pyrolytic graphite results i n  a reduction of 0.5 
inches in insert  material. Thus there may be a significant 
trade-off between insert  thickness and pyrolytic graphite 
thickness. In the case o f  wire reinforced zirconia the trade-off 
i s  not quite as favorable since i t s  thernlophysi cal properties 
more closely approach those of pyrolyti c graphi te. 



TABLE 4-3 

MAXIMUM ABLATOR INTERFACE TEMPERATURES DURING COAST 
FOLLOWING 33 SECOND FIRING 

TABLE 4-4 

MINIMUM INSERT THICKNESS REQUIRED TO MAINTAIN ABLATOR 
INTERFACE TEMPERATURE BELOW 700'~ 

DURING COAST FOLLOWING 33 SECOND FIRING 

- 
Materi a1 

JTA 

W-Re/Zr02 

- 

Ta-W 

Pyro-Carb 

1 
(Inches) 

0.5 

1 .O 
1.5 - -~ 

0.5 

1.0 

1.5 

0.5 

1 .O 
1.5 

0.5 

1.0 

1.5 

I 
LPG (INCHES) 

I Materi a1 L p ~  (Inch 

LA 

2.5 

2.0 

1.5 

2.5 

2.0 

1.5 

2.5 

2.0 

1.5 

2.5 

2.0 

1.5 

0.3 

1.2 

0.6 

1.25 

0.91 
- 

JTA 

W-Re/Zr02 

Ta W 

Pyro-Carb 

L~ 

2.2 

1.7 
1.2 

2.2 

1.7 

1.2 

2.2 

1.7 

1.2 

2.2 

1.7 

1.2. 

0 . 0 
1869 

1174 

830 

1185 

567 

376 

2055 

1228 

835 

1627 

956 

678 

0.6 

0.7 

0.2 

0.67 

0.43 

~ 1 . 8  

0.85 

M 1.83 

1.42 

0.6 

757 

61 4 
50 1 

6 . 3  

11 32 
795 

618 

L~ 

1.9 
1.4 

0.9 

765 

46 1 
325 

1077 

800 

597 
A--...-.-.ll--\> 

I 
1.9 
1.4 

0.9 

960 

575 
387 

296 

756 

601 

0.9 494 
.--- ----. -- - 

1.9 

::: I 
674 

663 

51 6 

1.4 
0.9 

534 
444 
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FIGURE 4-3 ABLATOR INTERFACE MAXIivlUM 
TEMPERATURE WITH JTA GRAPHITE INSER'I' 
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FIGURE 4-6 ABLATOR INTERFACE MAXIMUf4 
TENPERATURE WITI-I PY RO-CARB INSERT 
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FIGURE 4-7 b!i#IMUM INSERT THICKflESS REQUIREFiENTS 
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The results presented i n  Figures 4-8 through 4-11 indicate that 
af ter  the interface has attained i t s  maximum temperature the decay i n  
temperature during the coast i s  quite slow. This must be borne i n  mind 
i f  insert designs are contemplated where the interface temperature i s  
allowed t o  go above 7 0 0 ~ ~ .  In this case the interface region may remain 
above t h i  s temperature for several hundred seconds. 
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FI GURE 4-8 P.BLATOR INTERFACE TEMPERA';URE HISTORY DURING 
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FIGURE 4-10 ABLATOR INTERFACE TEMPERATURE HISTORY DURING I N I T I A L  
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4.1.2 Insert  Thermal Analysis 

Thermal Models 

The thermal models shown i n  Figure 4-12 were analyzed on a one 
dimensional basis wi t h  radial condu~tion considered. The thermal operating 
boundary condi t i  ons , gas side heat transfer coefficients,  and recovery 
temperatures were summarized i n  Table 4-1 fo r  the LMDE ( ~ u a l  B) duty cycle. 
In order t o  minimize computation time, the one hour coast soakback 
was not simulated. Instead, the i n i t i a l  temperatures f o r  the f ina l  burn were 
obtained from Section 4.1.1 interface studies. 

Results 

The resul ts  of the parametric analyses of the four selected inse r t  
materials are presented individually i n  Figures 4-13 through 4-24 and a re  
sunmarized i n  Tables 4-5 and 4-6. Basically, three s e t s  of resul ts  were 
obtained f o r  each inse r t  material and are  as follows: (1) backwall and 
interface temperatures a t  the end of the mission duty cycle (TIME = 4600 

Sec,) as a function of inse r t  t h i  ckncss and t o t a l  thSckness, (2) mzxirnurn 
inse r t  temperature gradients a t  the end of the i n i t i a l  burn  (TIME = 33 Sec.) 
and (3) typical time - temperature his tor ies  during the i n i t i a l  and f inal  
burns. 

For each of the four i n se r t  materials a brief description of the 
physical configuration and resu l t s  t ha t  were obtained from the analysis 
are as follows: 

Pyro-Carb - Figure 4-12 shows the model used i n  the thermal analysis 
f o r  the Pyro-Carb inse r t .  MX-2600 parallel  wrap was used f o r  the 
insulating material ; however pyrolytic graphite was - not included i n  

the analysis. The Pyro-Carb i n se r t  will actually consist  of Pyro- 
Carb i n f i l t r a t ed  w i t h  Si-C. Due t o  lack of thermal data on the 
impregnated materi a1 , the analysis assumed a composi t e  broken down 

i n t o  a 0.25 inch layer of Si-C backed by non-infiltrated Pyro-Carbe The 
resul ts  fo r  the Pyro-Carb are presented i n  Figures 4-13 through 4-15. 

JIA - The thermal model f o r  the JTA inser t  i s  shown in Figure 4-12. - 
The insulating materi a1 was MX2600, 60° center1 i ne oriented and 

pyrolytic graphite thicknesses up t o  0.3 inches were i nves t i ga t~d .  
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FIGURE 4-13 BACKWALL MATERIAL TEKPER44TURES AT THE END OF 
LMDE DUTY CYCLE WITH PYRO-CARB INSERT 
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FIGURE 4-1 5 TYPICAL TINE-TEMPLKI+I UKL HISTORY 
CURVE WITH PYRO-CARB, FINAL BURN 
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Figures 4-16 through 4-20 show the resu l t s  f o r  the JTA. Maximum 

inse r t  temperature gradients fer an i n i  ti a1 f u l l  th rus t  condi t ion 

are shown i n  Figure 4-18. 

W-Re/Zr02 - The thermal model f o r  the W-Re/Zr02 was the same as f o r  

the JTA. The resu l ts  f o r  the W-Re/Zr02 are shown i n  Figures 4-21 

and 4-22. 

Ta-bl - The thermal model f o r  the Ta-W was the same as f o r  the JTA. - 
The resu l t s  f o r  the Ta-W are shown i n  Figures 4-23 and 4-24. 

Discussion 

I n  general , the i n s e r t  thermal gradients, in ter face temperatures and 

surface operating temperatures were found t o  be independent o f  ovqra l l  wal l  

thickness and h igh ly  dependent upon i n s e r t  material thickness. The e f  f s c t  

o f  i nse r t  materi a1 thermal conductivi ty on 4nter f  ace and back-wal 1 temperatures 

was found t o  be r e l a t i v e l y  proport ional t o  the respective thermal conductivi t ies. 

The lower conductivi ty o f  the W-Re/Zr02 composite and the Pyro-Carb i nse r t  

~ C S U :  *L;i in 1 oi.iei. ! ntcrTace arid lacbia; 1 ~teniperatures ; itowever, the laner- 

conduct iv i t ies caused more severe i n s e r t  thermal gradients. 

For the materi a1 thicknesses studied, the in ter face temperature could 

only be maintained less than 3000'~ wlth the inc lus ion o f  0.3 inches o f  

Py ro ly t i c  Graphite. Although the analysis conducted f o r  the Pyro-Carb d i d  

not include the Pyro ly t i c  Graphite, the analyses o f  the other three i nse r t  

materials indicate t ha t  the inc lus ion of 0.3 inches o f  Py ro ly t i c  Graphite 

w i th  the Pyro-Carb would probably have resul ted i n  a 800'~ lower in ter face 

temperature and had l i t t l e  o r  no e f fec t  upon backwall temperatures and 

inser t  thermal gradients. 

The s ign i f i can t  conclusions derived f row the analysis are as follows: 

Backwall temperatures a t  the end o f  the mission duty cycle can be 

maintained below 800'~ (wi th any o f  the inser ts)  i f  t o t a l  thickness 

exceeds 2 inches. 

I n  order t o  maintain inter face temperatures below 3000°~, a t  

l eas t  0.3 inches o f  py ro l y t i c  graphi te i s  required. 
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FIGURE 4-16 BACKWALL MATERIAL TEMPERATURES AT THE END 
OF LMDE D!'IY CYCLE GlITli JTA INSERT 
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F I N R E  4-19 TYPICAL TIME-TEEPERATURE IIISTORY, I N I T I A L  BURN, J T A  INSERT 
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FIGURE 4-20 TYPICAL TIME-TEMPERATURE 
HISTORY, FINAL BURN, JTA INSERT 
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FIGURE 4-21 BACKNALL MATERIA!.. TEMPERATURES AT THE END OF 
LMDE DUTY CYCLE W I T H  WIRE-RETMFORCED Z X R C O N I A  I N S E R T  
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FIGURE 4-23 BACKWALL MATERIAL. TEMPERATLIRES AT T I E  END 
OF LMDE DUTY CYCLE WITH 'TANTALUM TUNGSTEFl IRSERT 
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FIGURE 4-24 INITIAL BURN MAXIMUM TEMPERATURE 
GRAD1 ENT W TTt! TCNTALUM-TUNGSTEN INSERT 



e The inclusion of 0.3 inches of Pyrolytic Graphite resulted i n  a 8 0 0 ~ ~  
lower interface temperature a t  the end of the mission duty cycle 
and had l i t t l e  or no effect upon back-wall temperatures and insert  
thermal gradients. 

a The insert  thermal gradients, interface temperatures and surface 
operating temperatures were found,  in general , t o  be independent 
o f  overall wall thickness and only dependent upon insert  material 
thickness. 

r The lower thermal conductivity of the W-Re/Zr02 composite and Pyro- 
Carb inserts resulted i n  lower interface and backwall temperatures 
and higher insert  thermal gradients than the JTA and Ta-W inserts,  



4.1.3 Comparison Study 

The selection of a suitable inser t  material and i t s  dimensions 
depends upon a trade-off between a wide range of factors. The requirements 
are : 

A) Maintaining interface temperature below 700'~ during in i t i a l  
soakback 

8) Maintaining backwall temperature, a t  the end of the duty cycle, 
- below 800'~ 

C )  Maintaining interface temperature, a t  the end of the duty cycle 
below 3000'~ 

The effect  of these three requirements upon selection of a suitable 
.insert design will be discussed below for  each selected material. 

Pyro-Carb 

For the maximum inser t  thickness of 0.75 inches together w i t h  an overall 
- 

wall thickness o f  3 inclies the maximtmm backwall temperature i s  only 340'~. 
, - .  . i'or the maximum inser t  thickness of 1.5 inches studied i n  this report i t  

i s  very unlikely that  the backwall temperature tyould exceed 800'~. The 
effect of the insertion of a layer of pyrolytic graphite would resul t  in  
a s l ight  decrease in backwall temperature. 

For the range of dimensions studied, the interface temperature a t  
the end of the duty cycle always exceeds 3000'~. Increasing the inser t  
thickness would resul t  i n  a s l i g h t  decrease i n  temperature. However, 
the results for  the other materials indicate that a f a r  more favorable 

. trade-off is obtained by inserting a layer of pyrolytic graphite. 

In conclusion, i f  Pyrocarb is selected as an inser t  material, a l l  
three thermal requirements can be met only i f  a layer of pyrolytic graphite 
of a t  least  0.3 inches i s  inserted between the inser t  and the ablator. 

JTA Graphite - 
The results indicate that in  order to  sat isfy requirement B the inser t  

thickness should be no greater than 1 inch for  an overall wall thickness of 3 

inches. The effect of inserting a layer o f  pyrolytic graphite i s  small 
b u t  favorable. 



In order to  meet requirement A, Figure 4-7 indicates that for  a 
maximum inser t  thickness of 1 inch a layer of pyrolytic q r a ~ h i t e  a t  least  

0.4 inches thick must be used. Referr'rg back to  Figure 4-16 indicates that 
inser t  dimensions and pyrolytic graphite dimensions of th i s  order would 
certainly sat isfy requirement C. 

Wire Reinforced Zirconia 

The results indicate that  any combination of inser t  thickness and 
pyrolytic graphite thickness would sat isfy requirements A and B. However, 
to  sat isfy the rr -: 4rements of maximum interface temperature a t  the end 

k: of the duty cycis it is  seen that  if no pyrolytic graphite is used the 
inser t  thickness must be close to  1.5 inches but that  insertion of layers of 

. -. - - . - - .- - - pyrolytic graphite again results i n  a very favorable trade-off and lower 

insert thicknesses . For pyrolytic graphite thicknesses of 0.3 inches 
or  greater, any inser t  t h i  ckness satisfying requirement A w i  11 sa t i s fy  
a1 1 the other requirements . 

Tantal um Tungsten 

The resul t s  indicate that maximum backwal l temperatures would exceed 
8 0 ~ ' ~  if inser t  thicknesses were greater than 1.5 inches. Figure 4-7 
indicates that  for  this thickness a layer of pyrolytic graphite of a t  
leas t  0.2 inches is  required. 

Referring back, Figure 4-23 indicates that  with these dimensions the 
interface temperature a t  the end of the duty cycle would be greater than 
3000'~. To meet th is  l a t t e r  requirement, an inser t  thickness of no greater 
than 1 inch and a pyrolytic graphite thickness of 0.3 inches is required. 
From Figure 4-7, an inser t  thickness of 1.0 inch would require a Pyrolytic 
graphite thickness of a t  leas t  0.4 inches. 

Concl us i ons 

Following i s  a summary of the dimensional requirements for a1 1 inser t  
materials to sat isfy a l l  three thermal requirements, assuming a total  wall 
thickness of 3 inches. 



I t  should be noted that  the above configurations sat isfy only three 

of the requirements. Other factors which must be considered i n  the selection 

of a suitable inser t  and i t s  dimensions are thermal gradients , ~nechani cal 

behavior and thermochemical reactions a t  the interface. 

Insert 
Materi a1 

Pyro-Carb 

JTA Graphite 

Wire Reinforced 
Z i  rconi a 

Tantal urn 

Thi ckness Requirements 

L, = 0.9", LPG = 0.3' 
linearly to  

L1 = 0.43"9LpG = 0.6'' 

L1 = 1.OU, LPG = 0.4" 

1 i nearly t o  

4, = 0.7'~ LPG = 0.6" 

L1 = 1.5", LPG = 0 

L1 = 0.6", LPG = 0.3" 

L1 = 0.2", LPG = 0.6" 

f L1 = 1.0*, LPG = 0,4" 
Tungsten 

h 

1 i nearly t o  
L1 = 0.67",LpG = 0.6" 



4.2 FINAL DESIGN CONCEPT 

The thermal analysis o f  the conical LMDE hard throat design has been 
completed. This study was made in order to  evaluate the temperature history 
of the hard throat insert  (Pyrocarb) , the backup materi a1 (si  1 i ca phenolic) 
and the t i  tani um outer case. The enti re  nominal LMDE duty cycle was used 
for the imposed thermal environment. The heat transfer t e s t  data from the 
Contour "A4' t e s t  series was utilized to  define the hot side heat flux levels 
during the duty cycle. 

The backwall case temperature was maintained a t  less  than 8 0 0 ~ ~  during 
the f i r ing in order to  minimize thermal stresses. The s i  1 ica phenolic/ 
Pyrocarb interface was maintained below 700'~ during the in i t i a l  33 second 
burn and the following one hour coase (soakback). The s i l i c a  phenol ic/Pyro- 
carb interface does exceed 3 0 0 0 ~ ~  during the final series of burns b u t  t h i s  
occurs rather la te r  i n  the duty cycle when the chamber pressure is relatively 
low. 

Previous studies (Section 4.1) had investigated, i n  a parametric manner, 
the thermal behavior of several candidate materials for  a LMDE hard throat 
insert. The candidate maten a ls  chosen t o r  the f i na'~ design were a combina- 
tion of Pyrocarb 751 and Pyrocarb 303 backed by MX2600 ablative. A sketch 
of this  design as applied to the LMDE contour "A" conical chamber i s  shown 
i n  Figure 4-25. An analysis was performed to  establ is i~ the thermal adequacy 
of this  design and the. results are presented i n  this  section. 

The three cri  t e r i  a investigated t o  es tab1 i sh thermal adequacy were as 
f 011 ows : 

a)  Maximum backwall temperature throughout duty cycle should not 
exceed 800'~. 

b) Interface temperature between Pyrocarb and ablative should not 
exceed 700'~ during f i r s t  f i r ing  and subsequent coast. This 
w11l prevent charring of the ablative prior to  the f inal  duty 
cycl e burn .  

c)  Interface temperature between the Pyrocarb and ablative should 
not exceed 3000'~ during complete duty cycle. This i s  to 
prevent dimensional ab1 at i  on of the ablative materi a1 , However, 
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time a t  high temperature i s  important i n  order to  establish 
how detrimental the dimensional ablation might be should i t  
occur. 

An a1 y& 

One-dimensional thermal models were s e t  up a t  two different locations 
on the insert. As indicated i n  Figure 4-25 one of these locations was 
a t  the throat plane and the other was upstream of the throat plane. The 
thermal operating boundary conditions, gas-side heat transfer coefficients 
-and recovery temperatures are suma.rized i n  Table 4-7 fo r  the complbte 
LMDE duty cycle. 

The gas recovery temperature a t  throat plane was derived by using 
the heat flux data a t  the throat plane fo r  the Contour "A" chamber and then 
uti l izing the relationship 

where Q/A = heat flux to  wall a t  throat plane 

h = Bartz heat transfer coefficient 

Tw = wall temperature 

The heat transfer coefficient a t  the location upstream of the throat 
plane was detemlined by assuming that the recovery temperature was the same 
as the throat plane and using heat flux data for  the upstream location in 
conjunction w i t h  Equation 1 above. 

Results and Discussion 

The thermal models were formul ated fo r  use in con junction wi t h  the TRW 

Thermal Analyzer Program (TAP) and the resul ts  are presented in Figures 
4-26 through 4-29. 

e Figures 4-26 and 4-27 show surface, interface and backwall temper- 
atures as a function of time a t  the throat plane. 

o Figures 4-28 and 4-29 show surface, interface and backwall temper- 

atures as a function of time for  the location upstream o f  the 
throat plane , 



TABLE 4-7 LMDE DUTY CYCLE FOR CONTOUR A 

4 r - 

T i  me 

(seconds) - - 

In i t i a l  Burn 

0 - 25,999 
26 - 32.999 

Coast 

33 - ' 3632.999 

Final Burn 

3633 - 3658,999 
3659 - 4022.999 
4023 - 4098 

4223 

4233 
4533 

4600 

Thrust 
Level 

(%) 

10 
100 

0 

10 

100 
60 

40 

30 
20 

0 

Recovery 
Temperature 

(OF) 

3650 
3560 

0 

3650 

3560 
3950 

.3570 

3610 
3630 

0 

Heat Transfer Coefficient 
h ( B ~ U / I ~ ~ - S ~ C - O F )  

s s . 9  

Throat Plane 

0.145 
0.72 

1 .O x 

0.145 x 
0.72 
0.48 

0.37 
0.28 lo-3 

0.19 

1.0 x 10-l2 

Upstream o f  
Throat Plane 

0.133 x 
0.515 

1.0 x 10-12 

0.133 x lom3 
0.515 x 
0.395 lom3 

0.318 

0.270 

0.180 lom3 
1 .O x 10-I* 
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These resu l t s  reveal the fol lowing: 

r The backwall (ti tan1 urn case) temperature remains below 800'~ 
throughout the duty cycle a t  both locations. 

a The in ter face temperature between the Pyrocarb and the ab la t ive  
remained wel l  below 700'~ during the f i r s t  f i r i n g  and the 

subsequent coast. 

During the f i n a l  series of burns the in ter face between the Pyrocarb 
and ab la t ive  does exceed 3000'~. I n  the case of the throat  plane 

t h i s  doesn't occur u n t i l  4580 seconds i n t o  the duty cycle (end of 

burn a t  4600 seconds) when the chamber pressure i s  less than 20%. 

I n  the case o f  the locat ion upstream of the throat  plane t h i s  occurs 

a t  4130 seconds i n t o  the duty cycle when the thi-ust l eve l  i s  503. 



5.0 ABLATIVE CliAMBER REACTIVE TESTS 

Four full-ablative chambers were t e s t  f i red as part of the CIC Program, 

Results of a f i f t h  t e s t  are included i n  this  report because of i t s  pertinence 

to the program. 

Three of the tes t s  were con,'ucted w i t h  sea-level (€= 2) ablative 
chambers to measure throat erosion during the mission duty-cycle w i t h  LM 
Head End Assembly, S/N 023, assigned to this program. They include: 

A base1 i ne Qua1 i f i  cation B configuration chamber to establish 
duty cycle erosion characteristics of HEA S/N 023. 

o A contour A chamber, the configuration t h a t  showed the lowest 
heat flux a t  ful l  thrust i n  heat s i n k  tes ts .  

A four-quadrant composi t e  throat t o  compare erosion character- 
i s t i c s  of three advanced materials t o  the standard MX-2600 

material. The configuration for this t e s t  was Contour C ,  which 
exhibited the best c* performance i n  the heat s i n k  and water- 
cooled chamber tests. 

The final two tes t s  were conducted i n  the h i g h  alt i tude t e s t  fac i l i ty  
w i t h  f l igh t  configuration chambers. ;I mainline LMDE head end assembly, 
S/N 034, was assigned so that a direct performance comparison could be 
rliade with the Qaal B LMDE chamber for  an extended G mission duty-cycle 
planned for Apollo 16 and subsequent. The tes t s  included: 

r An advanced prototype chamber, i n  the Contour C configuration, 
that  evolved from this  program and contained a quartz-fabric/ 
phenol i c turbulence ri ng and throat. 

@ A Qua1 B configuration chamber that also incorporated quartr- 
f a l r i  c/phenol i c i n  the turbulence r i n g  and throat. 

5.1 BASELINE QUALIFICATION B CHAMBER 

To establish the specific duty cycle erosion characteristics of the (3  - I I .  * 1MQC ?ualSfication B head end assembly, S/N 023, assigned to  th is  program 
<! baseline t e s t  series was collducted i n  the Vertical Engine Test Stand 



(VETS) w i t h  a 2:1 expansion ra t io  ablative chamber, Complete results are 
reported in Reference 16. The t e s t  series is summarized i n  Table 5-1. 

TABLE 5-1. Test Sequence 

Test Description 
Checkout Test 
Checkout Test 

. a 

Checkout Test 
Checi.~ut Test 

L ~ u t y  Cycle 
(Phase I )  

..-- - -  - - . 
Duty Cycle 

(Phase 11) 

Test 
Designation 

VA1-666 

Test 
Durati on (Sec . ) 

26 
51 
22 
51 
42 

Total 1,014 seconds 

The duty cycle portion of the t e s t  was conducted as indicated i n  
Table 5-2, w i t h  propellants saturated a t  65 psia w i t h  gaseous nitrogen, 

@& 
. e- 

TABLE 5-2. Baseline Duty- Cycle' 

Test 
Description 
Duty Cycle 

(Phase I )  

Soak Period 

Duty Cycle 

. 6 :  (Phase 11) 
. 1. . 

Thrust Duration 
% f Hrs . ) - 
15 

FTP 
25 

15 
FTP 
60 
65 
50 
40 
25 
15 
40 
25 

Duration 
(Sec . ) 

26 
7 
6 

@ A 25 percent thrust shutdown was added to the f i r s t  phase of 
this  duty cycle to  minimize the possi b i  1i ty o f  spiking occurring 
and damaging the injector element. 



0 The fu l l  thrust burn during the second phase of the duty cycle 
was reduced from 370 seconds to  320 seconds, because of the 
propellant tank limitations of VETS "A" side and the complexity 
of supplelnenti ng these tanks. 

Throat erosion for  the duty cycle was fa i r ly  uniform, as may be 
noted in Figure 5-1, with a measured throat area increase of 23.7 percent. 

T h i s  value compares well w i t h  the nominal duty-cycle erosion of 
Qua1 B Engines 4, 5, 6 and 7 (Table 1-I) ,  considering the fact  that the 
l a t t e r  were not exposed to  the highly erosive 65% FTP sett ing, and the 
base1 i ne t e s t  was considered to  be representative. 

As may be noted from the engine performance data of Figure 5-2, tllk 
+ - - *  * -. r * . 2.- .- 4 -.-- 

throat area increase a t  FTP was 7.6 percent, measured from the time of 
in i t ia l  throat swelling, T h i s  value compares favorably with the 7.3 
percent erosion predicted from the 79 second 1'T12011 time of the fiberglass 
streak throat t e s t  (VA1-659) . 

Thrust i s  n o t  measured on the VETS "A" fac i l i ty .  Therefore, an 
analysis method used early i n  the LMDE program was updated and used i n  
order to  present overall engine performance data as shown in  Figure 5-2. 
This method ut i l izes  a model for c* (characteristic chamber exhaust 
velocity) that is  a function only of actual measurable quantities of the 
chamber and injector. The c* model utilized was of the farm produced by 
the Engine Simulation 'Group for  the purposes of LMDE - f l igh t  analysis. 

The @ model utilized was adjusted to  closely match the pre-dilty 
cycle t e s t  data for this  engine. Once the c* is known independently, i t  
i s  possible to  solve for the throat area a t  any time during the duty cycle. 

The only problem encountered in the performance analysis o f  these 
tests was caused by the t e s t  fac i l i ty .  The water-cooled slip-ring, 
necessary to attach hard throat ch~mbers to the diffuser, tends to collect 
the congealed molten s i l i ca  re~~~oved from the clialnber and the throat, 
The bui ldup remaining i n  the s l i p  j o i n t  a t  the end of the t e s t  i s  shown 
i n  Figwe 5-3. When throttling down to approximately 50 percent thrust, 
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Figure 5-2, Engine Perforniance Data 
Page 5-5 





a t  445 seconds into the second phase of the duty cycle, the s i l i ca  
buildup in the s l ip  joint becati~e the controlling station for choked flow. 
Because the  throt t le  position was always lower than 50 percent for the 
remainder of the t e s t ,  this secondary throat remained the choke point 
for the duration of the t e s t ,  invalidating a l l  subsequent d a t a  with the 
exception of flowrates. With respect t o  the internal performance param- 
eter  analysis, this  meant that the model was solving for parameters not 
charactet-i s t i  c of a standard LMDE conibus t i  on chanlber configuration. 

Figure 5-2 also indicates the time a t  which the choke point was 
transferred to the water cooled s l ip-r i  ng (see vertical dashed l ine) .  The 
data t o  the right of this  point represent a nonstandard LMDE configuration. 
I t  i s  interesting to note that the throat erosion trace indicates the 
throat t o  be expanding and contracting. This i s  probably due to, f i r s t ,  
a buildup and second, erosion of the throat as the deposits on the water- 
cooled slip-ring buildup and then erode away. 

I f  the fu31 thrust erosion rate a t  320 seconds, 7.6 percent, i s  
projected t o  the nortnal ful l  thrust b u r n  time of 370 seconds, the erosion 
a t  F-I'P would have been slightly greater than 8.5 percent, 

Post-firing condition of the ablative throat, Figure 5-4, shows 
s i l i ca  globules that were chipped away so that the post fir ing throat 
nieasurenlent could be made. T$ese measurements, taken in five degree 
increments, are plotted in Figure 5-5 and are compared tri t h  the erosion 

profiles o f  fiberglass streaks fired a t  FTP and 25 percer~t thrust. b!hen 
viewed from the exit  end of the chamber with tha FCV a t  oO, liiaximum 
throat erosion was observed a t  130' and minimum erosion a t  235'. Figure 

C: : . 5-6 sho\.rs the ab!?iSve liner cross sections a t  the points of minimum and 
maxi~i~um erosion. As usual in a duty cycle f i r ing,  the cylindrical 
portion of the ablative l iner was charred conipletely through. Zero char 
was observed in relatively cool regions of the faceplate and in the area 
of the large diametec8 cyl indrical secti 3n nea: the faceplate. Shrinkage 
of the light weight back-up niater.ia1 in the cylindrical section and 
consequent f s i  1 ure in the overwrap probably occurred during heat soakback. 
The fa i r ly  uniform erosion i s  further demonstrated by the 314 
inch to 718 inch virgin material ren~aining a t  the throat, 
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In Figures 5-7 through 5-10, backwall temperatures measured a t  
various axial stations are further indications of injector and erosion 
uniformity based on the narrow band of temperatures around the chamber 
circumference. I f  the shutdown temperature data a t  818 seconds are 
projected to the nominal duty cycle time o f  865 seconds, the temperature 
range a t  the various stations would be as shown i n  Table 5-3. Note that  
a l l  temperatures are well w i t h i n  the full-thrust design allowable values. 

TABLE 5-3. ProjectSon of VA1-671 Data 
to  865 Seconds 

Axial Distance F u l l  -Thrust 
from Injector Attach Backwall Design A1 1 owah1 e 

Flange (inches) ' Temperature ( F) - Tempersture ( F)  

Results from the chamber wall environment tes t s  (Section 3) showed 
that the lowest heat flux a t  FTP for  the contours evaluated was exhibited 
by Contour A.  Consequently, a sea-level ablative chamber was fabricated 
to  a rnod,ified Contour A configuration with the standard LMDE MX-2600 
s i  1 i ca-fabri c/phenol i c ., When t e s t  f ired (VA1-741 through VA1-743), the 
measured total  throat erosion was 28.2 percent for  the following nominal 
base1 i ne duty cycle: 

Test Description ~ 

Duty Cycle 

Soak Period 

Duty Cycle 
(Phase 11) 

Thrust (%) 

15 
FTP 

2 5 

Duration (Sec) .- 

26. 
7 
6 

(1 Hour) 
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Test Description Thrust (%) Duration (sec) 
Duty Cycle 50 66 
(Phase 11) 40 30 
Conti nued 25 46 

15 25 
40 44 
25 162 

The erosion during the 320 second FTP burn was 2.7 percent based on 
the difference between peak c* (characteristic velocity) and the c* a t  . 
the end of the FTP burn. The total throat area a t  the end of the FTP 
burn was .only 0.5 percent more than the original throat area or, in other i, 
words, the throat shrank 2.2 percent before it started increasing i n  area. 

Beyond the f u l l  t h r u s t  point , throat erosion rates computed from 
Ck are quite errati-c, but  the total measured throat increase of 28.2 
percent indicates th i l t  the erosion rate was very great when the engine 
was throttled darn. The rehson for this phenomenon 3s unclear since, 
as was predicted from heat transfer tests  of the A contour, a significant 

0 
reduction in  erosion was achieved a t  the full t h r u s t  level. However, the 
erosion over the thrott13ng thrust range gas fiSgRerc Lhan t d t h  the 
standard LMDE Qual B contour chamber, contributing to an overall higher 
erosion as shwn i n  the erosion plots of Figure 5-11. 

The post-firing condition of the ablative chamber is shown in 
Figures 5-12 through 5-14. 

A1 though the MX-2600 erosion w i t h  Contour A was much greater than 
i n  either the baseline (Section 4.2) or Contour C composite firings, 

c.? (Section 5.3) it w i l l  be noted -that the remaining char, Figures 5-15 arid 
5-16, when compared w i t h  Figure 5-6, was slightly less a t  the same 
stations i n  the entrance and throat regions. The t h i c ~ e s t  char was 
located about four inches upstream compared to Contour C . 

As a result of this test ,  further evaluation o f  Contour A was dis-  

continued. Nevertheless, the fact  tha-t its lower heat flux a t  FTP was 
confirmed by reduced erosion over that of Qual B i n  both streak chambers 
and ablative si l ica throats leads to the .conclusion that, should the need 

1 0  arise for a mission duty cycle conducted primavily a t  full-thrust, a Contour 
A chamber would certainly offer a distinct advantage in greatly reduced 

a erosion and the concomi tant overall perfomance- 
L 5-1 6 
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Figure 5-15. Liner Char Pattern After 
Tests VA1-741, 742 and 743 



Figure 5-16. 'Contour A Liner Char Pattern 
After Tests VA1-741, 742 and 743 



5.3 ADVANCED MATERIALS COMPOSITE THROAT 

Based on results and reconnnendations emanating from the Materials 
Survey and Evaluation Phase of the program, three ablative materials were 
selected for  reactive testing . These were combined into the quadrants 
of a composite throat for direct comparison w i t h  the LMDE standard MX-2600 
si lica-fabric/phenolic. In addition t o  the advantage gaJned by direct 
comparison of materials i n  the same reactive tes t ,  a conss'dcrable cost 
saving resulted by molding three of the four simultaneously i n  a b i l l e t  

.- . .La  . ., - . , mold. The four quadrants, shown i n  Figure 5-17, consisted of the 
+-.. fol l owi ng phenol i c 1 ami nates : 
. . 

. , <  i ' 

MX-2600, w i t h  the current LMDE throat si l ica-fabric and a 
silica/carbon ra t io  of 4.5 .---- . - - -.- -. .- - - . - . - - . - - 

a MXQ 190, w i t h  a quartz fabric and a silicajcarbon ra t io  of 4.5 

o MXQ 190 of high-resi n content, precharred and reimpregnated , 

). 
w i t h  a si lica/carbon ra t io  of 1 .l' (TRId-12.4) 

e A composite quartz and graphite fabrle,  .\Ji t h  a s.s'3-ica/carb.on 
ra t io  of 1.0 (TRW-2A) 

As discussed i n  Section 2. ,  quartz .fabric offered a potential 
improvement over si 1 i ca . The t h i r d  and fourth quadrants represented 
lower silica-to-carbon char ratios aimed a t  promotion of si l icon carbide 
formation i n  situ during the t e s t  f i r i n g .  The t h i r d  quadrant was similar 
to  the TRW-12 1 aboratory specimen, and the fourth quadrant .represented 
the TRW-2A torch t e s t  specimens, Silicon carbide was formed, and l i t t l e  
or no dimensiohal changes occurred when those specimens were heated in 
1 abora tory tests  . 

The chamber configuration chosen for  the t e s t  serie., s Contour C 

that exhibited the best c* performance i n  the heat-sink a) 1.r :.:.:ter-cooled 
chamber tes ts  and whose throat heat f l u x  was slightly less than that o f  
the Qua1 B conf5guration over the throt t le  range. Figure 5-18 shows the 
Contour C slotted MX-2600 turbulence rinq. The slotted ablative face 
plate i s  shown in Figure 5-19. The s lo ts  provide for  channeling barrier 
coolant farther dok~nstream than is possible w i  t h  the Qua1 B chamber. 



FIgure 5-17. Throat Erosioi! Eva,?uation Liner  
Viewed from Aft End - Clockwise 
from Bottom: MXd2600, TR!d-l2A, 
MXQ- 19(j, TRIJ- 2A 



Figure 5-18. Throat Erosion Evaluation Chamber Liner 
wi th  Slotted Turbulence Ring - Vievied 
From Forward End 





. . The duty cycle is summarized in Table 5-4, Test VA1-733 simulated 
a normal LMDE acceptance test; test VA1-734 simulated the orbit injection 
portion of a duty cycle; and test YA1-135 simulated -the braki ng phase, 
320 seconds of which were a t  full thrust. A t  this point, the engine was 
removed from the stand for a throat measurement. I t s  condition is shown 
i n  Figure 5-20. 

The test-series was co~npleted w i t h  VA1-736, a checkout test, and 

. . VA1-737, simulating &he flare-out, ... .. - - . . hover, and landing phases of a d u t y  
.. . , .  1 ijcle. ~ e s t  %3XZZ&$>$~!x&dL.%~ seconds a t  FTP before throttl i ng down 

to induce the thermal gradient into the liner that would exist. normally 
a t  that point had the firing not been interrupted for the throat measure- 
ment. The post-firing condition of the chamber is shown i n  Figures 5-21 
and 5-22. . . 

. . .  

The throat erosion profiles measured after tests VA1-735 and VAI-  

- f. 737 are compared w i t h  the Qual B baseline erosion (Section 5.1 ) i n  

. b 

Figure 5-23. The shapes are generally simi 1 a r  except for discontinuities 
along the bodlfnes .# of t k ~  four-quadrant throat .  To eliminate bondline 
interaction effects, computed erosion of the middle 60-degree segments o f  
each quadrant is presented i n  Table 5-5. I t  w i l l  be noted that a t  full' 
thrust the precharred and reimpregnated quartz-fabri c/phenol i c (TRW-12A) 
and the standard quartz-fabri clphenol i c  (MXQ- 190) had about half of the 
erosion of the standard s i  1 i ca-fabri c/phenol i c (MX-2600) , even though 
the former were located i n  more erosion-inducing regions. Th i s  trend 
prevailed through the IGW-thrust portion of the- test  series. In the 
final analysis, the effect of injector variation was compensated for by 

. . . - comparing erosion i n  each quadrant w i t h  that experienced i n  that quadrant 
during .the Qual B Baseline Erosion Duty Cycle Test (Section 5.1). This 

.. . new standard of comparison results i n  the final line of Table 5-5 where 
certain facts become obvious . 

a The materials evaluation test  was a. valid comparison i n  that 
MX-2600 eroded almost exactly the same amount as i t  did i n  the 
base1 i ne test . q.. . . - .  . - - 

o TRW-2A ero'ded 20 percent more than  MX-2600. 

5-27 , * 

. . 



ThBLE 5-4 

ADVANCED HRTERIALS EVALUATION OUTY GYCLE 

Thrust F i r in  Duration Cumulative Firing 
Test No. (Percent) PSec) - T l ~ e  (Set) 

15 VA1-733 3 
FTP 

. 
? 

50 6 
25 7 

15 26 
FTP 7 

15 
FTP 
:I 5 

15 
FTP 
50 
25 

15 
FTP 
60 











F ~ L ~ ~ ~ ~  F R A M ~  a Figure 5-23. Advanced Materials Erosion Prof i 1 e 
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I 1.  
i 

11 602-6039-R0-00 1 

i 

i, 
a TRW-12A and MXQ-190 had h a l f  the erosfon o f  MX-2600. 1 

! 

i 
TRW-12A, described above, and TRW-2A, a compos i t e  phenol i c 1 ami nate con- i 

ta in ing one p l y  ar' graphite fab r i c  t o  each two p l l e s  o f  quartz fabr ic,  
I 
i 

were formulated w i th  the object ive o f  forming Sic i n  s i t u  during the f u l l -  f 

th rus t  por t ion o f  the f i r i n g .  The S i c  presence should 'then have decreased 
the low-thrust erosion. I -  

X-ray d i f f r a c t i o n  analyses were performed on specimens taken from 

the surface and 1/16 inch beneath the surface from two locatqons; locat ion 
1 a t  the throat, and locat ion 2, about 4-1/2 inches upstream from locat ion 

1. Resul t s  are shown ?n Table 5-6. 

Although quant i ta t ive  assessment o f  the S I C  content i s  not  possible 
from these results, i t  i s  estimated tha t  the amount o f  S i c  may be as high 

as 10% by vo'~ume i n  the surface layer o f  a l l  specimens. No Sic was 
detectable 1/16 inch beneath the surface except i n  the TRW-2A specimen 
i n  the upstream locat ion 2 where weak in tens i t y  S i c  prevailed. I t  i s  
in terest ing t o  note tha t  S i c  did. not  form i n  TKi-12A specimen during the 

pyrolysis cycle p r i o r  t o  engine f i r i n g  and t ha t  S i c  formation was en t i r e l y  
the r e s u l t  o f  react ion o f  s i l i c a  and carbon i n  the chamber environments. 

I t  i s  not c lear a t  t h i s  time whether the formation o f  S i c  i s  
benef i c i  a1 , but ce r ta in  observations are apparent: 

o The great ly improved erosion resistance o f  MXQ-190 (over t ha t  
o f  MX-2600) and i t s  equivalence t o  TRW- 12A does not  warrant 
the addi ti onal , expense o f  precharri  ng and reimpregnating t o  
form the l a t t e r  composition. I 

r The increased erosion and thermal conduct iv i ty  induced by the 

addi t i o n  o f  graphite fab r i c  t o  the quartz-fabric/phenolic 
laminate precludes use o f  TRW-2A i n  the LMDE environment. 

The char pat tern a t  the center o f  each quadrant 3s shown i n  Figure 
5-24. I t  w i l l  be noted tha t  the s t ruc tura l  i n t e g r i t y  o f  the TRW-12A was 
good, even though i t was severely delaminated before the f i r i n g  t es t  . 
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The MXQ-190 had one delamination a t  the throat compared t o  several i n  the 
MX-2600, and had about 1/8 inch more v i rg in  material remaining. The TRW- 
2A was charred through completely and had mu1 ti pl  e del ami nations. There 
was evidence o f  gas flow through one delaminatton t o  the glass-fabric/ 
phenol i c overwrap. 

The char pattern f s  compared to that-of the Qual B Baseline (Secti~n 
5.1) i n  Figure 5-25. I t  will be noted that the highest eroding region of 
the -chamber has been shifted 2-1/2 inches upstream i n  the Contour C 
configuration.. -This  deeply eroded region is shown more clearly i n  Figure G + ': 5-26. Its occurrence is even more surprising considering the fact that 
the barrier coolant slots have retained their original configuration i n  
the' same region. The extreme erosion of the MX-2600 turbulence r ing  is 
depicted i n  the comparison w i t h  the original contour i n  Figure 5-27. A 
quartz-fabric/phenol i c  construction should a1 leviate this condition. 

The faceplate was 3 n excel 1 ent condition after the test  series , as 
may be noted i n  Figure 5-28. 

The increase i n  C* for the C' contour chamber over that of the' 
Qual B configuration observed i n  the heat s i n k  chamber tests was 
further verified i n  the composite chamber duty cycle testing. 

Based on the titanium she1 1 backwall temperature response during 
VA1-637, the throttled low-thrust portion of the duty cycle test,  the 
following thermal diffusivi ty ratios were computed far each throat 
quadrant material relative to MX-2600 sil-ica-fabriclphenol ic: . 

Materi a1 
MX-2600 
MXQ-190 
TRW-12A 
TRW-2A 

The ratios presented are the mean values computed by two .different 
methods as discussed i n  Reference 35. 



Figure 5-25. Con~parison o f  Contour C Char 
Pattern w i t h  Qua1 B Baseline. 









,$. 3 Based upon the results of the advanced materials erosion t e s t ,  i t  
was concluded that the quartz-fabric/phenol i c  resin laminated material 
would achieve a significant reduction i n  erosion of up to  50 percent over 
the current MX-2600 silica-fabricjphenol i c  without further materials 

development effort .  

The precharred quartz fabriclhigh-resin-content phenolic shswed 

an even greater reduction i n  erosion. Although i t  is believed that  this 
material has a higher potential for  erosion reduction, the development 
time and cost for  optimization of the formulation and processing was 
beyond the scope of the CIC program. Therefore, the quartz-fabri c/phenol i c 
material was selected for evaluation i n  an advanced prototype LESDE com- 
bus t i  on chamber. 

5.4 PROTOTYPE CHAMBER 

5.4.1 Design and Fabrication ' : 

The original design for  the Phase I11 prototype chamber consisted 
simply of a quartz-fabri  c/phenol l c ,  oriented 75 degrees- to-cet~ter.1 i rre i n  

the slotted turbulence ring and 60 degrees-to-centerline i n  the throat, 
i n  the Contour C configuration. The face-plate was the current LMDE- 
qua1 if ied si 1 ica-fabric/el as tomer-modi fied phenol i c  i n  a Convolay 
configuration. 

However, a t  meetings w i t h  Grumman and NASA MSC personnel ;n early 
August 1969, as a direct benefit of the CIC program, i t  was decided to  
evaluate quartz in the current LMDE Qual B confi gurai ton. The reason 
was a proposed increase i n  the LM tank capacity to  19,562 pounds of 

propellant for  the extended G mission duty cycle. The increased hover 
capability afforded would increase the f i r ing time by some 90 seconds 
above that of the nominal mission duty cycle. I t  was believed that  the 
current Qua1 B chamber re1 iabi 1 i ty would be decreased significantly 
thereby. 

0 A t  the meeting i t  >]as decided that the Phase 111 prototype design 
should incorporate as many design features o f  t he  Qual  B quartz design 
as possible. In th is  manner perforniance of  both could be compared under 



ITY OF THE ......... .... ORIGINAL ...... PAGE . . .  IS 
- - .  ... - - m..:,..,... ..: ...,-.,.. .. - ,,,, - . . . . . . . . . . . . . . . . .  ,,.,, ,,, 

P?h 
. 

.. , J sinii l a r  reactive t e s t  cone i- ; ons. In addition, a "universal chamber bi 1 l e t "  

could be fabricated tha t  would permit f inal  machining t o  e i the r  configuration, 
or a backup, fo r  a DVT program tha t  would lead to  qualif ication tes t ing i n  
time fo r  the LM-10 mission. 

Within the above guide1 ines , and a f t e r  several i t e ra t ions  , the f ina l  
Phase I I I  prototype design, shown i n  Figure 5-29, was approved by MSC. The 
Qua1 B quartz design is shown i n  Figure 5-30, In addition t o  the quartz- 

.... . .fabrjc~~&%~akd.,-,.hsj&h .. . ;er:rk::;.:.c-:.>ncorporated .. . other improvements over the -.. . .*,.,,. .:;.. ..\.: :. . . . . . .  - 
';S.IY,..>, ,.I. 

., f 2'- . .  . c*rrk.iz3~2 e;T;G:p&GjEs! .i .;%:;j3.$s.-is - 31 
/ .  

. They include: 

I 

(a)  A quartz-fabric/phenolic tape wrap between heavyweight and 
lightweight backup materials t o  ac t  as a gas seal  should the  
charred inner l i ner del ami nate. 

(b) Extension of the intermediate quartz tape overwrap into  the  
jo in t  region w i t h  the e x i t  cone l ine r ,  with the actual jo in t  
moved 1/4 ~ n c h  axially downstream from tha t  of the current 

. 6. .,, . . . .  @a! E. des!ar? . ..--... . _". .,:.:.. 3b:r feature offers several advantages r 
. .'... '.. .... . -. -. . -. . .qt9 - . 

3%:: 

o Adds 1/4 inch more material t o  the chamber 1 iner  wall 
thickness i n  a c r i t i c a l  region of the throat .  

o Overwrap feature acts  as a gas seal should charred throat  
del anli nate . 

a Overwrap extending downstream of throat  is integral w i t h  
cooler upstream portions of each ply so  t ha t  even i f  the 
former shrinks when charred, i t  cannot be ejected. 

v 

(c )  A quartz-fabri c/phenol i c  outer overwrap rep1 aces sil i ca-fabric/ 
phenolic overwrap. The quartz-fabri c/phenoli c laminate t ens i l e  
strength is 65,000 psi , compared t o  the si 1 i ca-fabric/phenol i c 
strength of 14,000 psi .  I t  should a lso  increase the r e l i a b i l i t y  
o f  the turbulence ring section and the faceplate/turbulence 
ring jo in t  relat-ive t o  the leak paths or s t resses  that  might 

. . ..' be induced by a ' ial  shrinkage ' o f  the charred 1 iner. 
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(d) Additional 1 i.htweight backup material i n  the turbulence ring 
region and convergent section, resulting i n  a weight swing 
of about one pound by the replacement of heavyweight rnaterial 
i n  these cooler operat.; ng regi ans . 

Processi ng di f f  i cu l t i  es were experi enced during the 1 i ner fabri - 
cation, Ini t i  a1 ly , both the throat and turb~lence ring b i  1 leta exhibited 
delaminations as molded, The turbulence b i l l e t  was rejected and a 
replacement par t  was made. This one, too, exhibited mi nor delami nations. 
Both the throat and rep1 acement tufbul ence rJ ng b i  11 e t  were reimpregnated 
w i t h  EC-201 phenolic resin and processing was resumed. After cure of the 
final quartz-fabric tape ovenvrap, two delaminatioilb occurred i n  the 
turbulence r i n g ,  several i n  the cylindrical section, and two i n  the throat. 
These are shown i n  Figures 5-32 and 5-33. The delaririnations have been 
accentuated for the photographs by an a l c ~ h o l  surface wipe. 

I t  was believed that the defects would survive the f i r ing.  They 
were f i l l ed  with HT-427, the epoxy-novolac adhesive used for bonding 
chamber l i n a  j o i i l t s .  The only re~naining processing was bar?d.lng of the 
face-p1 ate,  and f i  nish-machi ning proceeded to  completion. 

The l iner  was assembled into a chamber w i t h  a titanium shell and 
exi t  cone liiier transferred from the LMDE program. The chamber was 
assembled into Engine 1034-5 with the head end assembly borr~wed from 
the LMDE program and previously used in a nominal extended G mission duty 
cycle t e s t  of the current Qua1 B LMDE s i l i ca  chamber, Engine 1034-4. 
For direct comparison purposes the injector confi yuration was the same 
as that of deliverable LMDE's for the duty cycle tes t s .  (This same head . 
end assembly was also used for :.he duty cycle t e s t  of Engine 1034-6,' w i t h  

the quartz Qua1 B chamber, described in Section 5.5). In streak thrc.at 
acceptance t e s t s ,  the "T12011 time for HEA 034 was 78 seconds, indicating 
a high erosion rate a t  FTP. 

Test Resull 

The extended G mission. duty cycle i s  shown i n  Figure 5-34. The 
complete t e s t  series for the chamber, I-IATS 416-422, i s  s~nmarized i.n 
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Figure  5-32. Delami na t i  ons i n  P ro to type  Quartz- 
FabrS cjPheno1 i c  L i n e r  Viewed from 
A f t  End 



Figure 5-33 Del anii nati ons i n  Prototype Quartz- 
Fabr i  c/Phenolic Liner Viewed from 
Forward End 
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Table 5-7. After HATS 416-418, to  evaluate the effect  of minor injector 
refinen~ents (section 3.10) the HEA was readjusted t o  the normal ranse of 

LtlDE deliverables for  com~letion of the t e s t  series. 

HATS 419 and 420 were checkout tests of 22 and 35 seconds, respective- 

ly. HATS 421 simulated the DO1 phase of the extended G mission duty cycle. 
HATS 422 simulated the PDI burn, requiring 985 seconds t o  consume 19,726 
pounds of propellants. Total accumulated f i r ing time on the chamber was 
1169 seconds for  HATS tes t s  416 through 422. 

Calculated throat area increase was 14.3 percent compared t o  33.2 
percrst for the LMDE Qual B silica-fabric/phenolic chamber w i t h  the 
same duty cycle. After scraping the throat, the measured throat erosion 
was 15.6 percent. The throat erosion profile and sections along the 
maximum and minimum erosion planes are presented i n  Figures 5-35 thro1;gh 
5-37. 

The completely sectioned chamber is shown in  Figure 5-38. Fabri- 
i;a l2 oil i ~ p e r f e c t i  ofis do nct appear t o  have con:grci~.isc3 "LE s trcctirral . 

integrity of the l iner.  Char and erosion depth plots along the maximum 
and minimum erosion planes are  presented in Figure 5-39.. The severely 
eroded quartz turbulence ring is compared w i t h  its original profile i n  
Figure 5-40. 

Significant performance parameters are plotted as a function of 
firing time i n  Figure 5-41, Table 5-8 compares performance values a t  
various throt t le  sett ings w i t h  those measured during the comparable Qual 
B chamber f i r ing o f  Engine 1034-4, Of interest  here is the fac t  that  
a measured performance advantage for  Contour C appears t o  ex is t  only a t  
low thrust. A t  the same 25 percent FTP, however, there is a marked 
superiority i n  throat durabi 1 i t y  of quartz over s i  1 ica,  whereas erosion 
appears t o  be equivalent a t  other thro t t le  sett ings.  T h i s  effect  i s  

depicted graphically in Figure 5-42. Performance i s  discussed i n  detail 
in Reference 37. 

The composite throat Contour C chamber (section 5.3) had showed the 
greatest char penetration on the downstream side of the turbulence ring, 

about 1.5 inches farther upstream from where the same effect,  and 
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FIGURE 5-35, CIC PROTOTYPE QUARTZ 
CHAMBER EROS ION PROFILE 





Figure 5-37. Minimum Erosion Plane , 

5- 56 • 
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Figure 5-41 . Prototype Chamber .?  , 
Performance, Engine 1034-5 , .- 
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highest titanium case backwall temperatures, are usually observed on the 
Qual B chamber, The highest shutdown temperature measured a t  this  
station, 10 inches from the head end attachment flange, was 5 9 5 ' ~ ~  as 
shown i n  Figure 5-43, This value was near the low end of the range 
measured for the Qual B chamber. Figure 5-44 compares the temperature 
data and indicates that the Qual B backwall temperature was rising a t  a 
much greater rate a t  shutdown. 

Conclusions 

.{. Except a t  low thrust, the Contour C measured specific 
impulse over the thro t t le  range offered no marked 
improvement over that  of the current Qual B contour. 

--- - - - ---- . .. . - - . -  - -  

. o The quartz laminate offers a significant improvement i n  
erosS on resistance over i ts si 1 'l' ca counterpart. ;'his 
reduced erosion was experienced despite the ex i r t  ence 
of delaminations and loss of orientation i n  the l iner  
as fabricated. 

f 
m Erosion on the downstream side o f  the slotted quartz- 

fabric/phenolic turbulence ring was just as severe as 
that  experienced previously w i t h  the si lica-fabri c/phenol i c 
Contour C turbulence r i n g  of the Advanced Materials Test 
Chamber (Section 5.3). 

a The intermediate quartz wrap performed well as a secondary 
gas seal and improved the integrity o f  the chamber/exit 
cone joint.  

o Titanium backwall temperatures a t  shutdown were a t  the 
min.imum expected. A t  the thinnest region of the chamber, 
St:tion 21.0, the maxir.um shutdown temperature was only 
59 5'~. 

- . 
I ,  . . 5.5 QUARTZ QUALIFICATION B CHAMBER .I . P' 

?(.; (.-. As mentioned i n  S e c t i o ~ ~  5.4, based on the successful results o f  the . ,: , . 
.:Q,; 
.?i. -. 
::. ..:. CIC program, i t  was decided t o  evaluate a quartz chamber it1 the mainline . ., 
" .., .'_ 

..+ :' .. . . ..'. .. . .. .:' 
;i 
-d.. 
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LMDE program to  accommodate the increased propellant load for the extended 
C mission in a reliable n~dnner, 

5.5.7 Fabrication 

A quartz chamber l iner  of the Figure 5-30 design was fabricated, 
I t  exhibited surface delaminstions similar t o  those of the Prototype 
Contour C Chamber. Imperfections of this  type, shown in Figure 5-45 and 
5-46, are not unusual during process devd opment . These were reimpresilated 
an3 :th@~:.d:ii12~~~;h.~!:..~~~l~~~~a1 ly integrated into a Qual B assembly, designated 
Engine 1034-6. 

An interesting feature of the design, Figure 5-30, is that  i t  con- 
tains 0.1-inch less ablative material i n  the cylindrical section than that 
of the Qual B design, Figure 5-31. This fact ,  plus the fac t  that i t  was 

4 

possible to  include additional backup lightweight 'insulation accounts for 
the fac t  that the new design results i n  a nominal weight saving of 7.1 lb. 

5.5.2 Test Results 

~ f t &  a checkout test,  HATS 426, testing contincad through HATS 432 . . 
for a total  of 1,190 seconds. The Phase I1 portion of the duty cycle was 
interrupted when I!ATS 431 was shut down prematurely. The t e s t  was then 
completed w i  t h  HATS 432. 

HATS acceptance runs (HATS 427 and 428) were conducted w i t h  the 
engine adjusted to  nominal conditions and performance parameters (Isp: 
MR, and A P's) were near nominal for  both runs. 

Q; 
. .., The extended G ml'ssion duty cycle was ini t ia ted on 16 October 

'1969 with a 28 second DO1 burn, HATS 430, and an in i t fa l  PDI burn,  HATS 
431. During the PDI burn, a premature engine shutdown signal was received 
320 seconds into the scheduled 375 second FTP portion of the PDI burn. 
The premature shutdown was caused by a special f ac i l i t y  cable shortJng out 
and causing the shutoff valves to close, 

d , 
'k 

' t  '!. 
The FTP shutdown was rough nnd the chamber sustained nuinersus pres- i 

I .  

sure spikes rangfng from 40 to  'I30 psi peak-taupeak. Inspection of the 
injector element showed the elements to  be i n  good condltlon and acceptable 



F igure  5-45. .Turbuler~ca Ri rjg Dclami nations 
i n  Quartz Qua1 d (;htimbcr Line,' 
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Figure 5- 46. ' Throat  ela am in at ions i n  Quartz 
Qua1 B Chamber Liner 



for  further testing. Inspection of the quartz chamber revealed some 
delaminations i n  the cylindrical section of the chamber and a partial 
opening of the j o i n t  between the chamber liner and exit cone was 
subsequently f i  1 led w i  t k  zinc chromate putty. 

When testing was continued w i t h  HATS 432, a s l i g h t  change i n  the 

thrust profile was made t o  allow for a warm-up phase consisting of 33 

seconds a t   lo^ chamber pressure so that some glass flow could occur i n  . 
the .chamber befor?.-throttl i ng t o  FTP . A f i fty-f i ve second burn a t  FTP ..- * . . 

&as then made wt;%b.-&mpleted the scheduled 375 second FTP burn tine and 
the balance of the profile for an extended G mission profile was then 
completed. Figure 5-47 is a plot of the throttle profiles for the three 
runs (HATS 430, 431, and 432) that constituted the extended G missio~! 
duty cycle. Table 5-9 su~marizes the t e s t  series. 

A total throat erosion of 7.7 percent for the total duty cycle 
was calculated based on c* data. Throat erosion of 2.9 percent was 
experienced for the FTP portion of the burn and 4.6 percent for the 25 

-. percent thrust par:tSon of the duty cycle. riie i ~ e q i ~ r a d  i : i ; -~at  area 
change after cool down was 8.5 -percent. The total burn time t o  deplete 
12,040 Ibs  of oxidizer and a total propellant load of 19,562 Ibs was 998 
seconds. The burn times to propellant depletion exclude the 33 second 
warm up run  t h a t  preceded the PDI continuation on HATS 432. 

Performance parameters of Table 5-10 and Figure 5-48 show that 
specific impulse over the throttle range was equivalent to that experienced 
rvi t h  the 1034-4 Qual B chamber (Table 5-8). Throat erosion a t  ful l  thrust 
was less than half that of the Qual B and Prototype chambers and confjrms 
the resul ts for quartz-f abr i  c/phenol i c previously observed i n  the Advanced 

, 

Materials Composite Throat Test (Section 5.3, Table 5-5). The real 
advantage of quartz over si l ica is evident a t  the Tow thrust (and reduced 
heat f l u x )  level where i t s  higher melt viscosity resists the shear re- 
moval forces, 

- 
. I 

3 
' 8 :  . 

The uniform throat erosion i s  shown in Figures 5-49 and 5-50. The =, I 

8 3 

erosion prof? l e ,  Figure 5-51, shows a significant improvement over t h a t  3 e 
of the Qual B s i l ica  chamber. 
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TABLE 5-9. TEST SUMMARY 
LONG TANK PROGRAMIQUAL B QUARTZ CHAMBER 

ENGINE 1034-6 

DURATION 
TEST NO, Tz!! - %F (SEC) REMARKS 

HATS-426 3.22 15 3 Cali bration Test. 
13.b0 FTP 7 65 psi a GN2 Saturated Propel 1 ants. 
7.50 50 5 
4.44 25 - 7 

22 

3.22 15 
13.80 FTP 
9.50 65 
7.50 50 
4.44 25 

3.22 15 
13.80 FTP 
9.00 60 
7.50 50 
6.28 40 
4.44 25 

Acceptance Test . 
65 psia GN2 Saturated Propellants. 

Acceptance Test . 
65 psia GNp Saturated Propellants . 

HATS-429 3.22 15 3 He1 i um Base1 i ne . 
13.80 FTP 20. 240 psia He1 i u m  Saturated Propel 1.ants. 
9.00 60 5 After the checkout, acceptance, and he1 i um 
7.50 50 5 base1 i ne tests  , the engine was to  perform 
6.28 40 . 5 an extended "G" mission duty cycle similar 
4.44 25 - 5 to the baseline duty cycle, b u t  because of a , 

43 f ac i l i t y  malfunction the duty cycle was per- 
formed w i t h  the following profi le: 

9. 

HATS -430 3.22 15 15 Fi rs t  burn. 
. 8- % - ' 6.28 40 - 13 240 psia Helium Saturated Propellants. 

28 

HATS-431 '3 .22 15 26 PDI Burn. 
13.80 FTP - 320 Second burn. 

346 240 psia He1 ium Saturated Propellants. 
An unscheduled shutdown of the engine 346 
seconds into the PDI burn was due to a 
short i n  a special fac i l i ty  shutoff valve 
cable. 
Fuel and oxidizer j urges were turned on 15 
seconds af te r  shutcown. 



TABLE 5-9. TEST SUMMARY (Continued) 

TEST NO. 

HATS-432 

DURAT I ON 
TCV %F (SEC) - - REMARKS 

3.22 15 16 The f i r s t  three t h r o t t l e  points are warm-up. 
4.44 25 10 
8.40 56 7 The 55 seconds a t  FTP make the t o t a l  FTP 

13.80 FTP 55 time equal t o  375 seconds which was the 

8.40 56 109 o r i g i na l  duty cycle burn time a t  FTP. 

9.00 60 15 240 psia helium saturated propel lants . 
7.51 50 40 
6.28 40 40 Fuel and ox id izer  purges were turned on 15 

5.67 35 25 seconds a f t e r  shutdown. 
5.06 30 40 The accumulated f i r i n g  durat ion on the com- 
4.44 25 - 31 1 bus ti on chamber was 1190 seconds. 
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Ijrgure 5-48. Qua1 B Quartz Chaalber 
Performance, ,Enqine 1034-6 









FIGURE 5-51. S i l i c a  Versus Quartz 
Erosion Pro f  i 1 es 

, I.. 
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3 When sectioned along the planes of min imum and maxjmum erosion, 

Figures 5-52 through 5-54, chamber integrity is evidenced by the uniform 
char and good condi ti on of the joi n t  . Agai n , fabri cati on imperf ecti  ons 

did not appear t o  affect performance adversely. 

The char and erosion patterns are presented i n  Figure 5-55. 

The backwall. temperature history a t  the usually hottest chamber 
station is compared w i t h  that  of the Qua1 B chamber i n  Figure 5-56. This 
plot ref lects  the effects of the interrupted firing. I t  is appa18ent that  

.# i f  the interruption had not occurred, and the final phase of the duty 

8% 
cycle had started a t  250-300'~~ as i s  usual following the one hour soak- 
back, that shutdown temperatures would have been equivalent. 

----- - - - 
Too, had not the f i r ing been interrupted, i t  is estimated that 

total  throat erosion would have been about 12 percent, instead of the 8 
percent measured. 

3 I_ 
Following the duty cycle, the HEA was rernnv~d  fro^ the ,hamher 

ass~mblv and as FTD streak tes+; Y4!.-7b7; v.7 ? p r + ~ r d .  The  TI^; ~ a l c g -  
lated from 15 and 58 second data points was 85.1 seconds a t  an average 

mixture ratio of 1.584. When corrected to a 1.600 mixture ratio,  the T120 
was 78.7 seconds, which agrees quite we1 1 w i t h  the corrected pre-duty- 
cycl e value of 81.5 seconds (VA2-698). 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

Conclusions pertinent t o  the three phases of the program are contained 
i n  the individual sections of this  report. Those of significance are repeated 
among the general observations of this section. 

The principal conclusion, the one that resulted in direct benefit to 
the Apollo program, was the superior erosion resistance of auartz-fabric/ 
phenolic over i t s  s i l i ca  counterpart in the LMDE chamber environment. In 
a l l  cases tested, including the Qua1 B configuration in an  extended G mission 
duty.'cycle, the quartz erosion was about half that of s i l i ca  fired under . 

similar t e s t  conditions, 

One chamber configuration evaluated i n  the propram, Contour A ,  resulted 
in a significant reduction in heat flux and throat erosion a t  the fu l l -  
t h r o t t l e  position. If the need should  arise for a non-throttling duty cycle, 
or one conducxed primarily a t  ful l  thrust, a Contour A chamber would cer- 
tainly offer a dis t inct  advantaqe in greatly reduced erosion and the con- 
comi t a n t  overall oerformance. 

' c  Desp i te  the siuni.ficairt reductiort .in eh uh.ictn exoeriencec-l when si ' ! . ica 

fabric was replaced with quartz fabri.c in the LMDE chamber and throat, 
further potential ablative material advances for  the nitrogen tetroxicle and 
hydrazine type of fuel aDpear to be limited. One potential that  should be 
investigated further is that  of in s i tu  formation of si l icon carbide by 

endothermic reactions in the ablative structure. The phenomenon was ex~lored 
in i t ia l ly  in th is  program, b u t  additional evaluation of the variations i n  

the s i l  ica/carbon rat io  and methods of increasing the proxinii ty (and react- 
abi l i ty)  of the two could prove f ru i t fu l .  

. A1 though bordering on the hard-throat cateoory, the metal -inf i l  .trated 
precharred graphitic laminates warrant further investigation. Althoirqh 
these have apparently overcome the poor thermal shock resistance of ?..il; 

refractories while exhibiting good erosion resistance, their  high ii , 3 u . t s : 3 1  

conductivity requires a sophisticated desipn approach t o  accommodate therinal 
gradients and maintain the pressure vessel structure a t  reasonable 
temperatures, 



The interaction of a com~lex two-zone combustion flow f ie ld ,  in which 
the pi.iinary and secondary oxidizer streailis react with the fuel sheet and 
the barrier coolant, points u p  the fac t  t h a t  the zone nearest the wall a t  
the throat i s  significantly detrimental to the inteqrity of ablative material 
dur ing  the oresent LMDE duty cycle firing seauence. 

Wall envirorlmental control can reduce erosion, I n  this  proaram, i t  
was accomplished successfully by reduction of the turbulator diameter. The 
tirrbulator imnroves the flow uniformity in the LHDE oxidizer je ts  and . 

decreases the amount of oxidizer penetration t o  the chamber wall. Unfor- 
tunately, the reduced erosion was accompanied by a reduction in s ~ e c i f i c  
impu l se . 

Other methods of wall environmental control that warrant invcstiqation 
include: 

e Changing the oxidizer-to-fuel pressure drop rat io  by 
adjustments in the fuel-metering ramp on the injector 

control s l  eeve. 

o Varying the fuel barrier coolant flow with t h r o t t l e  settino. 

Certain type*; of t e s t  niethods developed or refiiled durinn this  orooram 
can probably be applied advantageously in future. similar programs. They 
i ncl ude: 

Q An inexpensive torch t e s t  developed for 5:reening 
paterials that  permits erosion ratinq of candidates 
relative to a standard (Section 2 . 3 ) .  Propellant 
exhaust gas  composition and heat flux can be simulated. 
The techniaue permits judicious selection of materials, 
usually expensive, for testing in the actual encine 
reactive environment. 

e A metbod of fabricating and testing a multi-material 
throat or chanibur section (Sectiot~ 5.3).  The com~osi t e ,  
with individual sections bonded along radial nlanes, 
permits com~arison of erosion and thermal characteristics 
a t  any axial station relative tc! a standard material 
exposed to the same reactive tes t  environment. 



r A rap id  and inexoensive data r e i uc t i on  technioue by which 

heat s ink data were processed and analyzed on the tes t -s i  t e  

computer (Section ? .5.3),  Constant gas recovery temoerature 

and convective h e c ~  t ransfer  coef f ic ient  were pr in ted out  

from a least  square curve fit o f  raw wal l  temperature and 

time data. The technique i s  now i n  ?enera1 us? i n  other 

TRW engine t e s t  programs, r e ~ l a c i n q  a more cost ly  and time 

. . consuming numerical so lu t ion o f  the temeerature d i f f us i on  . - 
:.-:::~q-uation on an IBM 7894 computer. 

5 Final ly, the resu l t s  o f  the ~rogram de~ons t ra te  the d e s i r a b i l i t y  o f  

low-level technology programs, even on production com~onents . Such proqrams 

serve a two-fold purpose o f  maintaining: a) the technical prof ic iency o f  

a develomental s ta f f ,  and b) the a b i l i t y  t o  incorporate developed imnrove- 

ments rap id l y  i n t o  the production i tem should more s t r inoent  reauirements 

ar ise.  



TABLE 7-1 

CIC ACCUWWIVE TEST SUMMARY 

?- 3 3 Element 

Test; No. 
Chamber 

Configuration 
- 

Comments 

Accumulative 
Duration 
(seconds) Date 

I__ 

Duration 
(seconds) 

Water-cooled 
Qua1 B" 

Water -cooled 
Qua1 "B" 

Streak Qua1 "B" 

Streak Qua1 "B" 

Streak Qua1 "Bit 

Water-cooled 
Bual nBi~. 

1 

C&IBRATION TESTS 

32 
HEA 023 

74 

136 

198 

260 

318 

! 

Checkout Test - Low M.R. 

Checkout Test - On M.R. 
. ' 

= 69 seconds 

1.025 turb. 

Tlz0 = 89 seconds 

Low M.R. - 1.000 turb. . 

TIZO = 79 seconds 

1.000 turb. - Repeat of ,. 
VA~-658 - On M.R. 

--.- 

Acceptance Test 
65 psia GNZ-Saturated 
??q%'-l9.ct 3 ,. CY? y. - 

32 

42 

62 

62 

62 

58 

I 

VA~-655 

vA1-656 

VA~-657 

f VA~-656 

VA1-659 

VA~-660 

(PJj 

VA~-661 

VA~-662 

VAI-663 

i~ 
VA~-664 

VA~-665 

28 Oct 68 

29 Oct 68 

30 Oct 68 

1 Nov 

5 Nov 60 

I )  NOV 60 

8 NOV 68 

12 NOV 68 

14 Nov 68 

19 NOV 69 

20 Nov 68 

58 

58 

62 

102 

106 

Acceptance Test 
65 psSa GNZ-Saturated 
Propellants - On M.R. 

Acceptance Test 
240 psia He-Saturated 
Propellants 

TlZ0 = 74 seconds 

240 psia Be-Saturated 
Propellants 

25s F - Low M.R. 

25$ F - TLz0 = 152 seconds 

376 

434 

496 

598 

704 

i 

Water -cooled 
Qua,. "Bit 

Water-cooled 
Qua1 "B1' 

Streak Qua1 "B" 

Streak Qua1 "B" 

Streak Qua1 "B" 



TABLE 7-1 

CIC ACCUMULKTIVE TEST NMtWlY (continued) 

ESTS 

- 

-- 

2 : 1 Ablative 

1 

Test No. 

Checkout Test; 
High M.R. 

2 : 1 Ablative 4 Dec 68 

Date 

Checkout Test 
I D W  M.R. 

Element 
Accumulative 

mat ion 
(seconds) 

Duration 
(seconds) 

5 Dec 68 2 : 1 Ablative 

Chamber 
Conf i ~ r a t i o n  

Aborted due t o  loose "B" 
nut on oxidizer instrumen- . 

tas ion l i n e  

Checkout Test 
On M.R. 

Comments 

2 : 1 Ablative 5 Dec 68 51 854 

2 : 1 Ablative Duty Cycle (phase I) 

Duty Cycle (phase 11) 

5 Dec 68 

5 Dec 68 2 : 1 Ablative 

(HEX2 SINK CHAl R) 

Water -Cooled 
Qual "B" 

Checkout Test 

FTP Test Q u a l  "8" 
Heat Sink 

VA1-673 19 Dec 68 I 
- - - - - - - - 

FTP Test Qual "B" 
Heat Sink 

25% F Test VA~-675 27 Dec 68 I Qua1 "B" 
Heat Sink 

50% P Test Qual "B" 
Heat Sink 

VA~-677 27 Dec 68 Qual "B" 
Heat Sink 

Qua 1 " B" 
Heat Sink 

65$ F. Test 



TABLE: 7-1. 11602-6039-RO-00 

. CIC ACW~NI.GQIVE TEST SUMblARY (continued) 
9h 
2 

Test No. 

VA1-679 

VAL-680 

VA~-688 

VA~-689 

VAL-690 

v~l-Ggi  

3 
VA1-692 

Date 

27 Dec 68 

27 Dec 68 

17 Jan 69 

--- - 
17 Jan 69 

-. 
17 Jan b9 

17 Jan 69 

28 Jan 63 
- I 

MO3pIED CKAMBER CONTOUR 

2 0 9  

2132 

- 

VA~-694 28 Jan 69 

VA1-695 

. . -* - 
VAl-696 

VA1-697 

: VA1-693 

Duration 
(seconds) ------ 

29 

31 

42 

62 

12 

25 

52 

9 

42 

1 eG.+ I ... Sink i . '  

18 Feb 69 

18 Feb 69 

-- 
18 Peb 69 

19 Feb L9 

' T 7 5 Z m c n t  
Accumulative 

Duration 
(seconds) Configuration Comments 

Qua1 ,"B9' 
Heat Sink 

Q u a 1  "B" 
Heat Sink 

1857 

1868 

1930 

1992 

2004 

2029 

2081 

FTP Test 

25$ F Test 
No bar r ie r  coolant 

10 

16 

___I__ 

60 

Qua1 "B" 
Heat Sink 

Qua1 "B" 
Heat Sink 

Qua1 "B" 
Heat Sink 

Qua 1 "B" 
Heat Sink 

Qua1 "B" 
Heat Sink 

Qual "B" 
TIe.at Sink 

Q.ual "B" 

2142 

2158 

- 
2218 

Contour "A" 
Fiberglass 
Liner 

C O ~ I ~ O U ~  "A" 
Fiberglass 
Liner 

25$ F Test 

50% F Test 

25$ F Test - chamber 
rotated re la t ive  t o  the  HEA 

lo$ F Test 

65% F Test 

-. 
SO$ F Test 

25$ F Test 

FTP - High M.R. 

FTP - On M.R. 
I 

i' 
B ------------ 

Cont our "A" 25% F Test 
Fiberglass 
Liner -- -- 
Contour "A" 25% F Test-Liner Glass 
FS.berg1a.asc Flow Occurred 
Idner 

5 1 2269 



TABLE 7-1 11602-6039-RO-00 
I 

"4 CIC ACCUMUUITIVE TEST SUMMARY (continued) 

Element 
Accumulative 

Duration 
(seconds) 

2283 

2335 

2362 

2379 . 

2396 

2448 

1 I 

Chamber 
Configuration 

Contour "A" 
Steel Liner 

Contour"A" 
Steel Liner 

Contour "A" 
Steel Liner 

Contour "A" 
Steel Liner 

Contour "B" 
MX 2630 Liner 

Contourl'B" 
MX 2600 Liner 

.%ad 

Test No. 

VA~-699 

- 
VA~-700 

VA1-701 

4i 
7A.J -702 

. VA~-704 

VA~-705 

q 
& 

Comments - 
FTP Test 

25$FTest . 

50% F Test 

65% F Test 

FW Test 

25$FTest 

VAi-706 

VA1-707 

VAI-708 

VA1-709 

VA1-710 

VAL-711 

VAL-712 
-1 

VAL-71.3 

Date ----- 
11 Mar 69 

11 b ~ r  69 

11 Mar 69 

11 Mar 69 

18 Mar 69 

18 Mar 69 

Duration 
(seconds) 

14 

52 

27 

17 

17 

52 

50% F Test 16 iwr 69 

18 Mar 69 

18 Mar 69 

19 Mar 69 

20 Mar 69 

20 l&r 69 

20 Mar 69 

20 Mar 69 

Z4'itj zb 

18 

15 

9 

11 

52 

28 

12 

2494 

2509 

2518 

2529 

258i 

2609 

2621 

7-4 

Contour "B" 
' 

MX 2600 Uner 

Contour "B" 
MX 2600 Liner 

Contour "B" 
MX 2600 Liner 

Contour "C" 
MK 2600 Liner 

Contour "C" 
MX 2600 Liner 

Contour "C" 
MX 2600 Liner --- 
Contour "c" 
MX 2600 Liner 

Contom- "C" 
ta 2600 Liner 

65% F Test 

Fp Test - Repeat of 
. "~1-704 with slightly 

higher M.R. 

FTP 9'.?st. 

FTP Test 

25% F Test 

504 F Test i 

1 
655 F Test t 

I 
f 

. . 



TABLE 7-1 11602-6039-R0-00 

CIC ACCUMUMIVE TEST SUMhWiY (continued) 

IMPROVED BARRXEX C O O W  FUJI? RATE 

Comments - Test Ro. 

Eleme nx 
Accumulative 

Duration 
(seconds) 

VA~-714 

VA~-715 

VA~-716 
-.---- . . . - 

MODDIED CRAMBER CONTOUR TESTS 
(continued) -. 

Chamber 
Configuration Date 

9 

P_____II_p 

8 

7 

21 Mar 69 

21 b@r 69 

21 lubr 69 
. ~ .. 

Duration 
(seconds) 

FTP Test - 
T120 = 80 seconds 

LOW M.R. 
I!c22t1cl 3 i C .  Fly,$ . 

1.000 dia. t u r ~ .  

FTP Test - Shutdown a t  
7 seconds due t o  high M.R. 
NomTnal B. C. Flow - 
1.000 dia. turb. 

FTP Test - Tank pressures . 
biased from previous t e s t  . 

t o  arrive a t  proper M.R. 

2630 Contour "C" FTP Test - Increased 
MX 2600 Liner barrier coo1ar;t flow - 

low M*R. 

BASELINE CRAMBER T m  W G T P E ~ Z A ~ O N  

t - 
( W ~ R  COOIGD IIFm TRANSFER CIW) 

VA2-639 28 Apr 69 32 2809 Water-cooled Throttling checkout t e s t  - 
Heat Transfer Off M.R. 
Chamber - - *  

VA2-640 28 Apr 69 178 2987 Water-cooled 7 point thrott l ing t e s t  I 

Heat Transfer FTP, 65, 60, 50, 40, '25, i 

Chamber and lo$ thrust . r; - - I 
VAZ-641 28 Apr 69 94 3081. Water -cooled 5 point thrott l ing t e s t  f 

5 

l E A  023 Transfer 10, 25, 40, 50, and GO$ 3 Chamber thrust - shutdown pre - 
.* maturely due t o  hot gas 

. . leak.. 

Contour "c" 
Fiberglass 
Streak - 
MX 2600 Liner 

2638 

2645 

2707 62 VA1-717 

3 

contour "C" 
MX 2600 Liner 

Contour "C" 
MX 2600 Liner 

27 Mar 69 

&+ 

VAI-718 

VA1-719 

FTP Test - Increased , 

barrier coolant flow 

FTP Test - Increased 
B. C. flow - 0.960 dia. turb. 

r 

2714 

. 

2777 

i 

Contour "A" 
Fiberglass 
Streak - 
MX 2600 Liner 

Contour "A" 
Fiberglass 
Streak - 
MX 2690 Liner 

8 Apr 69 

8 Apr 69 

7 

63 



TABLE 7-1 11602-6039-RC -00 

CIC ACCUMJLATIVE TEST SWQIARY (continued) 

Elenlent 
Accumulative 

Duration Duration Cham'ocr 
Test No. Date (seconds) (seconds) Conf iffurat ion Comment s 

I 1 I I 

IMPROVED INJECTOR FIAW DISTRI-ON TESTS 1 

--.-- . . . -. - 

VAZ-644 

- 

8 

XX2 
Injector 

68 

79 21 %y 69 

65% Thrust 
High M.R. (1.643) 
1.025 dia. turb. 

.---. ..-. "*"-̂ .""̂  -.-'"" --. .". " .- 

655 ~ h m s t  
Low M. R. (1.577) 
1.025 dia. turb. 

65% Thrust 
1,025 dia. turb. 

FTP Test 
1.000 dia. tuxb. 

FTP Test 
.925 dia. t u b .  

65$ ~ l ~ r u s t  
Low M. R. (1.546) 
.925 dia. turb. 

65$ Thrust 
,925 dia.  turb. 

FTP Test 
.960 dia. turb. 

Contour "A" 
Fiberglass 
Streak - 
MX 2600 Liner 

C o n t w  "A" 
Fiberglass 
Streak - 
MX 2600 Liner 

Contow "A" 
Heat Sink 
MX 2600 Liner 

11 

18 97 Contour "A" 
Heat Sink c: - , 

. ,.- MX 2600 Liner 
. ..-- -.*--. . ' .." *"----."I-" 

i 

FlT Test - Shutdown a t  
I 

8 seconds due t o  high M.R. 
( 1617) I 

' i 
I' 

E'fPP Test - i 
i 

T ~ 2 0  
= 98.5 seconds i 

Nominal B.C. Flow j 

1.025 dia. turb. 

FTP Test 
1.025 dia. turb. 

VA~-647 

- 
VA~-648 

k VA~-643 

$,. 
VA~-650 

. . 

VAZ-651 

vh2-652 
p"1) s 

-- 6 .. . 

23 May 69 

23 May 69 

23 m y  69 

23May69 

2 6 V ~ t y 6 9  

%6 m y  69 

7-6 

13 

11 

13 
... ._ . ,' . 
i : 

17 

13 

-- 
3-4 

I . - '  
2630 ~ n e r  1 

- ,  

124 . 

135 

148 

165 

17.78 

192 

Contour "A" 
Heat Sink 
MX 2600 Liner 

Contour "A" 
Heat Sink 
MX 2600 Liner 

Contour "A" 
Heat Sink 
MX 2600 Liner 

Contour "A" 
Heat Sink 
MX 2600 Liner 

Contour "A" 
Heat Sink 
MX 2600 Liner 

Contour "At1 
Iieat Sink 
MX 2600 Liner 

Contour "A" 
Heat Sink 



CIC ACCUMULAITXVE TEST W Y  (continued) 

Test NO. 

ADVANCED MAIPERXALS EROSION EVAIUATfON !PESTS 
(comsm CHAMBER) 

(continued) 

Coment s 

Element 
Accumulative 

Duration 
(seconds) Date 

VA~-733 

VAL-734 

._..I 

i 
VA1-735 

VAI-736 

VAI-737 

VAZ-653 

VA~-654 

V A ~  -655 

vA2-656 

- ~ 

(continued) 

- 
Chamber 

Conf i p r a t i o n  
L 

Duration 
(seconds) 

IMPROVED INJECTOR FIllW DISTRIJ3UTION TESTS 

26 

3 9 

352 

26 

561 

3 June 69 

3 June 69 

3 June 69 

5 June 69 

5 June 69 

I 

MODIFIED CHAMBER COHTOUR TESTS 

VAX-741 

VA1-7112 

VA~-743 

3107 
HEA 023 

3146 

3498 

3524 

4-085 

, 
I 

10 June69 

10 J ~ u n  69 

10 June 69 

11 June 69 

7-7 
i 

16 June 69 

16 J h e  69 

16 June 69 

10 

9 

9 

60 

I 

26 

39 

819 

Contow "C" 
Composite 
2 : 1 Ablative 

FTP Test 
0.925 in. dia. Turb. 
Low M.R. 

FTP Test 
0.925 in. dia. turb. 

, 

MR = 1.597 

FTP Test 
1.000 in. dia. turb. 

TlZ0 = 108 seconds 

0.925 in. dia. turb. 

202 
XX2 . 

Injector  

211 

219 

279 

4111 
HlZA 023 

4150 
. 

4969 

2: l  Ablative 
Contour "A" 

2: 1 Ablative 
Contour "A" 

2:L AblatLvive 
Contour "A" 

Checkout Test 

Contour "C" 
Heat Sink 
MX-2600 Liner 

Contour "C" 
Heat Sink 
MX-2600 Liner 

Contour "C" 
Heat Sink 
MX-2600 Liner 

Streak 
Contour "C" 

Checkout Test 

Duty Cycle (phase 1) 

- 
Duty Cycle (phase 11) 

Contour "C" 
Composite 
2:l Ablative 

Duty Cycle (phase 1) 

Contour "C" 
Composite 
2 : 1 Ablative 

Duty Cycle (FTP burn of 
Phase 11) 

I 

Contaur "c" 
Composite 
2: 1 Ablative 

Checkout t e s t  p r ior  t o  the 
th ro t t l i ng  portion of 
Phase I1 of the duty cycle. 

Contour "C" 
Composite 

Phase I1 of the composite 
2: 1 ablative duty cycle 

2 L 



TABLE 7-1 ' 11602-6039-R0-00 

CIC ACCUM1lMtIVE TEST SUMMARY (continued) 

PHASE 1x1 PRO!Kl!lWE CHAMBER TESTS 

4 

Element 
Accumulative 

Duration 
(seconds) 

I - 
Duration 
(seconds) Test No. 

Chamber 
Configuration h t e  Comments 

62 

62 

77 

79 

79 

62 

31 

.------- 
43 

25 

HEA 034 . 
For t i s  ,eri, 

62 
8 sept 69 

<-------------- 9 ~ e p t  69 

. . 

12 sept  69 

12 Sept 69 

VAZ -688 

VA~-689 

. .- - . . . . - - . - 

VA~-6% 

VA2-Ggl 

3 "L. 

Qua1 "B" Streak 
Test T120 = 

85.7 sec 

L 

VA2-692 

VAZ-693 

IiXI'~-416 

HATS-417 

HATS-418 

--e. 

g .. 1 

TIZO on liEA 034 prior  t o  * :  

MDC (HATS 387-392) was 
VA~-675 with a TIZO = 
86.6 seconds 

124 With 1.000 'inch diameter 
Streak Test turbulator, 4.9 t h ro t t l e  

12 Sept 69 

15 Sept 69 

29 Sept 69 

30 Sept 69 

30 Sept 69 

201 

280 

i .  

359 

421 

452 

495 

520 

Qua1 "B" Water- 
cooled Checkout 
Test 

Qua1 "B" Water- 
cooled Checkout 
Test 

! 

Qua1 "B" Water- 
cooled Checkout 
Test 

Contour "C" 

Throttle arm r a t i o  = 4.63; 
1.000 inch diameter 
t u r b u b t o r  

Flow data invalid because 
engine l i ne  recirculation 
valves were open during 

0.5225 isb2p- 2i 

turbulat  or. 

0.925 inch diameter turbu- 
l a t o r  
4.63 t h r o t t l e  arm r a t i o  

.- 
I. 

0,925 inch diameter turbu- ? 

Streak Pest  P J.a%nr 

T120= 4.63 -throttle arm rakio 

Contour "C" 
Quartz Chariber 
Asse%b:ly 

Cot~taur "C" 
Quartz Chamber 
Assembly 

Contour "C" 
Quartz Chamber 
Assembly 

- 
65 ps ia  G1f2 checkout tes t ;  
1. 000 inch diameter 
t u r b u h t  or  

240 psia  helium character- . 
izat ion t e s t ;  1.000 inch 
diameter turbulator. 

0,925 inch diameter turb- 
ulator ;  240 psia  He- 
saturated propellants . 



&C ACCUMUWIVE TEST 

C o m n t  s - 
Calibration Test 

.. . 
Acceptance Test 

'Duty Cycle (phase I) 

Duty Cycle (phase 11) 

6 
E 

TLSIO= 79.6 seconds 

Aief! 143 ~o~~re(: . i ; t?~i  1.0 

82.8 seconds f 

1,000 dia, turb. 

Calibration Test with $ 

1,000 dia. turb. s 
4 
4 
i 
4 

Acceptance Test - 
65 psia ONZ Saturated j 
Prope l l an t  s 

i 
Acceptance Test - 65 ." 

psia GN2 Saturated 3 
I 

Propellants 

Acceptance Test - 240 
psia Helium Saturated 
Prope l l an t  s 

y- 

Test No. 

HATS-419 

HATS-420 

@ 

=. 

HATS-421 

HATS-422 

Element 
Accumulative 

Duration 
(seconds) 

542 

57'1 

605 

1590 

Chamber 
Configuration 

Contour "Ct' 
Quartz Chamber 
Assembly 

Contour "C" 
Quartz Chamber 
Assembly 

Contour "C" 
Qmrtz Charnber 
Assembly 

Contour " Ctt 
Quartz Chamber 
Assembly 

Date 

2 Oct 69 

3 Oct 69 

3 Oct 69 

3 Oct 69 

Streak Qua1 "8" 

Qua1 "B" Con- 
tour Quartz 
Chamber Assem- 
blsr 

Qua1 "B" Con- 
t o w  Quartz 
Chamber 
Assembly 

Qua% "B" Con- 
tour Quartz 
Chamber 
Assembly 

Qua1 " B" 
Contou; Quartz 
Chamber 
Assertibly 

VAZ -698 3 .-- 

. - .. - 

HATS-426 

HATS-427 

$ 
HATS-428 

HATS-429 

3 -- 

I 

Duration 
(seconds) 

22 

35 

28 

985 

6 ~ c t  69 

1 3 0 c t  69 

15 Oct 69 

15 Oct 69 

35 Oct 69 

, I . I I 

62 1 1652 

22 

40 

43 

43 

1674 . 

1714 

----, 

175'7' 

1000 



CIC ACCUWWJVE TEST SUMMARY 



8.0 REFERENCES 

NUMBER C I C  REPORT NUMBER - -- TITLE -- 
DATE - 

Com;~at.ibi 1 i t y  Improvement 26 Ju l y  1968 
Study Planni ng Report 

Qua1 1 t y  Program Plan 2 Au;ust 1968 

Monthly Progress Report 10 August 1968 

Monthly Progress Report 16 August 1968 
Suppl e~!;ent 

Monthly Progress Report 10 September 1968 

LMDE Qua1 B Head End 1 7 September 1968 
Assembly Reactive Cal i bra- 
t i o n  Test Plan 

Design Review Data Package 20 September 1968 

Th i rd  Monthly Progress 8 October 1968 
Report 

Wat.er Corjled Chamher* D e s i ~ n  4 October 1968 
Review Ddta P a ~ k a y e  

LMDE Qua1 B Head End 10 October 1960 
Assembly. Erosion Base1 i ne 
Test Plan (2:1 Chamb~r) 

Fourth Monthly Progress 12 November 1968 
Report 

Base1 i ne Chamber Thermal 13 November 1968 
Character1 z.1-i ?:I i , s t  Plan 

F i f t h  Monthly Progress 12 December 1968 
Report 

Modi f ied Cha~!iber Corltour 18 Decenlber 1968 
Thcrnial Character izat ion 
Test Plan 

Reactive Ca l i b ra t i on  Test 7 January 1969 
Rcpor t 

S ix th  Monthly Progress 13 January 1969 
Report 

Water Cooled Chamber I ieat 20 January 1969 
Transfer Test Plan 

Erosion Base1 i ne Test 23 January 1969 
Report (2 :  1 Chamber) 



REFERENCES (CONTINUED) 

NUMBER C I C  REPORT NUMBER - TITLE - DATE 

19 1 1602-6020-TO-01 Erosion Base1 ine Test 31 March 1969 
Report (2: 1 Chamber) 
Revised 

20 11 602-6021 40-00 Seventh Monthly Progress 12 February 1969 
Report 

21 11 602-6022-R0-00 Materi a1 s Survey 3 March 1969 

22 11 602-6024-TO-00 Eighth Monthly Progress 12 March 1969 
Report 

23 1 1 602-6023-TO-00 Improved Barr ier  Coolant 12 March 1969 
Flow Rate TEst Plan 

24 11602-6025-TO-00 Advanced Materials Erosion 2 Ap r i l  1969 
Eval ua t i  on Test Plan 

Torch Test Materials Eval ua- 
t i o n  

11 Ap r i l  1969 

Ninth Monthly Progress 
Report ..**.. -,.',- .a-- ..- 

l ~~UL-UULU- I u-uu 
. . .  . .-- 

:lltu, uvcu &IO:ICLLUI I lab< 
Dis t r ibu t ion  Test Plan 

12 May 1959 Tenth Monthly Progress 
Report 

Modified Chamber Contour 
Test Plan (2:l Ablat ive) 

28 May 1969 

12 June 1969 

12 June 1969 

El  eventh Monthly Progress 
Report 

Modified Chamber Contour 
T?st Plan (2:l Ablat ive 
Contour "C" ) 

Twelfth Monthly Progress 
Report 

15 Ju ly  1969 

Thirteenth Monthly Progress 
Report 

30 August 1969 

Phase I11 Prototype Chamber 
Test Plan 

24 September 1969 

Fourteenth Monthly 
Progress Report 

30 September 1969 

15 October 1969 Fi f teenth Monthly 
Progress Report 

F ina l  Test Report, 
Long Tank Program, 
C I C  "C" Quartz Chaniber 

15 December 1969 
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