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This report presents the work accomplished on Phase I 

of the Advanced Cryogenic Rocket Engine Program, Aero- 

spike Nozzle Concept under Air Force Contract AF04(6ll)~ 

11399. The work reported herein was conducted by Rocketdyne, 

A Division of North American Rockwell Corporation, 6633 

Canoga Avenue, Canoga Park, California, under the Technical 

direction of Capt. v>rnon L. Mahugh, Project Engineer, 

Air Force Rocket Propulsion Laboratory, Edwards, California, 

This report covers the contract period 1 March 1966 through 

21 October 196?. 

A portion of the design and tooling effort in Task II 

represents a joint effort with the Advanced Engineering 

Program, System and Dynamic Investigation (Asrospike), 

Contract NAS8-19. 
> 

Classified information has been extracted from documents 

listed under References. 

This report, submitted January 1968, has been assigned 

Rocketdyne Report No. R-7168, Volumes I and II. 

This technical report has been reviewed and is approved. 
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ABSTRACT 

(U) Technical results obtained at the completion of 

the contract effort are described for the Advanced 

Cryogenic Rocket Engine Program, Aerospike.  This pro- 

gram includes analysis and preliminary design of an 

advanced rocket engine using an aerospike nozzle and 

experimental evaluation of critical technology related 

to the aerospike concept.  Component and system features, 

physical arrangements, design parameters and details, 

operational characteristics, and performance have been 

established for an optimum demonstrator engine.  Studies 

were made cf application of a flight engine to certain 

vehicles.  Experimental injector performance investigations 

and experimental cooling investigations on segment chambers 

were conducted, producing the target combustion per- 

formance. Various materials were studied for long 

life of thrust chamber cooling passages and the target 

life was demonstrated.  Full-scale, cooled thrust cham- 

bers were fabricated and tested for overall combustor 

and nozzle performance demonstrations.  Injector failure 

limited these tests; however, nozzle and combustor per- 

formance were u.s predicted when not influenced by excess 

leakage.  Structural and cooling evaluations were con- 

ducted on a segment embodying essential elements of the 

Demonstrator chamber design. 

v/vi 
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Symbol 

A 

A* 

At 

otv 

ttv 

E 

F 

f 

*tu 

Fty 

°c 
GFM 

<** 

G02, GOX 

HGI 

K 

Parameter 

area 

aerodynamic threat area 

geometric throat area 

ozidizer turbine throttle valve area 

tapoff throttle valve area 

turbine nozzle isentropic gas velocity 

thrust coefficient 

specific heat at constant pressure 

overall nozzle efficiency 

primary nozzle velocity coefficient 

bore diameter z speed 

modules of elasticity 

thrust 

ultimate tensile strength 

tensile yield strength 

coolant mass velocity 

fluid flovrate 

gaseous hydrogen 

gaseous nitrogen 

gaseous oxygen 

hot-gas-ignition 

specific impulse 

one thousand 

in. 

in. 

in. 

in. 

Units 

2 

in. 

ft/sec 

Btu/lbm-R 

vm z rev/min 

psi 

lbf 

psi 

psi 

/  2 
lbn/in. «sec 

gal /min 

lhi/sec/lbm 

(as noted) 
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Symbol_ Parameter Units 

*** 
liquid hydrogen — 

L02, LOX liquid oxygen — 

MFV main fuel valve — 

MR mixture ratio, oxidizer-to-fuel (lbm)o/(lbm)f 

N, rpm rotational speed rev/min 

N 
cy 

number of cycles to fatigue failure — 

NPSH net positive suction head feet 

NNU 
NasseIt number — 

NPR 
Prandtl number — 

NRE 
Reynolds number — 

NST 
Staton number — 

OFHC oxygen-free-high-conductivity — 

P pressure psia 

P 
c 

nozzle throat stagnation pressure psia 

PD 
pump discharge — 

Q volumetric flowrate (as noted) 

Q/A local heat flux Btu/in. -sec 

dynamic module dynamic enveic? radius in. 

T temperature R, (as noted) 

U blade speed ft/sec 

c* characteristic velocity ft/sec 

fps — ft/sec 

gravitational constant (32.2) 

gas-side heat transfer coefficient 

lbm-ft/lbf-sec' 

r.    2 
Btu/in. -sec-R 

o 

( ) 
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v 

Symbol 

k 

scfm 

t 

v 

<x 

y 

< 

B 

h 

P 

cr 

a 
hyd 

a 

<P 

ft E 

Parameter 

spring rate 

standard flovrate 

vail thickness 

mass flovrate 

coefficier^ of thermal expansion 

specific heat ratio 

nozzle expansion area ratio 

surface roughness 

efficiency 

injector-end stagnation pressure/ 
nozzle throat stagnation pressure 

friction influence coefficient 

throat flov angle 

Poisson's ratio 

density 

standard deviation 

hydraulic stress 

yield strength 

ratio of secondary-to-primary flov 

coolant curvature heat transfer 
enhancement factor 

coolant entrance heat transfer 
enhancement factor 

coolant roughness heat transfer 
enhancement factor 

Units 

lbf/in. 

ft3/min 

inches 

Btu/sec 

in./in.-R 

microinches 

degree 

lbm/ft3 

psi 

psi 

(by veight) 

C 

XXXV 
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Subscripts 

B bulk temperature 

D discharge 

lief reference 

Reg regulator 

a, amb ambient 
*— 

b base 

c chamber 

d drag 

e exit 

£ fuel 

g geometric 

k kinetic 

0 oxidizer 

P primary 

s secondary 

t total flow 

v, vac cacuum 

w wall 

cc combustion chamber 

ct coolant 

eng engine 

fc film coolant 

gg gas generator 

ie injector end 

v*«/ 

CJ 

XXXVI 
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f 

i       ( 

Subscripts 

inj injector 

P* potential flow 

to thrust chamber 

to tapoff 

wc, wl coolant-side-wal1 

vg gas-side-wall 

"(bar) average 

(prime) flight systec 

xxndi 
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\     ( TASK II: FABRICATION AND TEST 

INJECTOR PERFORMANCE INVESTIGATION 

(2.5K SOLID-WALL SEGMENTS) 

Objectives and Requirements 

(c) The requirements of this subtask were to evaluate promising injector 

designs in solid-wall 2.5K chamber segments and select the injector con- 

figuration to be used in the 2.5K and 20K tube-wall segments and in the 

full-scale (250K) workhorse thrust chambers. The selected injector was 

töhave demonstrated stable, high-performance combustion over a mixture 

ratio range from 5:1 to 7:1 and throttled operation (lOO to 200 percent). 

During these segment tests, the dimensions of the combustion chamber also 

were to be varied to evaluate the effects on combustion efficiency. In 

this manner, the selection of chamber dimensions, cade during the design 

and analysis effort, was to be confirmed. 

(C) The 2.5K segment injector investigation effort was designed to utilize 

the segmentation potential of the aerospike thrust chamber for the develop- 

ment of candidate injector patterns for the 250K injector. The experimental 

objectives of this task we,re:  (l) selecting an injector design that de- 

livers characteristic velocity efficiency in excess of 0.96 over the operat- 

ing range, (2) determining thrust chamber heat transfer characteristics, 

(3) developing a gar tapoff system that yields gases suitable for use as 

a turLine working fluid, (4) evaluating injector durability, (5) determin- 

ing injector stability, and (6) developing injector patterns that would 

lend themselves to fabrication of the 250K injector. The segment approach 

provided the capability for rapid turnaround time when major injector 

changes were being made, and provided a much larger amount of data within * 

the planned program than had originally been anticipated. 

(C) Previous effort and analysis indicated that durability at 1500-psi 

chamber pressure would be a major problem. The performance problem would 
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manifest itself primarily in the low chamber pressure regions. Heat trans- 

fer in annular combustors has been shown to be primarily a function of 

chamber contour; however, injector effects on throat heat transfer have 

been experienced and were expected on this effort. Fabricability of the 

selected patterns restricted the choice of candidate injectors to those 

that could be readily produced for the 250K injector. 

(C) Stability of the patterns also was considered to be important; how- 

ever, it was recognized that the 2.5K segments, representing approximately 

one-half of a 250X compartment, will probably not support any acoustic 

modes, the nearest mode being the first longitudinal at approximately 

5500 cp», however. The possibility of low-frequency buzzing could not be 

discounted, however. 

Summary of Work Accomplished 

(c) A total of 128 tests was made during this phase of the program, and 

31 injector modifications were utilized in the testing. Tests were con- 

ducted at chamber pressures ranging from 274 to 1614 psia and mixture ratios 

from 3<90 to 9.71. Three injection patterns, the triplet, LO fan, and 

reverse flow, were utilized in 123 tests. All three patterns exhibited 

high performance, i.e., characteristic velocity efficiency in excess of 

95 percent of theoretical shifting equilibrium characteristic velocity. 

On the basis of these tests, the triplet injection pattern was selected 

as the 250K candidate injector because this pattern yielded high character- 

istic velocity efficiency over the chamber pressure range of 500 to 1500 

psia, and for fixture ratio« free; £.5 tc 7.5, it exhibited good durability 

and \/as  not subject to combustion instability. 

(C) Feasibility of hot-gas tapoff was demonstrated, and it wac shewn that 

the tapoff wa3 fuel rich by observing the drop in tapoff gas temperature 

when ambient temperature fuel was added to the tapoff gas downstream of 

the thrust chamber tapoff ports. TapoTf temperatures ranged from 1400 to 

1600 F over the chamber pressure range of 400 to 1500 psia. 
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(C) Heat transfer data were obtained up to 900 psia chamber pressure by 

the calorimetric method. The data obtained between 300 and 900 psia were 

extrapolated to 1500 paia, and the predicted peak throat heat flux at 1500 

psia was 58 Btu/in.-sec. 

(U) The bulk of the 2.5K segment testing was accomplished by using a 

hypergol ignition system. The majority of tests utilized C1F_, but a few 

tests were made usin^r triethylaluminum-triethylboron(TEA-TEB). In addi- 

tion, hot-gas ignition tests were accomplished. 

(U) All the objectives of the 2.5K segment thrust chamber testing portion 

of the aerospike program were successfully met or exceeded. The segment 

testing was useful in that small-scale hardware which could be fabricated 

at a reasonably low cost was used, and the segment was ideal for achieving 

rapid turnaround time for testing so that many injertor modifications 

could be tested. 

(u) Results from the segment tests were directly applicable to the design 

and fabrication of the 250K injector. Factors that were applied were: 

(l) utilization of small injection strips as building blocks for the 250K 

injector, (2) the triplet injection pattern was fixed on the basis of 

results from segment tests, (3) tapoff geometry and injection strip modi- 

fication at the tapoff point was directly applied, and (4) fuel bias was 

established in the segment tests. 

Description of Hardvr^e and Fabrication 

(U) Theoretical Basis and Background for Injector Designs. The injector 

segment work conducted under Contract NA.S8-19 provided the background for 

tue injector designs advanced to the aerospike effort. The results of that 

program showed that the attainment of high performance with L0o and H 
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propellents in short, toroidal chambers was solely dependent on achieving \^) 

maximum atomization through use of the potential energy of both the LÖ 

and the H . The best performing injector of that study vas a LOg fan 

pattern. In this design, the L0Q impinged on itself as a doublet on both 

sides of a series of hydrogen orifices. Primary atomization was accom- 

plished through this process. The atomized L09 fans were then further 

atomized through passing into the path of the hydrogen gas. 

(ü) Theoretical analysis shows that the same effect of a self-impinging 

doublet can be attained through control of the liquid jet length before 

impingement. For a given jet momentum, the jet has a length at which 

surface instabilities will appear which l«ad to atomization. This char- 

acteristic was designed into the basic triplet element. 

(u) Theoretical analysis shows that the primary atomization produces mean 

drop sizes on the order cf 150 microns. Secondary atomization by the hy- 

drogen under proper impingement produces mean drop sizes on the order cf 

50 microns. However, the attainment of this small drop size requires 

careful control of the hydrogen jet dynamics. Cold-flow studies revealed 

that the jet dissipates rapidly and, if thi point of L0_ impingement is 

too far away, the H2 escapes around the combustion field. If the jet is 

too close to the point of impingement, the Hn spreads the L02 fans (or 

jets) apart and never mixes. Best atomization occurs when the H jet to 

L0( impingement distance is approximately 2 to 4 jet diameters. This re- 

sults in an impingement distance of approximately 0.150 inch. This is 

the  distance designed into the injectors. The use of this distance and 

matihJng the A p to peak performance has resulted in a nominal I-I/2- to 

2-percent improvement over the performance results obtained in the NAS8-19 

program. 

(C) The NAS8-I9 program was conducted at approximately 650-psia chamber 

pressure, and no injector heat transfer problem was encountered. It was 

expected that- injector heat transfer at 1500-psia clamber pressure mig.it 

be a major problem because of the high recirculation potential of the 

GH^/LOp designs. Jet dynamic calculations show that as much as 83 percent 
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of the total propellant flow through the injector vill be recirculated at 

1500-psia chamber pressure for the proposed injector designs.  Such high 

recirculation provides an added basis for high performance but, also, it 

presents a potential face heat transfer problem. The basic approaches to 

the face heat transfer problem considered were: (l) use of a raised fuel 

post to prevent face gas recirculation and, also, control impingement dis- 

tance, and (2) use of a face pattern with predominant hydrogen face cool- 

ing. The basic triplet patterns use the raised face, while the reverse- 

flow pattern provides for maximum hydrogen face cooling. 

(c) Thermochemical calculations on the L0p drops show that below approxi- 

mately 1100 psi, the drops actually exist as liquid droplets throughout 

their consumption. Above 1100 psi, the drops rapidly rise to and exceed 

their critical temperature. Because of the high contraction ratio of the 

aerospike engine, combustion-induced turbulence (along with GIL jet tur- 

bulence) is high and persists. This turbulence above 1100 psi results in 

rapid eddy diffusive mixing of the L0 vapor and, therefore, once fine 

atomization is achieved, near theoretical performance can be expected. 

Candidite Patterns. 

(c) 60-Degree L02 Impinging Triplet Pattern. The basic triplet pat- 

tern consists of a showerhead fuel streaa (from Z  raised fuel strip) im- 

pinging on a 60-degree L02 doublet (Fig. 163- The purpose of the raised 

fuel post is to place the fuel stream exit point close to the poirt of 

L0n impingement to obtain good primary propellant atomization. The post 

also acts to prevent recirculation from causing high face heat transfer. 

(TC) The injector strips are oriented perpendicular to the chamber circum- 

ference with eight propeliant elements per strip. Modification? to the 

397 



manuL 

3 
m 
•i 
so »d 

0 
-*" 33 
C\J 
-v. •d 
OD a 

i 0 ^\ a> 

in 
•p 

+2 
a: 
0 
p. 

n 
rH    ft 
a> «H 

fS -P 
CO 

Ä 
-P    a 
SS 
-P  TJ 
a-   a> 

iH    fc 
ft   0) 

•H m 
JH   E? 

EH   3 £ 
?g 

•H    O 
MÄ 
0 

•H  *Ö 
ft a 
S    8$ 
H 

XJ 
oia> 

o   h 
h5 <y 

«H 
fl)    0 
(V    «J 
fc ä 
bßü 
a> 
a ä 

it 
so  CO- 

LT^ 
so 
rH 

0) 
u 
5 

■H 
pH 

398 



imaniiL 
basic triplet pattern consisted of: 

1. Addition of fuel bias at fuel strip ends (incorporated into 250K 

injector pattern; 

2. Extending raised fuel strips to chamber vail (square ends); 

incorporated into 250K injector pattern 

3. Beveling LCL strip ends (found to be unnecessary with square-end 

fuel strips) 

4. Introduction of fuel bias along sides of injector 

5. Enlarging fuel orifices to lower injection pressure drop (found 

to be unnecessary) 

(C) LO  Fan Pattern With Fuel Post. The LO fan pattern with a 

raised fuel strip also was considered as p candidate for the 250K injec- 

tor pattern. Satisfactory performance and durability were demonstrated 

with this pattern; however, the chamber throat heat flux was found to be 

slightly higher with the LO fan pattern than with the triplet. The hot- 

gas tapoff temperature was considerably lower than the tapoff temperature 

using the triplet injector pattern. 

(C) An element of the L09 fan pattern consists of two pairs of LO^ doub- 

lets forming doublet fans impinging at 60 degrees above a raised fuel 

strip (Fig. 166). Four showerhead fuel streams were directed at the line 

of impingement of tie doublet fans. Each set of strips contained six 

propellant elements. 

(U) Modification of the basic pattern consisted of enlarging the fuel 

orifices and providing fuel bias of the main orifices at the fuel strip 

ends. 

399 



■EMU 

■     i 

• 
H 
W 

I 

A 

on 
o 

41 

iS 

1) 
■P 
-P 

M 
o 

-P 
o 
0> 

0 

3 

•H 

400 

moBBsm. 



(C) The LG« fan pattern vith the raised fuel strip vas an improved version 

of the IA) fan concept tested during the first quarter which featured 90- 

degree IJU„ impinging fans and no raised fuel 3trip. Severe burning of the 

LÖ strips vas sustained in these tests. 

(c) Reversed Pattern. The reversed pattern (Fig.l68) vas so named 

to indicate that the point of introduction of propellants vas reversed 

from that of the other patterns tested (fuel on the outside and LO^ in 

the center of an element of the reversed pattern). The reversed pattern 

element consisted of a LOg fan (formed by a LO^ doublet) impinging on an 

80-degree impinging fuel doublet. The pattern vas placed on a flat face 

injector. 

(ü) Modification of the basic pattern consisted of enlarging the fuel 

orifices to lover the infection pressure drop. 

(U) Erosion of the strip ends vas sustained during high chamber pressure 

tests, and the face appeared to be overheating to the point of being 

marginal. 

(u) Injector Modifications. There vere three basic injection patterns 

tested, i.e., triplet, L0Q fan, and reversed pattern. These injector pat- 

terns vere subjected to various minor modifications to achieve adequate 

fuel bias and optimum gas tapoff properties. A complete description of 

all injectors tested, and the respective modifications, is presented in 

Fig. l69 through 181. 

(U) The injector identification numbers vere planned r,o describe certain 

aspects of the injector. For example, the injector number 1-1A has the 

following meaning:  the first number identifies the injector body as body 

number 1; the, first number after the dash describes the injertion strip 

and vas changed vhen a major strip modification vas made so that injectors 
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SECTION A-A, B-6 

NO WIÖIFICATION3 TO THIS DESIGN 

Figure 169. Staggered Triplet Injector (No. I-U) 
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FUEL SIAS 

0° TYP 2 PUCES 

15' TYP 2 PLACES   O.OfOR 

*>* TYP 2 PLACES 

t 

FUEL 
40.001 
-0.000 

0,02 5* 

SECTION A-A 

8 HlKENTS PER biRIP 
4 tTfttPS PER SEGMENT 

MODIFICATION 
DASH NO. 

L020RinCE FUEL ORIFICE MIXTURE f*?»0 ftIAS 

DIAMETER TOTAL 
AREA 

DIAMETER TOTAL 
AREA 

L02 
DIAMETER 0JAKCTEN 

MO. Or 
CLEMENTS: 

-3A 0.033 0.05*7 0.065 0.106 

-3B 0.033 0.0547 0.065 0.112 • .031 8 

Figure 171. 60-Degree Triplet With Fuel Post (No. 1-1A to 1-3B) 
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M 

15* 2 PLACES 
T 

FUEL 9IAS 
0.03! DIAMETER 2 PLACES 
CANTED 5* TO WALL 

0* 1  PLACES 

20* k  PLACES 
L 

0.ÜHO 
RADIUS 

/- 0.025 
Z RADIUS 

SECTION A-A 

(SWOIEtMM, 

NOTE: L02 AND FUEL STRIPS 

HAVE SQUARE ENDS 

MODIFICATION 
|  DASH NO. 

L02 ORIFICE FUEL ORIFICE MIXTURE RATIO BIAS 

DIAMETER 
TOTAL 
AREA DIAMETER 

TOTAL 
AREA 

L02 
DIAMETER 

GH2 

DIAMETER 
NO. OK I 
ELEMENTS 

i   -*A 0.033 0,05*»7 0.065 0.112 0.031 8   ! 

-<»B 0.03C 0.05^7 0.070 0.031 

1    ,,.. 

Figure 1?2. 60-Degree L02 Triplet With Fuel Post (No. 1-4A to 1->IB) 
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C) 

1 

MODIFICATION -Iß! 
ADDED SIDE BIAS 
ORIFICE 

MODIFICATION -IB; ADDED FILM 
COOLANT OKIFICE AT 5° CANT 
TOWARD WALL END OF EACH 
FUEL STRIP 

0° TYP 2 PLACES 

15° TYP 2 PLACES 
r 

30° TYP 6 PLACES 

L 

L02 O.C33 TYP 

FUEL 

SECTION A-A 

0.0*0 
KAiSUS 

0.025 
RADIUS 

MODIFICATION 
!   DASH 
I    NO. 

IC2 ORIFICE FUEL ORIFICE MIXTURE RATIO BIAS FUEL 
FILM  1 

COOLANT DIAMETER 
TOTAL 

AREA DIAMETER 
TOTAL 
AREA 

L02 
DIAMETER 

GH2 

DIAMETER 

NO. OF 
ELEMENTS 

|    -1A 0.033 0.05^7 0.059 0.087 NONE  ] 

|    -IB 0.033 0.05A7 0.066 0.118 0.031 | 

i      "1C 
0.033 0.05A7 0.066 0.1205 0.^2 j 

!    -ID 0.033 O.OSv 0.070 0.13*» 0.0*»2 

|    -IE 0.033 0.05^7 0.070 0.H2 0.055 8 (SIDE) 

-IF 0.033 0.5*»7 0.070 0.123 —— —— 

-IG 0.033 0.5^7 0.070 0.155 0.0935 8 (END) 

p 
I* 

Figure 173. 60-Degree Triplet With Fuel Post (No. 2-1A to 2-1C-) 
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:rf 0° TYP 2 PLACES 

15* TYP 2 PLACES 

30* TYP k PLACES 

0.0M) 
RADIUS 

RAOrUS 

SECTION A-A 

\     "—L02  (0,033 TYP) 

K_FUEL  (0#o6j JYP) .... 

 X 

"F 
/-ENDS OF L02 

STRIPS BEVELED 

KO MODIFICATIONS 

o 

Figure 174. 60-Degree Triplet With Fuel Post (No. 2-2A) 
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c 

( 

yr-FUEL BIAS 
0.031 DIAMETER t  PLACES 

0* 2 PLACES 

15* 2 PLACfS 
0.040 
RADI 

30* k  PLACES 
i 

025 
RADIUS 

SECTION A-A 

L02 (° ö33 TYP) 

FUEL (0.065 TYP) 

NO MODIFICATIONS 

nun 

Figure 175. 60-Degr*c IÄ(, "riplei With Fa*! ?o*t (No. 2-3A) 
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■■:'.•*■ 

o 

0.035 DiAMETER 
(24 PER STRIP) 

0.1)0 

BREAK EDGES- 

0.03t DIAMETER (6 PER STRIP) 

L02 FAN 

o 

MODIFICATION 
DASH NO. 

2A 
2B 

L02 OftiriCE 

DIAMETER 

0.031 
0.031 

TOTAL 
J&LL 
0,072 if 

0.0724 

FUEL ORIFICE 

01AMETER 

0*03? 
0.0465 

ToTÄT 

0.0924 

:>r 

Figure  176.   IX>2 Pto With Fuel Post (No. 3-2A to >2B) 
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i 

V. 

15* TYF 2 PLACES 

FUEL BIAS ORIFICES 
CANTED 5* TO WALL 

o# nrp 2 PLACES 0.150 

o.o*o~r 
RADIUS T 

TYP 
0.035 RADIUS TYP 

30* TYP 6 PLACES 
30*1 SECTION A-A 

FUEL STRIPS 
NOT BEVELED >5# 

MODIFICATION -2F; ENLARGED END FUEL STRIP 
CORE ORIFICES 3, *, 5 AND 6 TO 0.0935 D1ANCTER 

®®DaiFDii)iiRnroaiL 

^- 

ENDS OF L02 STRIPS/ 
BEVELED ONE SIDE' 

MODIFICATION 
DASH NO. 

LOt ORIFICE FUEL ORIFICE MIXTURE RATIO BIAS 
TAPOFF 

SIAS DIAMETER TOTAL 
AREA 

DIAMETER TOTAL 
AREA 

L0* DIAMETER 
W2 MO. OF 

ELEMENTS 

-2A 0.03) 0.05*7 0.065 0.112 0.031 8 
-2» 0.03) 0.05*7 0.045 0.11* 0.031 8 0.032 

-2C 0.0)) fe.05*7 0.065 6.11$ 0.031 8 0.067 
-2D 0.03) 0.05*7 0.065 0.121 0.031 8 0.076 
-21 0.0» 0.05*7 0 065 0.12* 0.031 8 0.089 

-2F 0.03) . 0.05*7 0.065/ 
0.0*5 * 0.13) - -0.031 8    - 0.089 

-lfi~ •T0)3" 0.0513 0.065 0.126 
TOJÜCFÜ" 

fiU£l£ft 0.031 8 

Figure .178. Triplet With L0o Impinging at 60 Degrees (No. 4-2A to 4-2G) 
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FUEL BIAS 
0,031 DIA. 2 PLACES 

15* 2 PLACES   0.040 
RADIUS 

FUEL 

^-—0.025 
RADIUS 

SECTION A-A 

MBFUKIBiniAL 

MODIFI- 
CATION 
DASH NO. 

LOj ORIFICE FUEL ORIFICE MIXTURE RATIO BIAS TAPOFF 
BIAS 
(FUEL) DIAMETER 

TOTAL 
AREA DIAMETER 

TOTAL 
AREA 

L02 
DIAMETER 

GH2 

DIAMETER 
NO. OF 
ELEMENTS 

-IA 0.0368 0.0682 0.070 0.1307 0.031 8 
-IB 61 EA/0.0368 0.0650 0.070 0.1307 0.031 8 
-IC 61 EA/0.0368 0.0650 0.070 0.1384 0.031 8 2 EA/0.070 

-ID (>1 EA/0.0368 0.0650 0.070 0.14M 0.031 8 I  EA/0.0939 

1 

u 

I     ure 180. 250K Candidate Triplet With Fuel Post (No. 6-1A to 6-1D) 
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1-IA and 1-2A used the same body, but the injection strip was substan- \ 

<-ially changed in going from 1-IA to 1-2A; and finally, the letter after 

the numbers represents the minor modifications to the injection strip. 

Letter A is used for the first strip configuration, but if injection 

holes are enlarged or tome other such modification is made, then the num- 

ber -would become, for example, 1-2B. Comparison of Fig. 170 .and 171 illus- 

trates the nomenclature in a graphic manner. The 1-2A injector is shovn 

in Fig.170, the 1-3B injector is shovn in Fig.171» The change from -2 

to -3 vas dictated by the change of reversing the flow pattern, and the 

change from A to B, by the addition of fuel bias orifices in the latter 

case. 

(U) 2.5K Segment Injector Design. The body used for the 2.5K injectors 

was designed to simulate critical braze fabrication processes to be csed 

on the 250K injectors, and to provide a tool capable of being refurbished 

repeatedly. Figure 182 illustrate« the design employed. 

(u) The injector body it? designed as a one-piece unit containing provision 

for accepting and distributing oxidizer and fuel propellants, introducing 

hypergolic ignition fluids, and measuring propellent manifold and injector 

end chamber pressures. The body accepts propellants from two facility 

connections, one each for oxidizer and fuel, and distributes them to four 

injection strips, each containing eight impinging triplet patterns (two 

oxidizer on one fuel). 

(C) Oxidizer is introduced into the body at the aft end (opposite the 

2*0- x 3.7-iPch face) through a 1.0-inch port, Tvo cross-drilled, 

stepped holes, located perpendicular to and intersecting the inlet 
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(ZONE 7 LOWER} 

Figure 182A. 2.5K Segment Injector Body, 
Oxidizer Peed System 
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port, distribute the L0„ across the 3.7-inch body dimension. Eight 

axial holes, 0.1.61-inch diameter, connect each of the crofis-f~illed pas- 

sages to the ends of cavities, providing manifolding behind the eight 

oxidizer strips on the brazed assembly. 

(U) Sealing of the cross-drilled holes is accomplished by plugs brazed 

into the body concurrently with the strips. 

(u) Hydrogen propellant is introduced into the body adjacent to the 

oxidizer inlet through a similar port. Distribution is affected by a 

canted axial hole connecting a single, stepped, cross-drilled hole. Four 

axial slots connect this hole and provide the manifolds behind the four 

fuel strips installed on the brazed assembly. As with the oxidizer, the 

fuel crouB-drilled hole is sealed vith a braze plug. 

(U) Installation of the four injector strips is accomplished by braze of 

the strip into body lands we chined on the face. Thirteen such lands pro- 

vide vertical shear interface for the strips, affording structural integ- 

rity against manifold pressures and thermal gradients. The distance betveen 

each land is machined to exacting tolerances, ±0.001 inch, to insure struc- 

turally sound and leak-tight braze joints. 

(U) Provision for introduction of hypergol injector fluid is made through 

an axial hole, entrance to which is located between oxidizer and fuel inlets 

via a 0.25-inch port, and exiting into the second fuel cavity feeding 

a fuel strip. A hypergol tube for conveying fluid is attached at the inlet, 

sealed by a K seal, and exits through a hole in the face of the second fuel 

strip. 

(u) Ports enable mounting of instrumentation for measurement of propel- 

land manifold pressures» Injector end chamber pressure measurements are 

made through a similar port exiting at the injector face through a 0.060- 

inch-diameter hole in a land between strips. 
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(ü) Provision for attaching the injector solid- or tulie-wall 2.5K chamber 

bodies is afforded by 12 holes through the body flange. Sealing is accom- 

plished by a primary metallic 0-ring and a secondary flexitallic gasket. 

These are spaced so that hydrogen bled from the manifolding is contained 

between them, and leakage of either primary or secondary r*eals Tents 

hydrogen either overboard or into the chamber. In this way, hot-gas leak 

potential is eliminated. 

(U) Fabrication of 2.5K Injectors. The 2.5K injector consisted of two 

basic pieces:  (l) the body which served as part of the propellant mani- 

fold feed system and provided the lands to which the injection strips 

were brazed, and (2) the injection strips which were drilled to give the 

desired propellant impingement pattern. Utilization of this strip tech- 

nique permitted great versatility and simplified injector fabrication. 

In addition, strips that were identical to those that would be used in 

the 25ÖK injector could be fabricated and tested in the 2.5K test hard- 

ware. Four injectors had been made available for the 2.5K evaluation 

efforts from an in-house effort. A total of four patterns was started 

through evaluation (Fig.169,170,171, and!76). These patterns are all 

basically triplet patterns. 

(U) 2.5K Water-Cooled Segments. The water-cooled 2.5K solid-wall segment 

provided a versatile tool to obtain injector performance data over run 

durations long enough to stabilize propellant flowrates, as well as pres- 

sure, temperature, and thrust measurements. The chamber is made up of 

segments (chamber spacers and nozzle) to allow variable combustion length 

evaluations with selected injectors. The chamber also provided the cap- 

ability of obtaining detailed local heat flux measurements through calori- 

metric measurements on the copling passages. A section of the chamber 

assembly is shown in Fig. 183. 

(This page is Unclassified) 
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INJECTOR MOUNTING BLOCK 

COOLING PASSAGE THROAT SECTION 

COOLANT LINES 

Figure 183. 2.5K Solid-Wall Thrust Chamber 
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(c) The chamber assembly consists of four copper sections, forming the 

body of the chamber. Chamber operating parameters vere: 

Thrust, pounds        - 2500 

Chamber Pressure, psia « 300 to 1500 

Mixture Ratio        = 5.0 to 7.0 

(u) The copper -water-cooled sections of the chamber vere internally ma- 

chined to define the chamber cross section when stacked together. The 

No. 1 copper block, the forward body assembly, and the two following 

spacers defined the combustion zone of the chamber. The above-mentioned 

blocks contain coolant passages -which cover all four vails of the combus- 

tion zone in circuits normal to the chamber (Fig.183). The remaining 

copper section forms the tsroat and nozzle. The nozzle employs 15-degree 

divergent half angles vith an area ratio of 3.60. The low area ratio 

value was chosen for full nozzle flov (underexpanded) over all chamber 

pressure values. 

(u) The higher heat flux regions of the throat section utilize coolant 

passages vith bent 321 CUES ribbon flov svirlers to improve heat transfer 

coefficient coolant side values. The balance of the throat section was 

cooled passages without svirlers. The part vas designed to be capable of 

incorporating H9 gas film cooling on all surfaces in the event this modi- 

fication is required for certain test conditions. 

(C) A heat transfer analysis of the 2.5K water-cooled chamber was conducted, 

with particular emphasis being placed on the drilled holes in the throat 

region. The analysis was based on a copper chamber with a minimum "reach" 

(distance from coolant wall to gas wall) ef 0.070 inch and a maximum reach 

of approximately 0.10 inch. Both water and nydrogen cooling were con- 

sidered. Using water cooling at 1500 psi pressure and 65 F temperature, 

the coolant wall temperature under nucleate boiling conditions would be 
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I V about 600 P. Under these conditions, the required water velocity would 

be about 200 ft/sec, including a 50-percent factor of safety over the 

burnout velocity. The corresponding gas vail temperatures are 1350 and 

1360 F for the minimum and maximum reach, respectively. 

Testing 

(C; Method of Evaluation. Evaluations were conducted in the basic 6-inch- 

long by 2-l/8-inch-wide segment hardvare previously described. When the 

safe operating heat flux limit of the water-cooled segment (40 Btu/in.-sec) 

was approached, auxiliary hydrogen film cooling was provided in the combus- 

tion chamber convergent section to facilitate duration runs at high pressures. 

(C) The method of approach to injector evaluation was to begin with low 

chamber pressure performance tests and heat transfer tests, followed by 

high pressure rur.s (1500 psia) in uncooled hardware for 250 milliseconds 

to evaluate injector face durability. Surviving candidates were then run 

through additional performance runs over the range of operation, and heat 

transfer data were acquired. Buzzing evaluation was made on its spon- 

taneous appearance anywhere in the pressure range of operation. 

(u) Instrumentation provided highly accurate determination of thrust, 

chamber pressure, and propellont flowrates. Precision studies of these 

measurements are included in the Analysis of Results section. Thermo- 

couples and coolant flowmeters for measurement cf heat flux at the various 

stations down the chamber were provided. These could be (and were) shifted 

during the test series for more detailed study of heat flux at one location. 

(U) On the tests which were to be examined for possible combustion insta- 

bility or oscillations, the following instrumentation was provided: AC 

radiometers, streak photographs of the flame, accelerometers, Fastax 
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camera«, and normal Taber pressure transducers. On tests on vhich gas 

tapoff was evaluated, special provisions for determination of gas prop- 

erties vere made, as described in the Analysis of Results section. 

(U) Performance data at high chamber pressures vere obtained in two man- 

ners:  (l) with film cooling flowing, and results corrected analytically 

as described, and (2) by turning off the film coolant. 

(U) Evaluation Series. A total of 128 tests was conducted: on eleven 

different injeciors with a total of 31 modifications. The details of 

each test are delineated in Tables 60 through -62 * Tests are grouped by: 

(l) water-cooled tests for performance and heat transfer data, (2) film- 

cooled tests for high chamber pressure perform ice and durability data, 

and (3) tests for gas tapoff data, as well as performance and heat trans- 

fer. The approach to test conduct and handling of the data is discussed 

fully in the Analysis of Results section for each evaluation. 

(c) Testing Support For the 250K Testing. A 2.5K segment injector was 

modified to simulate the 250K injector hand-repair made at the Nevada 

Field Laboratory (this repair is described more fully in the section 

dealing with the 250K) and tested to evaluate the effectiveness of this 

repair. Modification of the 2.5K segment injector essentially duplicated 

the 250K injector repair with 0.065 inch of tungsten inert gas (TIG) braze 

(50-percent Au; 50-percent Ni braze alloy) replacing the top of two adjacent 

OFHC copper oxidizer strips. Also, the modification consisted of drilling 

seven fuel holes in each of the two bordering fuel strips, as done on the 

250K injector, to provide fuel cooling to the two brazed-over oxidizer strips, 
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cameras, and normal Taber pressure transducers. On tests on which gas 

tapoff was evaluated, special provisions for determination of gas prop- 

erties were made, as described in the Analysis of Results section. 

(U) Performance data at high chamber pressures were obtained in two man- 

ners:  (l) with film cooling flowing, and results corrected analytically 

as described, and (2,) by turning off the film coolant. 

(U) Evaluation Series. A total of 128 tests was conducted, on eleven 

different injectors with a total of 31 modifications. The details of 

each test are delineated in Tables 60 through -62.Tests are grouped by: 

(l) water-cooled tests for performance and heat transfer data, (2) film- 

cooled tests for high chamber pressure performance and durability data, 

and (3) tests for gas tapoff data, as well as performance and heat trans- 

fer. The approach to test conduct and handling of the data is discussed 

fully in the Analysis of Results section for each evaluation. 
1 ) 

(c) Testing Support For the 250K Testing. A 2.5K segment injector was 

modified to simulate the 250K injector hand- epair made at the Nevada 

Field laboratory (this repair is described mot? fully in the section 

dealing with the 250K) and tested to evaluate the effectiveness of this 

repair. Modification of the 2.5K segment injector essentially duplicated 

the 250K injector repair with O.O65 inch of tungsten inert gas (TIG) braze 

(50-percent Au; 50-percent Ni braze alloy) replacing the top of two adjacent 

OFHC copper oxidizer strips. Also, the modification consisted of drilling 

seven fuel holes in each of the two bordering fuel strips, as done on the 

250K injector, to provide fuel cooling to the two brazed-over oxidizer strips. 
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TABLE   60 

(C) SUMMARY OF 2.5K WATER-COOLED TffilUST CI 

Teat Teat 
Tut Date, Injector Duration, 
No. [1966 S/N eeconda 

or< 5-2i 2-U. 3.7 
028 5-ai 2-1A 3.9 
029 5-22 2-U 3 7 
0?1 5-27 4-1A 0.4 
032 5-31 1-2A 0.4 
033 6-6 2-1B 4.3 
034 6-6 2-IB 4.3 
O11* 6-6 2-1B 4.0 
036 6-6 4-1A 4.3 

Ambient 
Preaaure, 

paia 

13.30 

a<i in. 

0.990 937 
1415 
420 
1850 
1850 
896 

1377 
430 

, 1710 
037 Through 045 (No data available, nozzle throat eroded) 

446 

955 
933 
930 
425 
909 
911 
418 
672 
898 

046 6-16 2-1D 4.3 
047 6-16 2-1D 4.4 
048 6-16 2-1D 4.3 
049 6-6 2-1D 4.3 
050 (-21 2-1E 4.2 
051 6-21 2-1E 4.3 
052 6-21 2-1E 4.2 
053 6-422 2-1E 4.3 
054 6-22 2-1F 4.3 
055 6-22 2-1E 4.3 

* 
0.980 

1 

0.965 

Thruat, 
pound» 

Uxid 
Inl. 

F 

056 Through 071 (No data,  injector atrip-to-lan^ Separation 
0^2 7-5 1-3*    1      4.0               1           0.950 745    1 
073 7-5 1-5*            43      1         [               J 

1-3A    1      4.3      !         1        19 
1062 

074 7-5 1057 
0^5 7-fi 1-"   \No   J*to,  uoaai« throat ersried; 
076 7-« 1-TB     !        4.4 I 870 
077 7-8 l->fl 4.4 II 886 
078 7-« 1-3B 4.4 ? 846 
079 7-12 1-3B 14.3 0.940 1079 
080 7-12 1-3B 14.3 0.940 1061 

081 7-13 3-2A 0.4 OP 1900 
082 7-15 3-2A 12./      ' 0.940 1111 
192 Through 194 (No data,  facility nalfunction) 
195 1 10-201    6-1A    1      3.6      1                  1 0.970 
196 10-20     6-U            3.8               '        1 0.970 

444 
444 

Preeeuree 
Flowratea esperaturea 

Cxidizer Fuel Fill 
Throat 

Stagnation 
Fuel 

Injection 
Oxidizer 

Injection, i    Fuel Fila Fil* . 
,  Inlet, Coolant, Inlet, Inlet, Coolant, Preeaure 4P, 4P, Ojiuizer, Fuel, Cool&nt, *' 

y F paia paia paia rr paia pai pal lb/eec lb/eec lb/aec lb 

70 674 894 641 253 33 2.251 0.387 2. 
71 1104 1319 971 348 133 3.500 0.538 4. 
71 315 460 306 154 9 1.020 0.202 1. 
78 1 1564 8. 

»    78 1614 '6. 
*    « 669 754 630 124 39 2.177 0.368 z. 

8 1092 1143 974 169 118 3.115 J.531 3. 
2 335 393 325 68 8 1.140 0.200 1. 

1 
1189 4. 

1 
!       348 400 334 66 14 1.189 0.201. 1. 

735 803 680 123 55 2.364 0.389 2. 
719 789 665 124 "4 2.307 0.389 2. 
712 786 658 128 54 2.265 0.391 2. 
341 j89 326 63 15 1.110 0.205 1. 
708 774 653 121 55 2.20; 0.393 2. 
711 781 658 123 53 2.234 0.397 2. 
330 ?79 318 61 12 1.055 O.I09 1. 
525 579 495 84 30 1.680 0.290 1. 
706 770 6>4 116 !>2 2.280 0.386 2. 

i^ucei            "»■« tai .arc) 
602 677 i         549 128 53 1.981 O.290 2. 
874 1013 779 234 95 2.632 0.462 3. 

1 861 1018 773 245 88 2.461 0.479 2. 

698 808 634 174 64 2.140 0.380 2. 
712 819 647 172 65 2.239 0.381 2. 

ji 679 795 621 174 58 2.10< O.377 2. 

100 870 973 779 194 91 2.659 0.435 3. 
101 849 951 766 185 83 2.631 0.424 3. 

'j 1514 6. 

93     , 842 1065 805 260 37 2.401 0.42^ 3. 

7*    1 359 413 347 66 12 1.115 C.235 1. 

»_1 356 412 344 68 12 1.082 0.236  j 1, 

/ 
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TABLE   60 

-COOLED THRUST CHAMBER PERFORMANCE TESTS 

Flovrateit 
Baaed on P 

Oxidizer- 
Ozidizer *ael to- Throat Peak 

Fila V   . 
Injector* 

c#» 
I HOKIS FUDI Injection Injection Heat Flux, 

Ozidizer, Fuel, Coolant, V Mixture Katie, ■ 
\ «1 

a 
Area Monentua Velocity, Velocity, ,      2 

lb/sec Ib/aec lb/eec lb/eec o/f .t/aec °F aecouda V Hatio Ratio ft/aec ft/aec Btu/in.  -aec Coajaienta 

2.251 0.387 2.638 5.81 7635 1.477 367 0.989 1.017 1.006 3.5:1 0.1832 64 2664 30.1 1 
3.500 0.538 4.038 6.50 7537 1.472 362 0.996 0.995 0.993 0.356* 130 2509 515 1 1H&) funded 

j     1.020 0.202 1.223 
8.123 
6.859 

5.04 
9.71 
7.78 

7750 1.386 
1.195 
1.158 

356 0.969 1.024 1.013 0.06fl 38 2812 
2195 
2193 

14.4 1                                                                    j 
Injector eroaion 
Boab teat 

2.177 0.368 2.545 5.91 7695 1.451 364 1.000 1.001 1.001 0.2322 82 2087 25.8 
3.416 0.531 3.947 6.43 7662 1.443 361 1.012 0.974 0.966 0.4128 127 1978 42.7 

j     1.140 0.200 1.340 
4.956 

5.69 
6.38 

7531 1.350 
1.468 

332 0.979J 0.978 
1 

0.975 0.1152 43 2123 
2540 

137 
Coolant leak into tnruat chaaber 

|     1.169 0.206 1.394 5.79 7373 1.363 531 0.963 0.992 0.955 0.1428 46 1864 13.2 
{     2.364 0.389 2.753 6.07 7666 1.433 359 1.002 0.985 0.987 0.3050 90 1791 33.1 

2.3G? 0.38$ 2.749 5.94 7657 1.432 358 0.996 0.986 0.982 0.2799 86 1825 352 
2.263 0.39 2.653 5.80 7679 1.427 359 0.995 0.985 0.960 0.2704 86 1844 34.8 
'.110 0.205 1.304, 5.38 7633 1.351 337 0.980 0.964 0.964 0.1275 42 1772 11 9 

j     2.207 0.393 2.599 5.6". 7879 1.443 362 0.968 0.995 0.963 0.2679 83 1741 23-2 
1     2.234 0.397 2.631 5.65 7644 1.435 358 0.964 0.989 0.973 0.2704 84 1749 25.7 
I    1.055 0.199 1.25* 5.31 7756 1.362 345 0.994 0.991 0.965 0.1199 40 1771 12.5 
|     1.660 0.290 1.970 5.79 7665 1.407 353 0.994 0.987 0.961 0.2150 63 1696 21.1 
1     2.280 0.386 2.666 5.90 7525 1.423 349 0.977 0.979 0.956 0.2907 85 1725 27.4 

i     1.961 0.290 2.270 6.84 7270 1.428 339 0.979 0.991 C.970 0.2449 74 2067 338 
1    2.632 0.462 3.096 5.70 7585 1.435 355 0.977 0.982 0.959 0.2433 99 £317 450 
1     2-461 0.479 2.942 5.13 7958 1.439 372 1.005 0.964 0.989 0.1983 93 2415 41.9 

[     2,140 0.380 2.522 5.64 7567 1.444 357 0.975 0.998 0.973 0.2102 81 2173 24.1 
1    2.239 0.38 2.622 5.88 7477 1.441 350 0.969 0.989 0.958 0.2298 84 £149 28.9 
1    2.109 0.37" 2.488 5.59 7527 1.434 352 0.967 0.992 0.959 0.2002 79 2205 29 6 
|    2.659 0.435 3-094 6.11 7500 1.474 361 0.980 1.006 0.986 0.2924 100 2089 26.3 
I    2.63^ 0.424 3.055 

6.614 

6.21 

7.63 

7484 1.474 359 0.982 1.004 0.966 0.2932 98 £075 
2342 

32.9 
Uncooled hardware 

|    2.401 0.422 3.172 6.52 7570 1.468 409 1.004 1.099 1.103 0.1940 69 £319 35.3 

1     1.115 0.235 1.350 4.74 7887 1.319 340 0.990 0.957 0.947 0.0797 35 £082 
[     1.082 0.236 1.318 4.58 8001 1.331 349 0.999 0.970 0.969 ' 1 0.0771 35 2078 

ß- 
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TABLE 61 

(C) SUMMARY OF 2.5K FI1Ü-COOLED THRUST CHAMBER 1 

r      1 
Taamaratarea 

Preaaorcr Plovmtei 

Taat 
Date, 

Tot 
Duration, 

Aafcient 
Pro lore, 

0zldis.tr, Fuel 
lnlat, 

Pi la Ozidiaar 
Inlet, 

Fual 
Inlat, 

FiU 
Coolant, 

inroai 
Stagnation 
Preaaur«, 

Fuel 
InJaction 

AP, 

Ozidiaar 
Injection, 

AP, 
File 

Coolant, 

Hizturt Batioa 

I Mt Injtctor V Throat, Inlat, Coolant, OziCiiar, Fuel, V InJ actor OreraU c», 
No. 1966 S/fc tecondu paia aq in. pound* F .    P F paia paia paia Pc paia pai I»i lb/ttc lb/aac lb/aac lb/ar: «A o/f ft/ttc 

100 8-2 1-3B 13.80 
101 8-2 1-3E 3.4 0.950 982 90 775 907 720 187 55 2.149 0.407 2.556 5.28 1 
102 8-4 1-3B 3.5 1385 88 1105 1281 1004 277 101 2.828 0.573 3.401 4.94 ] 
103 8-2 1-3B 3.5 1617 87 1319 1484 1169 315 150 3.4023 0.659 4.052 5.16 ] 
104 8-3 1-3B 3.6 1902 102 1574 1673 1364 309 210 3.9968 0.687 4.684 5.81 ; 1 
105 8-5 1-3B 3.3 2105 101 1787 1782 1494 288 293 4.860 1.141 0.438 6.001 6.89 4.26 7363     1 
106 8-5 3-2A 3.2 2130 90 1719 1946 1505 441 214 5.005 1.147 0.443 6.152 7.07 4.56 7286     1 
107 8-9 4-1B 3.3 2151 98 1667 1755 1504 251 163 5.388 1.066 0.400 6.454 8.05 5.05 6938     1 
108 8-9 4-1B 3.7 1022 97 781 914 741 173 40 2.499 0.563 0.159 3.062 6.19 4.44 6952   1 1 
109 8-9 5-H 4.4 527 88 418 519 385 134 33 1.332 0.364 0.132 1.696 5.74 3.66 7015     1 

uo 8-9 5-1* 0.8 
1 ! 2176 86 189t> 1821 1491 330 405 5.030 1.105 0.454 6.135 6.87 4.55 7148   \ 1 

111 8-12 3-24 4.9 0.970 390 94 300 468 294 174 6 0.944 0.345 0.135 1.289 4.55 2.74 7839  1 1 
112 8-12 3-2* 4.8 406 93 312 439 304 135 8 1.047 0.322 0.133 1.369 5.54 3.25 7562     1 
113 8-12 3-2A 4.6 1378 94 1027 1306 969 337 58 3.146 0.756 0.238 3.902 6.08 4.16 7491  1 1 
m 8-12 3-2A 3.4 1340 94 1002 1277 946 331 56 3.126 0.640 0.128 3.766 6.11 4.88 7561     1 
113 8-12 3-2* 3.4 2308 90 1799 1963 1562 401 237 5.697 1.065 0.365 6.762 8.13 5.35 1 
116 8-17 2-2A 2.1 

1 
540 81 til 6.14 1 

117 8-19 3-2A 3.9 0.925 860 99 665 913 639 274 26 1.996 0.589 0.199 2.583 5.12 3.39 ! 1 
118 8-19 3-2* 3-9 874 93 681 842 6*0 192 3i 2.288 0.523 0.194 2.811 6.93 4.37 1 
119 8-19 3-2A 4.5 411 87 326 471 3 A 147 2 0.888 0.375 0.147 1.263 3.90 2.37 1 

12b 8-19 3-2* 4.5 398 85     | 320 423 31? 106 ■% 0.886 0.327 0.150 1.213 5.03 2.71 7714     I 
'21 8-«3 3-2B 3.5 >*7 102     ! 693 S09 666 143 27 1.952 0.574 0.202 2.526 5.24 3.40 7503     1 
122 8-£3 3-2B 2.9 1012 100 1123 1224 1046 178 77 3.055 0.918 0.385 3.973 5.72 3.33 7567 

1 123 8-24 4-2Ä 3.9 838    1 103 674 778 633 145 41 1.805 0.524 0.172 2.329 5.12 3.44 7923   ' 1 
12« 8-24 4-2* 3.8 810 98 656 764 614 150 42 1.654 0.560 0.206 2.214 4.68 2.95 8026     1 
125 8-24 4-2* 2.7 1354 97 1108 1205 1005 201 103 2.774 0.918 0.402 3.692 539 3.02 7824     1 
126 8-24 4-2* 2.0 1782 93 1521 1626 1320 306 201 3.720 1.167 0.445 4.887 5.16 3.19 7941     1 
127 8-24 4-2* 2.6 2032 91 1772 1757 1492 265 280 4.528 1.143 0.437 5.671 6.39 3.96 7620     1 
128 8-26 4-2* 

1 
i 

129 8-26 4-2* 1.7 0.935 1231 99 1045 1173 yv 191 63 3.426 5.39 1 

130 8-26 3-2B 1.7 0.935 1020 88 B15 932 762 170 55 2.999 5.88 1 
197 10-20 6-1* 3.9 0.970 1316 77 1011 1113 950 163 61 i.652 0.579 3.231 4.58 1 
198 10-24 6-1* 4.2 * 2208 93 1776 1747 1548 -.99 228 J. 044 1.107 C271 6.151 6.04 4.56 ?640  | 1 
199 10-24 6-1A 4.2 f 1341 95 1040 1094 959 135 81 »0627 0.795 0.231 3.85* 5.64 3.86 7511   j 1 

/ 
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TABLE 61 

(-COOLED THRUST CHAMBER PERFORMANCE 

£0VT»t«« 
Hiitur. Ratio» 

OxUiier- 
to- Oxiditer F<iel 

Baaed on Pc 

Threat Peak 
Heat Flux, I Fil» 

V I , 
Noatla Fuel Injection Injection V V(Alter vt¥ •* 

Coolant Injector Overall e*. S \ "l Area Hoaenton Velocity, Velocity, (By Heat Fil» Coolant Film Coolant 2 
he Ib/aec lb/ee- o/f o/f ft/eec eeconde a Ratio Ratio ft/are ft/eec Balance} Sfcutoff) Flowing) Btu/in. -aec | Convent* 

L 2.556 5.28 1.436 
3.' >:1 

0.2043 80 2067 7> s 3.401 4.94 1.452 0.2490 106 2104 14.2 I Coolant water leake* into chanter 
I 4.052 5.16 1.456 0.3100 126 2095 16.4 | ft 4.684 5.81 1.468 0.4427 U9 1955 Noaale throat eroded 
1 0.438 6.001 6.89 4.26 7363 1.483 339 0.6752 180 1837 0.985 20.0 
J 0.443 6.152 7.07 4.36 7286 1.490 737 0.4645 141 2146 1.981 '?3.2 
I 0.400 6.454 8.05 5.05 6938 1.505 324 0.6947 142 1646 0.965 0.884 «ft.l 
6 0.159 3.062 6.19 4.44 6952 1.452 313 0.2179 68 1929 0.913 0.907 0.870 30.6 
1 0.132 1.696 5.74 3.66 7015 1.441 314 0.1182 52 2526 0.912 0.896 0.820 20.7 1 
B 0.4» 6.135 6.87 4.55 7148 1.536 341 0.6032 192 2l8f O.950 0.892 20.7 

|IR*D  funded 

I 0.135 1.289 4.55 2.7'i 7839 1.363 333 0.0437 28 2931 0.979 0.969 0.955 174 | 0.133 1.369 5.54 3.25 7562 1.377 323 0.0676 A 2621 0.977 19.4 i 0.238 3.902 6.08 416 7491 1.466 341 0.2329 91 2377 0.977 0.939 
1 0.128 3.766 6.11 4..« 7561 1.460 343 0.2261 89 2404 0.988 0.958 
1 0.365 6.762 8.13 

6.14 
5.35 1.523 

1.354 
0.6228 159 2075 

2100 22.1 
Noaile throat eroded 
Ijnit.r ta>lfi<netion • o.m 2.583 5.12 3.39 1.455 0.112, 58 2650 0.957 0.977 0.944 31.6 

I 0.194 2.811 6.93 4.37 1.454 0.2010 65 2240 0.986 0.?"1 0.959 34.7 i 0.147 1.263 3.90 2.37 1.371 0.0363 25 2677 0.944 0.984 0.916 It.4 

t 0.1M) 1.213 5.03 2.71 7714 1.357 325 0.0533 25 2358 0.979 0.974 0,9?5 17-5 i 0.2O2 2.526 5.24 3.40 7503 1.440 336 0.2138 59 1445 0 953 0.976 0.933 30.8 t 0.385 5.973 5.72 3.32 7567 0.4193 99 1350 0.973 0.936 38.3 
■ 0.172 2.329 5.12 3.4« 7923 1,431 352 0.1741 71 2086 1.004 0.990 28.3 i 0.206 2.214 4.68 2.95 8026 1.426 355 0.1470 67 2130 1.002 0.997 27.0 i 0.402 3.<92 5.39 3.02 7f24 1.457 *5» 0.2964 107 1946 0 998 35 8 1 O.VkS 4.887 5.16 3. If 7941 1.459 360 0.3596 145 2080 1.002 36.8 I 0.457 3.671 

3.426 

2.999 

6.39 

5.39 

5.88 

3.96 7620 1.472 

1.340 

1.432 

348 0.5955 171 1835 

2082 

1447 

1.002 

0.984 

0.975 

40.8 Sentence anlfonctien 

b 3.231 4.59 1.428 0.1928 81 1923 Fila-ceolaat inttnasentati on error| I 0.271 6.151 6.04 4.56 7640 1.470 349 0.5068 152 1811 0.991 i 0.251 3.856 5.64 3.84 7311 1.442 336 i 0.2826 93 1855 0.963 
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CABLE   62 

2.5K WATER-COOLED THBOST CHAMBER GAS I 

ll..i_||| 
riwrataa Taaporatas«* QM* PMI UK 

Toot 
tut 
Data IEJ« tor 

s/h 

Toot 
forctioo. 

4akiiat 
PrMtrar«, V Tbnst, 

OxUiior 
11.1.1, 

raal 
Ialtt, 

Flla 
Cooloat, 

Oxiaiie 
lallt. 

r«wi 
telai. 

Tiln 
Cool«Mt, friwv , 

Ujactiaa 
AT. 

lajartica 
Ozlttsar. r«»i. CNIM, (fatal)   1 V   | IajictsrJ »▼ml 

No 1466 »ocoodo p.i. •9 i*. pc-d. r r t aala pit *»•* pcU F»i fi It/*** >»/»<• lk/W 14/MC  ] U/wl 

OBJ 
064 

7-18 1-3B 1.2 
0.8 

13 80 0.940 366 
369 

-272 99 38* 
3» 

«74 
285 

110 0.*» 
S.147 

0.200 
C.272 

1.130 
1.419  ! 

4.61 
5.96    ] 

089 
0»6 

7-i: 
7-18 

) 1.4 400 321 y» 50» 95 n 1.236 o.an 1.437  1 6.16 

1.4 572 95 466 too 440 160 28 1.96! 0.29* 1.860 j 5.22 

087 7-18 1.2 822 94 675 784 615 169 fe ■; län ft.TT* £.534 5.78 

1 °*3 
7-Cl 1. > 410 99 549 4M 517 9? 52 1.175 0.200 1.575 5.87 

069 7-21 1/ 830 99 679 802 609 195 70 A.m 0.394 2.489 5.» 

090 7-22 1.9 547 99    I 449 559 413 127 37 1.421 0.26« 1.683 5.43 

091 7-24 1.7 505 97   ; 415 515 387 128 28 1.390 0.294 1.97* 5.2* 

092 7-22 1.8 679 99    ! 991 662 5*6 156 49 1.787 0.317 2.104 5.63 

093 7-27 1.3 So* 89     1 772 880 6« 195 87 2.363 0.414 2.777 '£ 
09% 7-87 1.4 929 89     ! 7**  , 920 678 242 86 2.284 0.460 2.7*4 4.5« 

09} 7-27 1.3 0.990 997 87      | 792 899 688 m 104 2.9» 0.388 2.916 6.9S 

096 7-27 1.4 0.990 924 87     I 795 868 668 200 87 2.400 G,418 2.818 9.74 

097 7-29 1.8 0.880 866 77     ! 782 899 705 194 77 2.168 0.425 2.393 9.19 

094 7-29 1.3 896 77     i 779 937 698 239 81 2.104 0.46i 2.565 4.5» 

099 7-29 
1 

f 1.9 892 77     i 814 867 709 158 109 2.389 0.380 2.765 ».SB 

153 8-51 4-24 2.2 0.929 401 71     : 334 445 32* 119 a 1.072 0.2J7 1.308 4.55 

13* 8-51 | 2.9 411 7» 538 450 330 120 8 1.093 0.238 1.330 4.60 

135 8-51 1.8 470 71     ! 373 1.190 0.187 1.379 6.41 

156 "»-51 2.4 1261 74     i 1031 1226 969 297 62 2.979 o.-ioo 3.579 4.97 

157 8-51 ? 2.6 1364 72     i 1068 1140 988 152 72 3.2*1 0.900 3.791 6.9« 

138 9-1 4-2B 1.7 460 74     | 324 0.937 0.214 1.370 9.i> 

159 9-1 4-2B 1.6 1239 M     ! 1030 1191 966 225 64 3.052 0.584 3.636 9-25 

IM 9-6 4-2C 1.9 490 7* 534 1.171 0.211 1.382 9.52 
141 9-6 4-2D 2.S 372 77 329 392 519 75 10 1.019 0.209 (.228 4.8C 

142 9-6 4-2E 1.6 373 77 322 387 515 72 7 0.939 0.210 1.143 4.4:5 

143 9-6 4-2E 67 9.513 0.207 
IM 9-6 4-2F 1.8 448 71 343 374 326 48 17 1.180 0.206 1.187 9.68 

169 9-26 4-2G i.r> 442 71     i 324 t.< * 4.14 

170 9-26 1.3 413 71 346 391 HI 50 5 1.042 0.192 1.2?* 9.« 

171 9-26 1.3 461 75 58s, 420 378 42 7 1.1726 0.377 0.188 0.022 1.550 6.21 3.20     I 
172 9-26 1.3 813 77 1    668 739 645 94 23 1.877 0.663 0.315 0.039 2.940 939 2.93    1 
173 9-36 1.2 1100 76 925 941 871 70 54 2.631 0.838 0.442 0.055 3.489 i     6-70 3.29    1 
174 9-26 ' 1 

1.3 487 85 405 431 397 34 6 1.269 0.368 0.187 0.230 1.653 6.98 3.54    1 
173 9-28 4-2G 1.3 0.929 577 83 566 316 50 0.960 0.389 0.207 0.016 1.3*9 9.27 2.52    1 
176 9-28 2.3 377 

1 
i 84 364 316 48 0.910 0.394 0.210 0.018 1.304 9.07 2.36    1 

177 9-28 2.3 378 -286 85 518 568 316 52 2 0.917 0.391 0.212 0.018 1.308 5.09 2.38    1 
178 9-28 2.v 390 -287 83 1   325 371 321 50 4 0.992 0.376 0.199 0.019 1.328 1     9.39 2.59    1 
179 9-28 2.4 589 -289 82 322 369 315 94 7 1.122 0.188 0.000 0.018 1.310 6.27 6.51    1 

180 9-28 1.1 2009 -298 82 1724 1763 1581 182 145 4.982 1.696 0.918 0.094 6.278 |    9.90 2-78    1 
181 9-30 0.7 1577 -286 74 1124 1325 10*8 299 56 2.749 1.419 1.109 0.060 4.163 1    3.99 1.97    1 
182 9-30 1.0 1657 -266 76 1399 1529 1508 221 91 3.907 1.595 1.064 0.071 5.102 6.60 2.23    1 

1 185 9-30 1.« j    iöC2 -281 79 1515 1710 141$ 294 99 3.824 1.747 0.878 0.076 5.571 4.40 2.21     1 

1 1M 10-3 1.9 402 •282 64 538 462 !   5?; 127 3 0.895 0.420 0.297 0.018 1.315 7.29 2.16     1 
189 10-5 ' 1 2.2 390 -27« I  6» 354 476 1     530 146 4 0.820 0.129 1 0.94» 6.36 
200 10-26 6-U 1.4 0.980 371 -285 67 306 574 29S 82 14 0.962 0.238 1.200 I    4.0« 
201 10-26 6-1C 1.6 387 72 571 299 72 1.SM8 0.235 1.243 |     4.28 
202 10-26 6-1D 1.5 366 -259 77 307 560 288 72 19 0.976 0.236 1.212 4.13 
205 10-26 fe-lD 1.6 1235 -266 63 |    978 1011 868 143 110 3.2*> 0.559 3.549 3.9* 
204 10-26 6-1D 1.6 1 1 1876 -271 85 

1 
1565 1469 1285 184 280 5.218 0 745 

| 
5.963 7.00 

/ 



Tll'LE   62 

SD THHUST GHAMBSl GAS TAPOFF SUMMABT 

InwimtM 
KiitBT» tatic 

IM* a »*. Oaialao* 
t*> 

fa»l 
Kaaastaa 

OxialBor 
Iaj.eHo« 
t»lc«itjr. 

Nrl 
Iajoetioa 
T.l-Mite. 

TkrMt M hnlt 
An* 

1   m« 1 fSf.« 
(Total). V lajoetor, OT*F»11 «*, «* • 

V \ Tiaaiftor« ■•«I Flu, 
It/»*« 1 iV«< ltyoor */« •/* ft/MC HWÜI ««til Batla tt/mn ft/wc / »U/i».a-«.e fiaaiitu 

l.l» 
i.*S9 

*.6l 
5.96 

1.39» 
1,377 

5.: :1 0.0678 38 1982 
13.1 

1 Data «aataMo, aa tapatf t*aaarat*ra* «r aiMiaaa* 
l.*37 6.;6 l.*00 13.2 | 
1.660 5-22 1.585 0.1275 59 n.t 22.8 IM* tapoff t^mtarn or aoaa aaaja 
2.53* 5.78 1.422 0.2129 82 222» 30.5 1 
I.57J 5.87 1.376 2269 Ü.5 No tapoff MBWltewi, taaaff twfintitii aocajrad «axiag 
2.*w 5.3* 

5.« 
l.*50 0.1812 80 »3*8 30.5 Mo tafoff fNwtrt, taaaff taymtiri rat of iaati ■ art ra 

] 1.683 1.412 2290 19.6 K* taaoff araaaara, Uoaff toaaoratvr* daeajrod 
1-57* 5.2» 1.58» 0.112* 51 2359 19.6 
2.10* 

2.77; 

5.63 

5.72 
1.428 

l.*97 

0.1702 

0.2*27 

69 

95 

2282 

2192 28.8 

9a tmfoti prtuora 

! 2.7** 
2.9.» 

*.96 
6.52 

l.*5» 
1.464 0.31** 99 

2427 
1093 

32.7 
35.3 

taaoff teaaaratwa» oat of imtraaaat raago, aa taaoff 
2.PIJ 5.7* 1-459 2253 33.8 'oraaaara 

i 2.593 5.16 1.395 J.1996 8* 21*6 14.2 
2.565 *.52 1.3» 0.1597 62 2320 13.1 
2.7t»5 6.20 1.430 0.3062 9* 1928 14.2 
1.505 *.53 1.330 0.0752 41 t*68 Htwirtlj low taaaff t lajin taroo 
1.330 *.60 1.3*6 0.0789 42 t».«9 
1.579 C.41 1.526 • *5 
3.579 *.97 l.*07 ; 0.2523 U3 2226 
3.791 6.58 i.3»3 0.*399 124 1855 
1.370 5-*3 1.55* 36 
■».•36 5.23 1.387 0.2926 118 »109 Taaaff teaaarataroa croater tkaa 2300 7 
1.382 5.52 1.586 *5 
1.228 *.88 1.261 0.095* 41 »142 
i.i*5 *.*5 1.280 0.0795 38 

243 
»7 

»126 

1.587 5-68 
4.14 

1.485 
1.473 

1.309 

0.1596 1913 Tapcff 1 ii irataroa oat of j—fa —at raagc 

1.2?\ 5.*3 C.12B0 42 1782 
0.1M ».022 1.550 '* 3.20 7302 1.318 299 0.976 0.0951 48 5201 1W 
0.515 0.059 2.5*0 5.39 2.95 7566 1.565 320 0.980 0.1229 76 5332 1116 

If   0.442 0.055 3.M9 6.70 3-29 7271 1.365 508 0.992 0.2267 108 5192 9*"» 
; Ö.JU7 0.230 1.653 6.9» 5.5* 7001 1.5» 288 0.971 0.1166 51 5052 129* 

0.207 0.018 1.5*9 5.27 2.52 6900 1.290 276 0.893 5971 1282 
9.910 0.018 1.30* 5.97 2.36 7258 1.290 291 0.926 **55 1265 
0.312 0.016 1.308 5.09 2.38 7066 1.295 26* 0.909 0.0*71 37 3999 1295 
0.199 0.019 1.328 5.35 2.59 757? 1.31* 301 0.958 0.0538 38 3779 1*27 
o ooo o.sia 1.310 6.27 6.51 71*7 1.321 293 0.950 0.1*73 *5 1915 1326 

0.918 0.09« 6.279 5.90 2.78 7172 1.371 305 0.9*0 3.2834 177 5685 1570 
1.109 3.0*0 4.163 3.95 1.97 8717 1.39* 577 0.82* 0.1013 110 4289 201* 
1.06* 0.071 5.102 6.60 2.23 736» 1.370 313 0.991 0.2379 1*6 W50 176J 

j   0-878 0.076 5.571 *.*0 2.21 7778 1.376 552 0.962 0.16*8 15* 41\2 2010 
0.297 0.01« 1.515 

0.9*1 
1.200 
1.2*3 
1.212 
5.8*9 
5.963 

7.29 
6.36 
*.05 
*.28 
*.13 
5.9* 
7.00 

2.16 7*00 1.297 
1.278 
1.296 
1.321 
1.297 
1.4J2 
1.490 

298 1.040 

■ 1 

0.0704 
O.iS02 
0.0525 

0.0629 
0.3526 
0.69*3 

36 
3* 
31 

3* 
110 
170 

5725 
1149 
2391 
£218 
2251 
1853 
171* 

1915 
Inj actor rotated 180 AifTf, tapoff tatraocoaalo dcatroyoi 
Oxidiaar-riea tapolt 
Oxidiiar-rich tapoff 
raal-rieh tapoff 
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(C) Seven hot-firing tests were then performed with this injector to 

evaluate the face-cooling capability of thia modified strip. Maximum 

duration vas 3 seconds at 600 psia and maximum chamber pressure was 

1300 psia for 0.400 second. No apparent damage resulting from any of 

these tests. A postfiring view of the injector is shown in Fig. 184. 

I 

(C) A 1-second checkout test vas conducted in the 2.5K segment hard- 

ware on segment injector S/N 6-7A, which incorporated two strips which 

were hand-brazed into the body. This modification was used to replace 

the TIG braze repair made at the Nevada Field Laboratory and was ac- 

complished after completion of the solid-wall tests. The test was 

conducted at 1450-psia chamber pressure and 5.0 mixture ratio. Post- 

test inspection revealed no damage. 

Analysis of Results 

(U) Injector Peiformance Data. One of the major program objectives 

was injector performance. The parameter which is proportional to com- 

bustion performance, and therefore proportional to injector performance, 

is characteristic velocity. Experimental values of characteristic ve- 

locity were obtained by two calculations, therefore, good agreement 

between the two calculated results provided a measure of confidence in 

the results. Specifically, characteristic velocity was calculated from 

measured chamber pressure and from measured thrust. 

I 
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(u) The calculation of characteristic velocity from chamber pressure was        \^J 

accomplished by use of 

<*  „  .i-ii n2 (1) 
v 

where 

P a nozzle throat stagnation pressure 

A, = physical nozzle throax area 

g =32.2 lbm-ft/lbf-sec2 

w = total propellant flowrate 

T]     = factor to account for performance decrease due to heat 
transfer, friction, nozzle discharge coefficient, and 
change in throat area due to thermal effects. 

(U) Characteristic velocity was calculated from measured thrust by using 

the following expression: 

ill c* = 
P 

vac   c 

\ (2) 

where 

F    a thrust (measured) 

w   = total propellant flowrate (calculated) 

C«   = vacuum nozzle thrust coefficient (theoretical) 
vac 

siraiFoilünroiL 
(This page is Unclassified) 



' *?  « factor to account for thrust decrease resulting from friction, 
heat transfer, and nozzle divergence 

P  ■ local ambient pressure 

£  = expansion area ratio 

P  = nozzle throat stagnation pressure 
c 

(u) It has been shown (Ref. 7 ) that characteristic velocity as calcu- 

lated from Eq. 1 and 2 will agree to within 1 percent in a well-managed 

experiment. 

• 

c 

r 

(u) Precision. Achievement of precise performance values is directly 

dependent upon the instrumentation precision. An analysis was made to 

determine the instrumentation precision that would be required for attain- 

ment of 0.5-percent precision (standard deviation) in experimental perform- 

ance. Sensitivity analysis techniques (Ref. 8 ) were applied to fuel 

flowrate, total flowrate, mixture ratio, specific impulse, and character- 

istic velocity. 

(U) Values of measurement precision were assumed on the basis of paut 

experience with the instrumentation in the test area. Precision values 

of 1.0 percent in pressure, 1.5 percent in temperature, 0.5 percent in 

thrust, and 0.25 percent in oxidizer flowrate were taken to be represen- 

tative of experimentally achievable values. Utilization of the aforemen- 

tioned precision values in a sensitivity analysis showed that the resultant 

precision in fuel flowrate, mixture ratio, specific impulse, and character- 

istic valoeity from thrust wot?Id be 1.06, 0.06, 0.55, and 0.60 percent, 

respectively. A similar analysis conducted to determine the standard devia- 

tion in characteristic velocity calculated from chamber pressure showed 

that the precision in characteristic velocity would be 1.08 percent. 

(u) Based upon these results, calibration,precisions of 0.5 percent in 

thrust, 0.25 percent in oxidizer flowrate, and 1.0 percent in pressure at 

431 



the 95-percent confidence level was spec ivied so that achievement of precise 

thrust chamber performance was assured. 

(U) Monitoring Techniques. Instrument calibrations were monitored to 

ensure that the forementioced precision levels were achieved. Thii was 

accomplished by use of the Rocketdyne Random Walk measurement analysis 

program. In this analysis program, it was i ssumed that the input/output 

ratio for a sensor at a particular input level performs a random walk in 

time which has a normal distribution and variance. It assumed also that 

there was a random measurement error in the observed data which was inde- 

pendent of the random «slk and which was also normally distributed. The 

output from this analysis program included a decision, based upon the cal- 

culated coefficient of variation and a prescribed precision limit, as to 

whether the sensor should be used as is, recalibrated immediately, or dis- 

carded. 

(U) The use of the Beckman system in conjunction with the IBM 7094 sysie-r. 

ensured accurate and rapid data reduction with tLe option of selecting more 

than one time slice during a test for reduction. The Beckman system is an 

on-line digital data acquisition system that records test data on magnetic 

tape. These data on magnetic tape are retrieved by the IBM 7094 system 

and data are then presented in engineering units. The data reduction pro- 

gram computed specific impulse and characteristic velocity from thrust and 

chamber pressure. 

(U) Performance Data Analysis. Because the purpose of evaluating charac- 

teristic velocity efficiency was to compare various injection patterns such 

that the moat efficient would be selected for the 250K injector, those 

physical effects that cause thrust chamber performance to deviate from 

ideal theoretical performance must be properly taken into account during 

data analysi». These effects were calculated and properly combined to 

obtain the values for TJ   and 7? in Eq. 1 and 2 . These various effects 

were taken into account as follows. 
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\ (u) Stagnation Pressure Lost. Measured injector end static pressure 

vas adjusted for stagnation pressure by using the Rayleigh criterion (Ref. 

9 ) which is a function of contraction ratio« specific heat ratio» and 

nozzle entrance Mach number. The stagnation pressure loss factor was 

^Po * °'9953 

(u) Friction. A potential flow and boundary-layer analysis was used 

to obtain the skin friction coefficient from which the frictional drag 

force was computed. The integral momentum boundary-layer equation, in 

conjunction with a skin friction correlation (Ref. 10) was used to eval- 

uate the frictional drag. The friction influence coefficient was given by: 

\  = 1.0135 

(u) The dependence of 7}    on chamber pressure and mixture ratio is shown 

in Fig.185. 

(u) Beat Transfer. In a water-cooled thrust chamber, the heat trans- 

ferred to the coolant water is lost an«! not available for conversion to 

directed velocity. This heat loss results in a reduction of combustion 

gas temperature and, con* eminently, the delivered performance is less than 

the ideal thermodynamic performance. The influence of heat loss on perform- 

ance was calculated by using a modified theoretical thermodynamic propellent 

performance program that accounts for heat transfer in the energy balance. 

A heat flux profile typical of the experimentally determined heat flux 

profile was employed. The performance calculations with heat los* are 

made incrementally so that the effect of spatially distributed heat trans- 

fer on the flow fieM properties is calculated and, thereby, the effect of 

heat loss on performance is calculated. These heat loss influence 

(Th4.s page is Unclassified) 
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coefficients are: 

T?H L (c*) - 1.0078 (5) 

and 

%  . (F) - 1.0C95 (6) 'H.L. 

(ü) Nozzle Throat Area Change. Nozzle throat area during a test is 

different from the nozzle throat area hefore or after a test. During a 

test, there are pressure loads acting on the internal nozzle surface upon 

which thermal effects due to the increased vail temperature (as the result 

of heat flux) are superimposed. In the 2.5K water-cooled thrust chamber, 

the iiardware is sufficiently massive so that the effect of internal pressure 

loads is negligibly small compared to the thermal effects. Due to xhe heat 

flux, the nozzle throat area is less than in the cool pretest condition. 

The influence coefficient for nozzle throat area change due to thermal 

effects is shown in Fig. 186and the nominal value is: 

nro(At) 0.980 (7) 

(C) The value given in Eq. 7 is based on an elastic-plastic strain anal- 

ysis which showed that the average value of 0.980 when applied at all 

chamber pressures between 300 and l^GQ psia (Fig/18$ yields less than a 

1 percent difference over the chamber pressure range which is less than 

the error in calculating c* from test dota. 
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c (U) Nozzle Divergence, Nozzle divergence losses were evaluated by- 

comparing two-dimensional axisymmetric thrust coefficient with the ideal 

one-dimensional nozzle thrust coefficient. The two-dimensional nozzle 

thrust coefficient was computed by a method of characteristics analysis 

which utilizes variable flow field properties and the internal contour 

of the nozzle used on the thrust chamber. By definition, the thrust co- 

efficient is give» by: 

C 

F 
PA. 
o t 

(8) 

where 

(L, =* thrust coefficient 

F - thrust 

P - nozzle throat stagnation pressure 

A. ■ nozzle throat area 

It should be noted that this definition applies to one-dimensional as well 

as to two-dimensional flow. Because the axial component of thrust is less 

for two-dimensional diverging flow than for ideal one-dimensional flow, 

the twc-dimenBional thrust coefficient is less than the ideal one-dimensional 

thrust coefficient and this difference is the nozzle divergence loss. This 

may be seen as follows: 

A'Jy . CF (1-D) - CF (2-D) (8a) 

c 

where 

Ac     ■ thrust coefficient difference 

C-, (l-D) ■ one-dimensional thrust coefficient 

CL, (2-B) « two-dimensional thrust coefficient 
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Utilizing liq. 8 in £q« 8a yields 

t/(l-D)  \° ^(?~D) 

vhere the subscripts 1-B and 2~D refer to one-dimensional and two-dimensional, 

respectively. For the same nozzle throat stagnation pressure and throat area, 

Eq. 8b shows that the thrust loss due to tvo-dimensional flow is: 

ACj, =AF (9) 

where AF is the difference between the one-disaeneional and the two-dimensional 

thrust, This then is the divergence loss and has a numerical \nlue of: 

%w = 1.0110 (io) 

o 

(U) Nozzle divergence loss dependence on chamber pressure and mixture i 

ratio iB shown in Fig. 187. 

(U) Non-One-Dimensional Flow. In the linearized theory of transonic 

flow, the mass flow crossing the throat section is always found to be less 

than the critical flow corresponding to one-dimensional conditions. The 

ratio of the two-dimensional mass flow to the one-dimensionäl mass flow 

is the nozzle discharge coefficient. The nozzle discharge coefficient is: 

T?CD - 0.997 (") 

(U) These influence coefficients and the resultant average value for the 

influence coefficient are summaiized in Table 63. 
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TABI£ 63 ü 
(C)    INFLUENCE COEFFICIENT SUMMAHY 

Physical Effect 

Influence on Experimental 

Characteristic 
Velocity 

Specific 
Impulse 

Heat Loss 

Friction 

Nozzle Divergence 

j Nozzle Discharge Coefficient 

Throat Shrinkage 

Stagnation Pressure Loss 

Resultant Average Value 

1.0078 

0.9970 

0.9800 

0.9953 

0.9801 

1.0095 

1.0135 

1.0110 

i 

1,0344 

w 

(U) Selected Pattern. The triplet pattern was selected for the injectors 

as shown in Fig. 180. The 250K injector is baffled into 40 compartments; 

each compartment contains seven injector strips. 

(c) The above-described pattern and injector configuration vere selected 

based on several considerations. Among these considerations vere: 

1. High performance was demonstrated in segment testing (ff ^ above 

97 percent at chamber pressure of 300 psia and above 98 percent 

at chamber pressure of 1500 paia) as shown in Fig.188. 

2. Little sensitivity to mixture ratio was observed over chamber 

pressure operating range. 

3. Excellent durability was demonstrated over entire operating range. 

(J 

I 
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4. No spontaneous coml. istion vnstability vac encountered daring 

segment testing. Several bomb tests vere also conducted to 

verily stability characteristics; no adverse stability effects 

were observed. 

5. Excellent injector hydraulic characteristics vere demonscrated 

over operating range; i.e., no hydraulic flip. 

6. Strip configuration lends itself tö modification for t*poff 

bias. 

7. Hot-gas ignition has been demonstrated in segment testing. 

3. Simplicity of rtrip machining is achieved because all strips 

are essentially identical. 

9. Strip concept permits individual strip calibration for uniform 

injector mixture ratio and flovrate. 

(U) It should be noted that other injection patterns tested failed to 

exhibit all of the necessary qualities for achievement of program objec- 

tives. The reverse flow pattern had acceptable durability and stability 

but -waa slightly lover in performance than the 60 degree triplet. Buzz- 

type instability vas encountered vith the LO flov pattern, thereby 

eliminating this pattern as a possible candidate injector. 

(u) The performance of the selected pattern, and minor variations of it, 

is summarized on Fig.188. The effects of mixture ratio are more clearly 

shovn for the experimental data obtained by this study of variations in 

chamber pressure at the hands of mixture ratio.  Jhe effect of mixture 

ratio is seen to be a reduction of c* efficiency at the lover chamber 

pressures. The values obtained indicate that, vith the experimentally 

verified nozzle efficiency, the overall specific impulse of the aerospike 

thrust chamber vith this injector design vill meet the performance goals 

at bcth rated and throttled conditions. 
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V (C) Film Cooled Results.  It was possible to operate the water-cooled 

thrust chamber up to 900 psia without encountering peak throat beat flux 

that would exceed the burnout heat flux for this geometry. Gaseous hydro- 

gen film coolant was utilized so that tests could be conducted up to 1500- 

psia chamber pressure. 

(U) The film coolant was introduced normal to the combustion flow field 

and at a velocity, which resulted in a velocity vector parallel to the 

nozzle converging walls. Such in arrangement of injection vith the annular 

throat gap was expected to lead to uniformly mixed product flow through the 

nozzle. The characteristic velocity efficiencies could then be calculated 

easily by taking into account the influence of film coolant on the thrust 

chamber flow field. An energy balance was made between the combustion 

products generated upstream from the start of nozzle convergence and the 

point where gaseous hydrogen was injected. This yielded a temperature that 

represents conditions upstream of the nozzle entrance. Characteristic 

velocity efficiency was taken to be proportional to the ratio cf the tem- 

V_ perature obtained from the energy balance and the adiabatic flame tempera- 

ture corresponding to injector end mixture ratio and chamber pressure. The 

latter portion of the analysis may be shown to hold for sufficiently small 

variations in flow field molecular weight and specific heat ratio. 

(u) Three equations were required to accomplish the data reduction. These 

expressions were: 

T 2 t 
%*.    = T. (theoretical) (12) 

** C   (T.-TJ + w. . C . . T, 
c Pf inj pinj 

T. . = £  (13) 
inj w. . C . . mj pinj 

T 
2 in.i 

%*.   .  T. . (theoretical) (14) 
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(U) Application of Eq. 12 through 14 to the teat data yielded the char- 

acteriatic velocity efficiencies shown in Tt,ble 64. A complete deacription 

of the analytical method it» presented in Appendix I . Confidence in the 

performance efficiencies calculated by the aforementioned method was given 

by comparison of characteriatic velocity elficienciea with and without film 

coolant preaent during a given teat. &  ch a comparison showed that per- 

formance efficiency calculated, as described above, differs from the nonfilm- 

cooled case by leaa than 1 percent. This excellent agreement is shown in 

Table 64 where the film-cooled data reduction is summarized. 

(U) The high characteriatic velocity efficiencies discussed above apply 

to an injector operating in a perfect combustion chamber. Addition of 

fuel film coolant a«; the nozzle entrance can only lower thruat chamber 

performance becauae the coolant will only have the opportunity of contri- 

buting energy that will be reflected in the characteriatic velocity during 

transit through the converging portion of the nozzle. Becauae the converg- 

ing portion of the nozzle has a constantly decreasing pressure and charac- 

teriatic velocity is directly proportional to the pressure, the contribution 

to characteriatic velocity by tuü film coolant will be leaa than that con- 

tributed by the aame mass of fuel at the injector end. Thia lose in thruat 

chamber performance is illustrated in Fig. 189. A list of all film-cooled 

teats is presented in Table 64. 

(c) Hot-Gas Tapoff. The feaaibility of hot-gaa tapoff was investigated 

in the 2.5K chamber aegment. The objectives of the tapoff teata were to 

determine the dependence of chamber pressure, mixture ratio, and tapoff 

geometry on the tapoff temperature with aeveral tapoff variations. The 

first design was a «ingle-hole configuration and the second, a two-hole 

unit, both unite designed for a tapoff exit velocity of a Mach number 

equal to 0.2 for a nominally 1500 F fuel-rich gas. The tapoff tempera- 

ture as a function of chamber pressure is shown in Fig.190 for both 

of these configurations. The first test results indicate an increase 
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TABUS 64 

(C)     THRUST CHAMBER PERFORMANCE SUMMARY FOR 

FIIM-COOLED TESTS» 

Test 
No. Injector 

Chamber 
Pressure, 

psia 

Injector 
Mixture 
Ratio V 

V 
(After Film- 
Coolant Off) 

105 1-3B 1494 6.85 0.985 

106 3-2A 1505 7.11 0.981 

107 4-1B 1507 8.05 0.965 

108 4-1B 724 6.97 0.913 0.907 

111 3-2A 294 4.54 0.979 0.969 

112 3-2A 304 5.72 0.977 

113 3-2A 969 6.03 0.977 

114 3-2A 946 6.16 0.988 

\  117 3-2A 639 5.1* 0.977 

118 3-2A 650 6.93 0.986 0.981 

119 3-2A 324 4.27 0.984 

120 3-2A 316 5.92 0.979 0.974 

121 3-2B 649 5.57 0.953 

122 3-2B 1042 5.81 0.973 

123 4-2A 615 5.63 0.990 

124 4-2A 596 5.35 0.990 

1 . - 

»Corrected to throat stagnation pressure condition 
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in temperature with increasing chamber pressure and increasing mixture 

ratio (5 to 7). The third configuration is shown in Fig.  191. This 

configuration straddles the injector pattern as shown and is designed to 

provide for a more positive flow of fuel-rich gas than were the first two 

configurations. Five initial gas tapoff tests were conducted with the 

triplet injector pattern. These tests were 089, 091, 092, 093, and 095. 

Gas tapoff configuration and instrument locations for these tests are 

shown schematically in Fig. 192 and 193» 

(U) The gas tapoff thrust chamber data reduction was accomplished in 

three steps. First, the oxidizer and fuel flowrate through the injector 

was determined. Second, the gas tapoff flowrate was calculated, and 

finally the net thrust chamber flowrate was calculated by taking the dif- 

ference between the injector flowrate and the gas tapoff flowrate. Tapoff 

vss evaluated as described in Appendix II. 

(ü) Gas tapoff flowrates were deducted from thrust chamber injector flow- 

rates and adjusted thrust chamber performance was then determined. These 

data are presented in Table 60, and it may be seen that the results for 

teats 089, 091, and 092 are in excellent agreement with prior data for 

this injector. The adjusted results for tests 093 and 095 a^e subject to 

some question due to an indeterminate GN purge. 

(c) Later in the test program hot-gas tapoff tests were conducted with 

three basic modifications of an injector incorporating strips made on 

tooling used for 250K strip*. The tapoff gas was found to be oxidizer- 

rich with the first modification to a standard injector (four oxidizer 

orifices plugged in vicinity of tapoff ports). The second modification 

consisted of addition of two tapoff bias orifices (0.070 inch diameter) 

drilled into the fuel strip to direct fuel into the tapoff ports. The 

tapoxf temperature was 1840 F and was fuel-rich. The third modification 

consisted of enlarging the tapoff bias orifices to 0.0935 diameter. 

Finally, the number of plugged oxidizer holes was reduced to three. Tests 

O 
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were conducted over a chamber pressure range of 282 to 1290 psia. Tapoff 

temperature over tbe operating range can be expected to be between 1300 

and 1600 7  (Firf.193). 

(?j) TW injectors were used to obtain the data shown in Fi^.193. The first 

injector ^s fabricated with strips from early experimental tooling and with 

f<mr Qjddizer holes plugged. The second injector was fabricated from the 

fiRal 250K injector strip tocünar with only three oxidizer holes plugged. 

(The plugged holes were reduced to three based upon geometrical examination 

of the tapsff port area.) The results from both injectors show that the 

result« are corroborated and consistent, and show that the tooling effects 

are reproducible. 

(c) The tapoff temperature appears to be fairly insensitive to chamber 

pressure and mixture ratio» The tapoff gas has been conclusively proven 

to be fuel-rich with the present injector hot-gas tapoff configuration. 

The technique used to determine whether tapoff gas was oxidiser-ricfc or 

fuel-rich consisted of introducing gaseous hydrogen into, the tepoff duct 

during mainstage and measuring the resultant downstream temperature. A 

rise in temperature downstream of the point of  gaseous hydrogen introduc- 

tion indicated that the tapoff gas was oxidizer-rich, and the resultant 

tapoff gas mixture ratio (o/f) was moved toward stoichiometric. Conversely, 

a decrease in resultant tapoff gas temperature indicated that the tapoff 

gas was fuel-rich, and the resultant mixture ratio (o/f) was lowered, 

(u) Heat Transfer Results. To obtain heat transfer data in the 2.% 

solid-wall segment effort, a water-cooled chamber was utilized as descri 

at the beginning of this section« This chamber is provided with coolant 

passages as shown in Fig. 19^ with letter designations indicating passage 

location. The water flowrates into the passages are measured, and the 

bulk temperature rises indicated by three element chromel-aiumel thermo- 

piles. Primary emphasis is placed on the nozzle contour passages. The 

method of data reduction is outlined in Appendix III. 
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(ü) The reduced throat heat flux values are indicated in Table 60, 61, and 

62. Values are subject to additional interpretation to obtain expected peak 

throat heat flux values for the operation. Early in the performance 

program it -was observed that certain throat heat transfer abnormalities 

were occurring. Repeated firings under identical operating conditions of 

mixture ratio and chamber pressure indicated nonrepeatable heat fluxes. 

The general characteristics observed were that the heat flux increased 

from one run to the next run. A number of hypotheses vere postulated 

for exploration of this phenomenon. These included corrosive attack of 

the copper chamber by the CTF ignition technique, thermal mechanical 

roughening of the contour surface, gross injector effects, and a segment 

contour mismatching disrupting the boundary layer. 

(U) For eass of interpreting the results, the heat transfer data were 

reduced to a dimensionless Stanton and Prandtl number parameter, 

and this parameter was plotted as a function of run number for a series 

of runs during which various specific surface effects vere investigated. 

Particularly, it was observed that the throat surfaces appeared to be 

roughened after a series of firings. Following the hypothesis of surface 

roughening through CTF ignition product attack, the throat was electro- 

plated with nickel on one side and smoothed by rubbing with fine grit 

cloth on the other side, a number of times. The results are indicated 

in Fig. 195» It is observed that the Stanton number parameter increased 

more rapidly on the uncoated side than on the coated side. The limiting 

values coincide. Also of interest is the fact that the act of aimply 

smoothing the throat resulted in a decrease in heat flux. The nickel 

surfacing did not appear to solve the problem. 

(U) Further analysis of the data indicated, that the increase in heat 

flux from run to run appeared to take place in discrete jumps rather than 
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in a smooth Banner. This led to a hypothesis of the effect being caused 

primarily daring ignition. Two long-duration tests were conducted to 

determine if this was so, and the results are given in Fig. 196 It is 

observed that a large increase in heat flux was incurred, and it apparently 

was associated with ignition. 

(TJ) At this tine, a chemical analysis was conducted of the roughened throat 

surface, and it was found that the deposits were primarily nickel, Further 

close examination of the nczzle contour and throat surfaces showed that 

the roughening effects could not be described by distributed roughness, bat 

instead would best be described by discrete surface protuberances. The CTF 

tube used as an igniter tube in the injector face was found to be pure 

nickel and the end eroded l/l6-inch to l/8-inch behind the injector face. 

This small amount of erosion was found to be sufficient to account for most 

of the deposit coverage of the throat. To eliminate further difficulty, 

the CTF ignition tube was retracted to a position 0.125 to 0.200-inch behind 

the injector face. 

(C) With these results in mind, a series of tests with a chrome-plated 

(0.0005 iöch) throat was conducted to determine if reproducibility of 

heat transfer data could be obtained. The results are tabulated below 

for both the triplet injector and the L0- fan injector both as raw data 

and as normalized data to one common operating point. 

Run No. 

Pc,psia 

MR 

Normalized Q/A (at 6.0 
MR and 650 P ) 

L09 Fan Injector Triplet Injector 

ÜZ 121 122 124 

639 649 635 596 

5.14 5.57 5.63 5.35 

31.6 30.8 28.3 27.0 

29.7 3P.2 27.8 26.3 
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(C) Run 118 was a run at nominally lOO psi, but instrumentation read 

out in the throat was lost. Runs 119 and 120 were conducted at 300 psi 

with repeatable heat flux. Run 122 was a nominally 1000-psi run. This 

series of runs were considered to be as severe a test of the ignition 

hypothesis as could be devised in the hardware, The nominally 600-psi 

runs with the normalized values to a MR of 6.0 and a P of 650 psi indicate 
c 

that the previously observed run-to-run increases in heat flux had been 

eliminated. 

(U) It is noted here that these heat fluxes are higher than the results 

for a smooth contour.  It was found that this particular throat contained 

flats in the throat region. The results, however, serve to prove that 

burning of the CTF tube tip was responsible for the increased heat fluxes. 

Of interest also is the fact that the chromium plate was virtually lost 

on the first two runs of the series and cannot be considered as a part 

of the improved heat flux behavior. 

(c) To obtain a true comparison and prediction of the heat fluxes for 

the candidate injectors only data for known smooth contours were used. 

These include data for plated throats and those cases where the throat 

was purposely smoothed. The chromium-plated throat was smoothed after 

the above-discussed series of runs to eliminate the flats and utilized 

to obtain additional heat transfer data. The results are shown in Fig. 

199 for the copper segment as 9 function of total flowrate. The data 
/  2 

correlate quite well and show an average prediction of 54 Btu/in. -sec 

at the aerospike operating conditions. Reduction of the data to effective 

Stnnton numbers shows that the heat flux in the stainless steel chamber 
/  2 2 

will be 52 to 56 Btu/in. -sec with an average value of 54 Btu/in. -sec. 

Problem Areas and Solutions 

(c) In the entire 2.5K segment testing program, only two problems were 

encountered. One problem was the higher than anticipated throat heat flux 
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c that precluded testing ebcve a chamber pressure of 900 psia. This dif- 

ficulty was overcome by introducing gaseous hydrogen into the thrust 

chamber at the start of nozzle convergence to provide a cool film coolant, 

thereby permitting the attainment of 1500-psia chamber pressure. 

(U) A series of tests vith injectors 2-16 and 4-1B experienced buzz-type 

instability. The cause of this was found to be a fuel leak between the 

injection strip and the injector body, This problem vas eliminated by 

using other injectors that did not have such leakage. In general, the 

2.5K segment testing was not marred by any serious problem and all minor 

problems were corrected. 
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THKJST CHAMBER COOLING INVESTIGATION (2,5K TUBE-WALL SEGMENT*) ^ - 

Objectives and Requirements 

(c) The requirements of this subtask were as follows. Cooled 2.5E seg- 

ments cf the demonstrator combustion chamber vert; to be fabricated to 

determine the regenerative cooling limits for candidate tube materials 

including nickel, copper, and stainless steel.  Supplementary cooling was 

to be investigated on a limited basis to evaluate the advantages and pen- 

alties associated vith this technique for an annular throat chamber. The 

cooling tests were to bs conducted with o '.rail mixture ratios over the 

range from 5:1 through 7:1. The effecit >?' *n ottling on cooling capabil- 

ity, as well as performance at the 20-perceti4- thrust level and two inter- 

mediate points, was to be determined. The same injector configuration 

used in 250K workhorse chamber was to be used in the regenerative chamber 

segment. The coolant tubes used in the chamber segments were to the same 

configuration in critical areas as the tubes planned for the Demonstrator 

Module to ensure meaningful results. 

(c) Accordingly, the thrust chamber cooling investigation consisted of 

a combined analytical and experimental effort to accomplish the following 

objectives: 

1. Evaluate the regenerative cooling limits of the aerospike thrust 

chamber 

2. Select tube materials to cool and meet life requirements 

3. Predict the cyclic life of the selected tube material 

fi.    Determine tube operating conditions to yield 100 reuses arc! 10 

hours time between overhauls 

5. Demonstrate the reuse life of a thrust chamber designed to these 

operating conditions 

s I 
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Summary of Work Accomplished 

(U) These objectives were all successfully accomplished. The overall plan 

to oeet the objectives made use of a combination of heat transfer analysis, 

stress, and materials analysis, materials laboratory evaluations, a tube 

tester simulating hot-fire conditions, and actual hot fire of 2.5K tube- 

wall segments. 

(U) The limits of regenerative cooling were analytically determined for 

two basic tube materials. Cooling feasibility at the Demonstrator Module 

rated conditions was then demonstrated on 2.5K hot-fire segments. The 

durabilities of several candidate tube materials were evaluated through 

the combination of analytical effort and experimental results. The fatigue 

life of a selected tube material was demonstrated by the cyclic hot firing 

of a 2.5K tube-wall segment. The experimental life thus determined was 

in agreement with the analtically predicted life. 

(u) Additional life limit tests were conducted on a unique thrust chamber 

tube tester such that preliminary maps of life vs chamber operating condi- 

tions could be made. These maps were then used in conjunction with other 

primary considerations to select the Demonstrator Module rated operating 

conditions. 

(U) A systematic approach was used which called for the proper phasing 

of the overall effort. The initial task was the selection of candidate 

tube materials which provided adequate cooling and had promising durability. 

A preliminary heat transfer, plastic strain, and fatigue analysis was used 

in this effort. Two materials were ultimately selected as representative 

of these candidates, an^ 2.5& tube-wall segments were fabricated of each. 

These segments were hot fired to demonstrate cooling feasibility. 

iiraM, 
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(Cy Parallel with this effort, a material selection program l/as conducted 

which would enable the selection of highly durable tube materials for the 

20K and Demonstrator Module thrust chambers. This program employed de- 

tailed analysis, laboratory evaluations, literature surveys, and related 

studies. The Nickel 200 tube material was selected for immediate thrust 

chamber application as a result. 

(C) A nickel tube thrust chamber was hot-fire tested over 300 times for 

thermal fatigue life demonstration tests. Complementing the segment cycl- 

ing tests were life limited evaluations on the Nickel 200 material conducted 

on the tube tester.  The effects on tube life of off-nominal operatiug 

conditions and fatigue creep phenomena were explored. 

(C) The results of these hot-fire and thrust chamber tube simulation tests 

were then compared with life predictions based on analysis and laboratory 

teste. A good overall correlation was established, lending confidence to 

the analysis.  From this, parametric life and cooling studies on the Nickel 

200 material were completed, enabling a rational balance between life and 

performance to be accomplished in the design of the Demonstrator Module. 

Description of Harflyure and Fabrication 

(C) Design and Operational Limits, 2.5K Segments. The initially proposed 

aerospike thrust chamber design called for the use of tube materials which 

wouJd cool and provide durability at high chamber pressures. Tube mater- 

ials which were successful in previous high-heat-flux applications and 

which had promising fatigue properties were analyzed in a preliminary way 

for cooling feasibility. Three materials which were representative of 

these candidate tube materials in cooling effectiveness were intially sel- 

ected for detailed heat transfer analysis and cooling feasibility tests. 
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Three 2,5^ aeppeat thrust chambers were designed which employed these 

representative tube esaterials, i.e., type 347 stainless steel, Nickel 

200, aai OJBC copper 

(c) Tube Design. Tube wall thicknesses were established from known 

allowable hydraulic stresses for each material and from fabrication con- 

siderations. The chamber geometry from the injector to the thro&t simu- 

lated the 250K aerospike thrust chamber outer body contour. Hydrogen 

coolant was introduced from the injector end at a pressure of about 2300 

psia and a bulk temperature of 250 to 300 R, again to simulate the cool- 

ing conditions on the 250K outer body. The tube sizes were typical of 

flightweight tubes as then conceived. 

(c) Unformeo diameters in the combustion zone and throat are tabulated 

below: 

Parameter        Copper Stainless Nickel 

Thickness, inches 

Diameter, Chamber, inches 

Diameter, Throat, inches 

Tubes/Segment Wall, inches 

f/ 
(c) Figure  ' indicates the design wall temperature, heat fluxes, hydrogen 

velocities, and curvature enhancement values based on heat transfer data 

available at the start of the program. Low wall temperatures near the 

injector face were also based on heat transfer data, and indicated in- 

complete combustion in this region. 

(u) It is noted that the throat tube diameter size yielded hydrogen 

velocities of approximately Mach 0.5. 

(U) Combustion zone sideplates were water cooled and the nozzle convergent 

and divergent side plates were hydrogen cooled. 
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(U) Heat transfer studies indicated the most critical area of high heat 

flux in the Demonstrator Module to occur in the throat region of the outer 

body where the hydrogen coolant is flowing as a "downpass." To simulate 

this critical region it was only necessary that the 2.5K segments duplicate 

the Demonstrator Module Chamber geometry from the injector face to the 

throat and need not incorporate the outer body shroud or inner body spike. 

Thus the design was simplified by permitting the chamber to be symmetrical 

about an axial center line. 

(c) Segment Design. A 2.0 by 3.5 inch rectangular chamber cross 

section with a 0,281-inch throat located 6 inches downstream of the iia- 

joctor face having a 40-degree convergent half angle and a 15-degree 

divergent half angle to an expansion ratio of 3.5 was selected. 

(U) Separate cooling circuits were provided to each contoured tube wall 

with the flow direction being from the injector end to the nozzle end. 

The ability to measure both inlet and outlet pressure and temperature in 

each tube wall was provided. The coolant required for the side plates 

would also be provided by independent circuits. The chamber was designed 

to accommodate the same injectors as those being evaluated in the 2.5K 

solid wall investigation. To fulfill the requirements of the 2.5K tube- 

wall investigation, three segments were designed differing only in the 

tube material and dimensions related to the tubes. The fabrication was 

further simplified by tht use of identical rather than mirror image 

parts for each side, figure 199 shows the essential feature of the 

design. 

(U) The design and fabricaiion philosoply employed for these segments 

was that (l) all detail components were to be fabricated complete per 

drawing and (2) specific operations were prescribed at established assem- 

bly levels and requirements were to be accomplished av these levels only. 

In addition, specifications were written to define the detail brazing 
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V and assembly requirements. Thus, better program control and system qual- 

ity were afforded during the program fabrication cycle. 

(U) A two-phase furnace-brazing procedure was employed. The brazing of 

the copper end plate bodies was accomplished prior to the brazing of the 

thrust chamber body assembly. This permitted pressure testing of the 

complex end plate assemblies and subsequent repair, where required^ to be 

accomplished without limited access. An additional advantage gained was 

that the completed end plates could act as a brazie fixture f oi the tubes 

and manifolds of the thrust chamber braze assembly. This procedure rep- 

resents somewhat of a compromise by using the highest-melting-temperature 

brazing alloy, but was deemed to be the superior method of obtaining a 

reliable chamber assembly. 

(U) The 2.5K tube wall segment design consists of a brazed assembly of 

tubes, copper end plates: a type 347 stainless-steel injector end block, 

and type 347 stainless-steel exit end manifolds. Both inlet and outlet 

manifold closures were welded in place to eliminate one braze cycle. 

Access for good placement of braze alloy as well as inspection was incor- 

porated. In addition, the ability to pressure test at various stages of 

fabrication was provided. The brazed assembly is reinforced by a bolted- 

in-place backup structure of SAE-4130 steel. Transfer of loada from the 

tube stack to the backup structure is through a bearing block bolted to 

the backup structure and making intimate contact with the tubes through 

an epoxy nnd glass fiber filler. 

(u) Fabrication. 

(U) Tubes. Conventional methods were employed during the fabrica- 

tion of the tubes. A round tube of uniform wall thickness having a cir- 

cumference equal to the perimeter of the final formed tube was reduced in 

diameter to the throat dimension. Tapered regions on either side form 

< 
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the converging and diverging sections of the tapered tube configuration. V»> 

This tube was then preformed by bending to the combustion chamber geometry 

and finally the preformed tube was placed in a die and sized to the re- 

quired width. 

(C) Heat transfer, pressure drop, and stress studies were conducted to 

determine the final tube configuration. Drawings containing these require- 

ments were completed in April 1966 and materials were ordered for tube 

fabrication. Tubes were fabricated from nickel and copper only. 

(C) Tapering of the nickel tubes began early in June 1966 and metallo- 

grapbic examinations indicated the tapered tubes to be of excellent 

quality. An examination of the first preformed and final-formed tubes 

indicated the preformed tube to be dimensionally satisfactory; however, 

slight buckling in the bend areas as a result of work hardening and tube 

pinching in the form die was observed. Annealing of the tubes was speci- 

fied after preform. In addition, the handling techniques were improved 

to prevent damage of the tubes after the annealing process. To eliminate 

the pitching or the tubes, the die plates were combined on the base plate 

eliminating the center die parting line. Upon completion of forming, the 

ttfies were trimmed to length by electrical discharge machining. 

(U) Tapering and preforming of the copper tubes were accomplished per 

process specification. Metallographic examinations revealed the tube 

quality and wall thicknesses to be in agreement with drawing requirements. 

(U) High-piessure final forming was selected as the method for forming 

of the copper tubes. All of the formed tubes wer» examined under white 

light using 20K magnificction- and were cate*rni eä  acceptable, marginal, 

and unacceptable. A thorough metallurgies] < ■      i was conducted on 

two tubes from the unacceptable group, one tuL      the acceptable group 

and one tube from the marginal group. Seventy tui   from the acceptable 

category and 27 tubes from the marginal category were accepted for use. 

All tubes evaluated were OFHC copper, and the general quality of the 

acceptable tubes was excellent. 
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(U) In.jector End Block. This component was designed to serve a 

threefold purpose: 

1. Provide the support mount and sealing surfaces for the injector 

2. Contain the FL inlet and distribution manifolds 

3. Form the injector end support for the contoured tube walls 

In addition, the test facility attach points were alao provided on this 

block. Type 3^7 stainless-steel material was selected for strength, 

compatibility with the test fluids, good brazing qualities, and availability. 

(U) The injector sealing was accomplished by means of a double-seal, 

l/i6-inch-diameter, metal 0-ring inboard of a flexitallic seal. Two 0,75 

by 3*60 inch openings were provided to form the H manifold and access to 

the upstream ends of the tubes. The tubes were designed to protrude l/k 

inch into these cavities for good braze alloy placement and as a safeguard 

against alloy flowing into and restricting the tubes. Approximately 0.75 

inch of braze engagement with the tubes was provided. A rectangular 

shoulder area, 0.5 inch deep, was cut by electrical discharge machining 

at the entrance to each of the manifold closeout block, which was welded 

in place. 

(C) End Plates. The cooled copper end plates utilized experience 

gained during the fabrication of the 2.5K cooled-wall segments. The de- 

sign used drilled coolant passages of small diametevs (0.159 inch) pre- 

cision deep drilled (approximately 6 inches). 

(C) Two distinct coolant circuits, one each for the combustion zone and 

the throat region, were provided. The circuit for the combustion zone 

employed water in the thirteon 0.250-inch-diameter coolant passages. 

These coolant passages were fed by two 5/8-inch-diameter cross-driiied 
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passages which supplied the coolant. The direction of flow was from 

either side. The coolant circuit for the throat regiou was composed of 

thirteen 0.159-inch-diameter holes. Swirlers were provided in each of 

these holes to take advantage of the curvature effect of the hydrogen 

coolant. These coolant passages were joined together by 5/ö~inch-diameter 

cross-drilled hole3 which provided the inlet and outlet for the coolant 

through 3A-inch-diameter feed tubes. Open ends of all drilled passages 

were closed by brazed plugs. 

(U) Figures 200A through 200E show the segment thrust chamber in various 

stages of fabrication. 

(U) Braze Assembly. Inspection of the prebraze assembly disclosed 

that the tubes did not extend far enough into the nozzle e^d manifolds. 

A dimensional check of the components revealed that the tubes were trimmed 

too shortw 

(u) As a solution, the manifold positioning holes in the side plate were 

plugged by electron beam welding copper slugs in place. The holes were 

then repositioned inward, thus moving the manifolds inward to allow the 

tubes to extend farther into the manifolds. On the outermost tubes of 

the four corners, the tube end was plugged with refrasil cord and Nicro 

Braze stopoff to prevent alloy from flowing into the tube end. 

(u) A brazing alloy was applied and the assembly was brazed in a furnace 

equipped with a vacuum retort at a temperature of 1800 F. Following this 

braze cycle, a 10-psig helium leak check revealed tube-to-tube and tube- 

to-manifold leaks. The assembly was realloyed and a second braze cycle 

was accomplished at 1790 degrees. 

(U) Following the second braze cycle, a helium leak check verified that 

all tube-to-imnifolds joints were sealed; however, random tube-to-tube 

leaks existed in the throat area. These leaks were repaired using a 

styluD silver-plating process. 
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1XE32-9/1/66-C2 

Figure 200A. 2.5K Nickel Tube-Wall Segment in Process Fabrication 
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1XE32-9/12/66-C1 

Figure 200IJ. 2.5K Nickel Tube-Wall Segment in Process Fabricat ion 
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1HZ92-9/20/66-01 

Figure 200C. 2.5K Nickel Tube-Wall Segment in Process Fabrication 
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1.XE38-10/14/66-C2A 

Figure 200D. 2.5K Nickel Tube-Wall Segment in Process Fabrication 
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(U) The assembly and brazing of the copper tube segment utilized the 

same general techniques as the nickel-tube segment. Fabrication was 

completed with the two planned brazing cycles. 

Testing 

(U) Instrumentat ion. Two methods to measure hot-gas-side tube-wall 

temperatures were evaluated. These methods were: (l) placement oi small, 

thin, braze alloy deposits on gas-side tube crowns as temperature indi- 

cators, and (2) installation of microminiature thermocouples on gas-side 

tube crowns. 

(u) Thirty microminiature thermocouples were evaluated for installation 

techniques and possible employment on tubular segments. 

(u) Thermocouple installation methods evaluated included: (l) furnace 

brazing, (2) electron beam welding, (3) lazer brazing, (4) induction 

brazing, (5) selective plating, (6) quartz lamp brazing, and (7) several 

types of hand brazing. The most successful methods were induction braz- 

ing and hand brazing. Both of these techniques were evaluated further 

to reduce the installation mortality rate and refina the installations. 

(U) The feasibility of applying small, thin, braze alloy deposits on 

tube walls as T  indicators has been demonstrated on a high-chamber- 
wg * 

pressure chamber at Rocketdyne.  If properly and selectively applied, a 

determination of T  within 100 degrees is possible. 

(U) To refine the assessment of T , the remelt temperature of these 

alloys was experimentally determined. This was accomplished by resist- 

ance heating two instrumented stainless-steel tubes employing various 

braze material deposits (spots). The solidus remelt temperature was de- 

termined by probing the braze spots with a glass rod while the tube was 

heated gradually to elevated temperatures. This should closely approxi- 

mate the remelt or braze washing temperature in a combustion chamber, 
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The remelt temperatures of the 12 braze materials evaluated varied between 

1105 and 1810 F, When applied selectively, these 12 braze materials should 

be capable of defining gas-side, tube-wall surface temperatures. The 12 

brazes and their remelt temperatures are given in Table 65. 

(C) The evaluation of braze alloy remelt temperatures and their applica- 

tion were completed. These temperature indicators were applied post fur- 

nace brazing of the assembly. This was necessary because the furnace 

braze alloy melting temperature is higher than that oi' applicable temper- 

ature indicators. Braze alloy deposits were used in  accessible (divergent 

region) areas only. 

(C) Microminiature thermocouple installations using high-temperature 

(l900 F)  braze were unsuccessful. This high-temperature application was 

necessary because the thermocouples must be installed prior to furnace 

brazing the tubular chamber assembly. The installations resulted in gas- 

side tube surface discontinuities which were not acceptable for the operat- 

ing conditions of the thrust chamber. 

(c) Microminiature thermocouples were mounted, however, to the tube back 

wall for determining gas-side heat fluxes. The design permitted easy 

assembly of the backup structure. 

(c) Copper Tube-Wall Segment Cooling Feasibility Tests. A test plan was 

written for the 2.5K tube-wall chambers. The primary objective of this 

test program was to evaluate regenerative-cooling capability of each 

trhe material to chamber pressures of 1500 psia. 

(c) All tests were run at a chamber mixture ratio of 5.0 because this 

approximates the maximum heat fluxes. Test duration was 5 seconds to en- 

sure steady-state instrument readings. Hardware instrumentation included 

heat transfer und performance measurements. Direct gas-wall temperature 

measurements were attempted using braze alloy spots on the tube surface. 
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Coolant measurements included a flowrate and inlet and outlet temper- 

atures and pressures. For performance, thrust, chamber pressure, in- 

jection flowrates, and hydrogen injection, temperature was measured. 

A CTL ignition system was employed. 

(C) Seven hot tests were conducted on the 2.5K copper tube-wall segment 

on the ADP test effort. The test series consisted of six mainstüge tests 

between 540- and 1500-psig chamber pressure, plus an ignition checiout 

test.  Inspection of the hardware after the test ser:es revealed the 

copper tubes were in good condition. The performance was typical of 

that obtained on the solid-wall segment performance evaluation and is 

shown in Table 66. 

(C)  Copper Tube-Wall 2.5K Segment Cycling Tests. Nin&teen cyclic tests 

were made at over 1500-psia chamber pressure, mixture ratio 5 on a re- 

lated program. These cycling tests, comtinod with the previous seven 

cooling feasibility tests, brought the total number of hot-fire pressure 

cycles on this thrust chamber to 26. Testing was terminated because of 

excessive tube coolant leaks. 

(C) Nickel Tube-Wall Segment Cooling Feasibility Tests. A test plan 

identical to that followed on the copper tube-wall segment was followed 

on the initial tests. A CTF ignition eystem was again employed. 

(C) The first test conducted on the nickel chamber was at a chamber pres- 

sure of 170 psia and was successful in that the facility hydrogen and 

water-cooling circuits were proved to function satisfactorily. These 

circuits also functioned property during the second test, which was tar- 

geted for a pressure of 450 psia. During this test, injector burnout was 

experienced at the 2.5-second point. The heat transfer in the tubes 

appeared to be normal and reasonably consistent with the data from the 

2.5K solid-wall segment effort up to the 2.5-second point. The cooling 

circuit data and high-speed movies indicate a general injector failure 

at the 2.5-aecond point. 
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TABLE   66 

?.«X COPPER OTHE-WALL SEGMENT PEHTORMAN 

Test 
No. 

030 

Test 
DUe, 
1966 

Injector 
W/S 

Test 
Uir«v!on, 
Seooad* 

Tk.«!*, 
Stagnation 
Prvisure "brüst 

 -l 
0xldi**r 
Injector 
In3«t 

Teapcature, 
* 

Fuel 
IiijecV. 
Inlet 

Teayeraturvj, 
F 

Tub« 
Bundle 
Inlet 

Teap »rature 
(Top). F 

Oxidizer 
Injector 
Inlet 

Pressure, 
P«ig 

Fuel 
Injector 
Inlet 

Pressure, 
P»*K 

Tube 
Bundle 
Inlet 

Pressure, 
(Top), psig 

Tube 
Bundle 
Exit 

Pressure, 
(Top), psig 

Chasier 
Pressare 
Injector 
End, psig 

Oxidizer 
Flovrate, 

lb/sec 

Fuel 
Flovrate 
Injector, 
lb/sec 

Fuel 
Plovrat 

Tubs 
Bundle 
(Top), 
lb/sec 

12-6 «-1A ifü ojly N/A 

031 12-7 ■i-lA 1.5 538,0 1       -**" (»4 -81Ü 630 750 1980 1750 540 1.87 0.39£ 0.64 

032 12-8 4-7 A 1.5 876.? -2»? 64 -2T6 1080 1225 2220 1770 880 3.02 0.596 0.93 

033 12-8 4-lA 1.5 59" J -•265 65 -215 665 810 2170 1750 600 1.95 0.408 0.98 

0>4 12-15 4-1P 1.5 981.* -266 63 -255 1200 1380 2220 1680 985 3.50 0.673 1.14 

035 12-15 »-1B 1.5 1295.2 -261 63 -255 T620 1770 2250 1710 1300 4.47 0.895 1.11 

Ojö 12-16 4-1B ?.5 1494.5 -263 67 -260 1920 1950 2180 1650 1500 5.20 1.02 1.03 

NOTE: N/A - Not Avail able 
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66 

ffiJJT PHtrOHKANCE DATA 

iaer 
«te, 
i«c 

Puel 
Flovrate 
Injector, 
lb/aec 

Puel 
Iluvrate 

Tube 
Bundle 
(Top), 
lb/aec 

Total 
Flowrate 
Injector, 

lb/aec 

Injector 
Mixture 

Ratio, 
•ft c 

Home ntun 
Ratio, 
o/f 

Oxldizer 
Injection 
Velocity 
ft/sec 

Puel 
Injection 
Velocity, 

ft/aec 

Tube 
Bändle 
Inlet 

Temperatur* 
(Botton) 

Tube 
Bandle 
Inlet 

Preaaure 
(Bottar) 

Tube 
Bundle 
Exit 

Preaanre 
(Bottom) 

Puel 
Tube 

Bundle 
Plovrate 
(Bottom) 

Tute 
Bundle 
Outlet 

Top 
Temperature, F 

tube         1 
Bändle 
Outlet 
Bottom 

Temperature, F 

L 0.398 0.6* 2.268 3.00 0.953 .1295 74.21 2693.2 -216 1980 1750 0.64 -369 -369 

B 0.596 0.93 3.616 3.25 0.987 .2344 118.17 2554.3 -216 222C 1770 0.93 -772 -372 

5 0.408 0.98 2.358 2.00 1.025 .1001 77.96 2498.0 -215 2175 1750 0.98 -332 -332 

0 0.673 1.1* 4.173 3.07 0.960 .3061 138.45 2351.9 -255 2220 1680 1.14 -400 -400 

7 0.895 1.11 5.365 4.03 0.974 .3735 178.08 2381.3 -255 2250 1710 1.11 -435 -435 

0 1.02 1.03 6.22 5.04 0.970 .4462 204.93 2341.4 -260 2180 1650 1.03 -470 -470 
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(U) Failure analysis indicates that the injector failed because of extend- 

ed duration firing with insufficient liquid oxygen cooling of the 1*0^ in- 

jector strips. Previously, 2.5K solid-wall evaluations have shown that 

the selected design will operate satisfactorily with gaseous oxygen cool- 

ing for short durations; however, for long-duration runs, liquid oxygeii 

is required. The cooling capability of the liquid oxygen is approximately 

nine times that of the delivered oxygen on the failure test. The presence 

of gaseous oxygen into the mainstage period of the test is attributed to a 

combination of the stand configuration and sequencing producing inadequate 

chilldown at the low flowrates used for the initial tests. Subsequent to 

this failure, the sequencing of oxygen to the test stand was changed sub- 

stantially to ensure a delivery of proper quality L0p to the injector. A 

series of simulated starting sequences proved that the new approach de- 

livered oxygen in an identical manner to that obtained on the 2.5K solid- 

wall evaluations. 

(U) Repair possibilities were reviewed for the nickel chamber. The thrust 

chamber damage consisted of tube splits near the injector and an eroded side 

plate cooling passage at the injector (Fig*20l). 

(C) The regenerative cooling capability of a nickel-tube-wall chamber was 

then explored on the cyclic life series, described in the following section. 

A nickel segment was operated repeatedly at over 1300-psi chamber pressure 

at stabilized conditions and at a maximum of 1350-psi chamber pressure and 

wall temperatures as described in that section. This testing thca demon- 

strates the regenerative cooling capability to 1350 psi but does not define 

the limits of cooling.  On a related program, the damaged nickel tube seg- 

ment, previously described, was repaired to explore repair techniques and 

tested to explore general cooling margins.  In this series, 12 tests were 

conducted over a range of 310- to 2050-psi chamber pressure and mixture 

ratios up to 7.2, under stabilized conditions Operating conditions pro- 

duced computed tube-wall temperatures closely duplicating those predicted 

for the Demonstrator Module chamber (Fig. 202) . Posttest condition of the 

tube walls and injector was excellent, clearly snowing that the limits of 

regenerative cooling have not been reached at 2050 psi and adequate margin 

exists eve* at this pressure. 
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Nickel Tuba-Wall Thrust Chamber Cycling Teats. ( ) 

(C) Test Conditions. An experimental determination of the thermal 

fatigue life of a 2.5K segment thrust chamber wau completed. The goal 

of this 2.5K tube-wall segment cycling program was to demonstrate by 

actual hot-firing tests the life expectancy of the Nickel 200 tube material 

selected for the Demonstrator tubes. A further benefit derived from this 

tests series was an experimental verification of the analytical tube life 

predictions. 

(U) To achieve these goals, it was necessary to reproduce operating con- 

ditions which simulated the critical fatigue life parameters of the Demon- 

strator at rated operation in a segment thrust chamber having an identical 

tube material. The analysis establishing the operating conditions is con- 

tained in the Analysis of Results section below. 

(C) The second nickel tube-wall 2.5K thrust chamber was made available 

from a related program and used for these cycling tests» This segment was 

fabricated of Nickel 200 tubes which were drawn, tapered, and pressure formed 

following a process planning which closely resembled that described for the 

Demonstrator Module. The segment thrust chamber experienced two-step furnace 

braze cycles, using the braze alloy systems selected during the tube material 

selection program. The total furnace time at higu temperature was adequate 

to ensure that tube material grain growth effects were simulated. 

U 

(C) Ignition was obtained by the use of TEA-TEB hypergol. The current 

plan for the Demonstrator Nodule ignition makes use of O9/H9 1800 F hot 

gas. No appreciable differences in environmental effects were predicted 

as a result of the substitution of the hypergolic ignition fluid. During 

the test series, no deposits resulting from the cojfeustion of TEA-TEB were 

found in the thrust chamber except in very minute quantities. 

(C) It was concluded that the effects of chemical and temperature environ- 

ment on the metallurgy of the Demonstrator Nickel 200 tube material were 

simulated in the 2.5K segment. 
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(U) Instriimentation. The 2.5K segment used for the cyclic test 

series was instrumented to ensure the aquisition of the necessary data. 

Tome redundancy in the instrumentation was employed to increase confidence 

and reliability. A schematic of the tube bank coolant flow circuit, in- 

jector flow circuit, and related instrumentation is shown in Fig.203. 

An indication of the type of equipment used to record the data is also 

given. Where needed, fast response recorders were employed in parallel 

with the more usual direct-inking recorders so that dynamic effects were 

not lost. A photograph of the segment thrust chamber mounted on CTL-3 

cell 18-A is shown in Fig.204. 

(c) Testing Procedure. The 2.5K segment was tested by cycling cham- 

ber pressure, and thus tube wall temperature, in a series of cyclic test 

groups.. During each test group, the fuel flow through the injector and 

tube banks remained unchecked, while the L0~ flow was intermittently 

stopped.  Ignition was obtained at the start of each test group with TEA- 

TEB hypergol, and was maintained during the idle phases of each test group 

by a small, continuous, gaseous oxygen flow. During these cyclic idle 

phases, the heat flux to the walls was very low, and by analysis, a tube- 

wall and adjacent-structure average temperature which approached -230 F 

was realized. The upper cyclic tube-wall temperatures were near those 

predicted for the Demonstrator throat. Figure 205 shows a typical plot of 

the key operational parameters during a mainstage cycle test as a function 

of time. Table 67 presents a summary of 2.5K segment cycle tests. A tab- 

ulation of the operational, tube cooling, and life parameters for each test 

is given in Table 68. 

(C) Figure 206 shows a nozzle end photograph of the segment chamber 

after 243 hot-fire cycles, 

(c) The chamber segment was still in operating condition at the conclu- 

sion of the 315 hot-firing cycles. However, since the program goal of 

demonstrating the feasibility of obtaining 300 hot-fire cycles with the 

Nickel 200 tube material selected for the Demonstrator Module chamber 

had been exceeded, the hardware was removed from the test facility in 

favor of a detailed metallurgical analysis of the chamber and injector. 

487 

""•—4" to 



-a, .m ..UMMWUHIJ.1,-,.,.:~rzzr?zm'j,11 ;,■;• ?■ i■,;s.Trs^~saer 

O 

488 

o 



CO 
I 

t 

I 

a 

I 

EH 
Ü 

a 
o 

0> 
-P 

0) 

•§ 
Q3 

Ü 

«p 
0] 

Ö 
c 
a 
0) 

CO 

O 
CM 

489 



o 

4) 

CM 
a 

fcO CO 
u »H 

•H 00 
U o 
s £ 
0) fc* 
o a 
Co •H 
h i-H 
H O 

>> 
J                   0> Ü 

M 
P <D 
CO äU 
CO CO 
4) -P 
>H CO 
* a 

Lil •H 
£                    »4 —               a) 9. K            ,fi 

S +5 

5 s 
CD 

Ü 1 
r-H CD 

CO 03 
u 

•H iH 
ftH 

£ 5 
• 

O 
CM 

<V 
fc 
i 

•H 
CH 

n 
490 



■ UM mil 

nflVB   .   -» ■*':^r* 

G v 

C 

0)        * 
p     d 
4         O 
a « -H o 

•H  CH   P  *H 
H -H   « -P oi^«noAO\ff\ocfoa\ONONOM7\QOc> s^a KNrJHOOOHHHOOOOOod a    s a    -H 
^     oo 

o   * 
•H  * 
•-«   CD 

0)    ^    00   -H voifMf\^oomm»-ioir\ooooQ 
KM^»^i-i^^-*r^t^c»CMrN^r\ocr\ 
CD t<*\ t*\ CD CO Q\ Os r* <?\ Q\ 1> QWO CD CD QD 
KM^M^CMOICJCMi^CMCMCMOJCMCMcScM 

£   03   0)   «0 
d h b a 
H »d -P 

&<° 

•SO 
g 0)   9   03 *H 

-^ooooaooocM^«j«o»r\r^rM^^ ooa\ 
CM CM IfN © IAVO ^OvO^r-QOCMpH^f^CM 

43   03   (4   90 lPlflONrtOOOO\OOOHHHHH 
•d h oj a 

H gg 
3 H 

U 

Ö 
Is-      £5 ss >» \o      g 0)   03 P HOlftOplfMAOOOOIMMMftOO 

oooHHini^ilS^ rMfMnifMfMr,mvo in 

d 

2 .0 >   «8 

J       rß 

5    ^ fe 
es a 
O  0 e 

1   M £ •H 
P • «4 

CM d 
>> M 

Pbt P     P H o 
a    CO    U 

moo mo KM^NüOOO KM<"M<"\© rnvo to.4» 
incM-^SS«H»Hv.Mvovooo-^oooMno 

^H H    O    O 
S o £ <H IN H ol H oi oi H d d ci ?i d d d d o 
2 O         a» 

i Ü        > 

w 
Oh* 
p d o 

oF\o©i^CMo-ir-*c7\Oi-Ha\rNo-4« O  P  *K 
fl>   K P •   ••••••••»•••••• 

IS« \o inuMf\^MfMfMn^-* inifN-* mm.* 

o 

4) 

V   3   03 
,Ü    00   -H 

vOC^CMfM^P^CMOCMp^CMCMrM^CM S c  as 
3 a» a 

5£ 3 
r» 00 ON O! r*. -s* 03 

0) vo -* r^ p -a« r^ •-• 

PH       I   ill       1 NoicAo^oo 
I ooONsOCMopin^iH^t^pH-d<r^ 

^ CM ^ r-< <H t^ IT\<3 OOOOfH^HpHCMCMCM 

»»■ 

£* 
4) 

03 
P4 
0) 

P        . 1 
«0   o ^CM^^invor-oocso^CMt^-^irwürs. * 
£* 

491 



„■ .. -»iiii.uii   .   -Hj..«!  ■.»,. -   »»»win ■  ii.    -IIJ.^1^1 in IWIIII   mmv^wni".»!   PII.MJJI  it. w»> 

u 

4 
EH 

I 
I 
I 
g 

-P 

3 

-P 

ao 

a» 
-P 

3 

1 
9 
O 
O 
© 

p 

a,       p 
-P       o 
a a» -p o 

•H «H   (0  -H 
M'HH-P 

A      CO 

o 
•H     * 
•H 00 

a> 3 ■ -H 
,o S 9 m 
p u u a 

E-< -o -P 
* CO sT 

5* 
u fe 

88. 
£1 

• 
SO 

fl   00 -H 
MO 

o *   tt> 
©    > 

00 

IM 

(0 

§ 
•H 
-P 
« 
u 
a o 

o a» 
■p h  o 

a» -P -p 

fl-3 5 

h   0) 

00   -H 
00    * 

a> 
o o 

-P    . 
00   o 

s25 

1.1 
CM m 

4. 
fH m 
fH O 

o 
CN 

•8 - 

h 
O 

-P « 
-P 
0B 
a 
o 

-p 

CO 

I H 
O fH      d 

c^civocNin-i«irMr\-*ir\-fKNOJifMr\CMin^»K>r>- 
O mrSvOVO^vOvjDVOv^^vOVOVO^sOVO C* OS C* 

O O © 

KM^r^fwr}.^ lfN\,OJ'VO-*^KN.»ÄSÖ mvß fH ir\ .# 
00 KNiH mmrNmmKSmmmmmmmmoO C^OO 
mmmmmmmi^mmmmmmmmmCM CN CM 

.   00 © CM -3- © \o -3« o -* o -^ CM -* -3- CM -tf op 
ui   M w  w » w« «j-   r" i 1.«  «*■   UM ■*- -** ill M »i M  u -» w^  >*  w i 
moo ao r^r^t^r^r-r^r^c^r^r^r^r^-t^r^iH © 

fH fH 

ommoooinoooomooocoooin 
HO\M^HNHHWHOINK\HHr\HlfMf\0 
COfHCMfHfHfHfHfHfHfHfHfHfHfHfH»H*Hlf\mm 

if>ao«0 m CM-* •    •   • 
CIHOI 

© KMA 
|fS.fH fH •     •     • 
PH CM CM 

© 

SO 

inoooiw^OHinHN^i^DOi 
{SO r\\Q CMCMOCMCMavCMCMOOON' 

l^CM £ CM fH 
© CAO mm 

flvo mj« mmmmmj« mmmm^« ir\m^» mmm 

a 
o 

•H 
-P 

m 
•HOOo©©©m©©©om©o©ooo©© 
&*H m^^-^m^^m^mm^^" r \o -a« CM vo© 
M fH fH fH  fH 

fH cMm-3«m\^r*oocyNO fH CMm-^irwor^cooN s 

^ CM m.* -ft» m\o\o 

IS 

( i 

492 



:<tm—<&8*f&>*JTl-*v*.\ *j&JZtsn*ir&ami*rB**'*v??n» jmmcam 

I i C 

r 

1 

s 

§ M 

o 
% 
s 

s 
« 

g 

Si o u 

3 «* -P o 
öS 0^ t?\ ÖS <^ ©>» ON ON «^ ©N C* ON ON ON C^ CN O*« ON ON ON ON ON ON ON ON ON ON ON ■gSJSS 
cyooaäoaaSäooGG(6<D^<iaaaG<£äoGaa\ 

3 
3»        5 5*   °° 

* 
1 

E-t •«» n 
«    S3   (D •" IT\.*Öl^^^wrCNCeQO©^tÖl£^^v©.O*-*V0.4«B^»«-H-a«vp KMTN 

üOHriJpHCHCa^OM^^<^OHvOtM,MfMr»r--^OMAHO^ KS "•* <5 * 9 2 
* P h ^ a 
«a 

•P 

&M 

i a 
fld •H    h 
*• -»   3 
i0 a» ä -P ooo\voi-»aM^co^oifMrvKNr«if>r\cy\ao»-«<MK\M HO^^CCKNOOH I 

3*2* sssssssss&slssssssssss&ss&ss 
<H *8S. 
'•- * 0 
i-4 *£ 
<a 

0) 

a' S6 
•H a> ö -p 

r\HHOH«HHNC(HHCIClHOOOOOHOCIOHP|00 ^ AM. 
© ES          Ufa intt^ir\ir\inifNin»ntninir\irNininir\ifNininiriinirNi^ 
o H   co  4> 
o es a 

0) 
e a 5 

* H 

H 

^   S 
a w •- K\                                                                                                                                             i 
CO   n   o 

•H   d   o 
O S H 

«-<                                                        «^   ^                                               »^ 
CM                                                                                       • 

©       a -H                                                                                                                         <M 
O      > •H                                                                                       i 

O   tt» 
CQ -P  u  o 

i        ^ 
O   P -H moo.*otX)h'MAr*o\c7\ovoHHCMria\H\oo4'^r^o^04« 

WClFS^WCJCNtNCIOIWnKSj'^^HHOJHrtOWMKNOiOICN 
1      ■•* 

i 
g 

i «2 

«  -P  -P 

73* IfMfMnifMfMnifMfMfMnifMfMf^. ir.lfMfMrMrMrMntfMr^lfMfMfMfMfMnl 
M S 

U   0) 

oooooinomoooooirtOmoomoooomOL^oml 
^ClHOOICMOHKM^HWr\(NW')30\Cj\C\a\WOK\cy\WNOO  J CO 

0    CD    H 
aj   ao   to 
xl a» p« i    ° 

s a> 

& o 
•3 ' OICM€>IC|OJtNOICvlCMjAIO^^.^^t^tAI^IA^P^^-^jrrfr-^^f^}i 

-&l 
•p   . 

ä* 

I ( 
493 



% o 

o. 

-p 
ej 
o 

J= 

-P 
0 
CO 

•P 
9 
a 

I    u 
$ 

1      <M 
•H 
-1 

•Ö 
S3 
03 

9 
•H 
rH 
0 
0 
Ü 

• 

■s 

a
p
p
r
o
x
i
m
a
t
e
 

L
i
f
e
 

S
i
m
u
l
a
t
i
o
n
 

R
a
t
i
o
 

(XJKMngDOOOONOHvCOO^N^^O^CJNHOOSOWOlH r^r^ooor^^^^r^^ca^<f^cie>rHcrf^^CNiir\<raNQOcx)aoin 
0\SJ\O.OOOOOOOOOOOOOs.O^^?i40IOiHHHH^ 

000(-^^-JfH(-HrHrHiMi-<i-«(-ifH?HOrHOO'-^'HlHp-<i-<fHlH»Hi-H 

T
u
b
e
 

H
y
d
r
a
u
l
i
c
 

S
t
r
e
s
s
,
 

p
s
i
 

inr^^ocjMßQp^HHvfiCir^HHaoorvacMnNOvorMooooo 
^ W IT, CJ ITi l?!^ \£> ^5 VO ^f n>£» vOinO^Oh-NHH^ h>VO VO vß ^ i 

o 
-*   S 

y « -p 

e9    CM 

as s 

S2 '-5 SB f"* V2 SB S£ ^ SP ^ S£ S2 s? vo ^ r^ ss Is* ?o CM m -# in r» r« oo GO r* 
oooooooooooooooooooo>4a,ON^aNa\c^<^^ 

T
u
b
e
 

G
a
s
 
W
a
l
l
 

T
e
m
p
e
r
a
t
u
r
e
,
 

F
 

intftiftin^^^-^^^^^^-'f^in^jnin^i^^^^t^rn^ 

C
o
o
l
a
n
t
 

M
a
s
s
 

V
e
l
o
c
i
t
y
 

HHHOI                                                                                                 GO 

CM CM CM p-4                                                                                             o 
»H   fH   rH   r-(                                                                                                                                H 

05 
u 
V 

-p 

ft 
fH 

CO 
(3 
© 
•H 
"♦* 
03 
k 

a 
o 

I
n
j
e
c
t
o
r
 

M
i
x
t
u
r
e
 

K
a
t
i
o
 

^^iTvOOOO^^rHCNCM^^incßcÄr^CMininirtVvO^-^vßvo^ 
CMOICMOQOOOO©OrHOO^O©CMtncMCMCMt^int<VU^tnir 

in in in ir in tn in in in in in in in in in in inininininininininininin 

C
h
a
m
b
e
r
 

P
r
e
s
s
u
r
e
,
 

p
s
i
a
 

lAOOooo^ifiwmoirMrMnooirMnifMnoiAmomoom 
OHc^^wc^|HHHHK^r^HHNvoKMnr^r1J'4'm^•^ooQO^' 
tni^CM<NCMCMCMCMCMCMC4DICMCMCMCMCMrMCNOOOOOOOCO 

9 

o o .* SS in in in in m m in in ln<2 vo <3 SC5 vo vo «$'S S R R R S-R Ä 

-p   . 
CO   o 

o 
494 



pptljiu,.|i.wu<i"    .im 11 ! 

: -^>>i'an»WB»«e>«r»»i~»jcoSi-«.!-_-. 

c 

I t c I   i 

:    i 

1 « «H 

pH       W ©   o 

g 

o 

«p 
«t 
o 

-p 
«0 

to 
M 
<u 
-p 

I 
«H 
•H 
H-4 

»Ü 
0 
d 

Sf 
•H 

© 
o 
Ü 

0) 

■8 

4»         fl 
■P        o 

I   V «P   o 

s3g<g 

-4**fiJ*OJ.*OlGQ.*»-<©OIOIOI©©a0 ?*\0\Q IfM^KM^Oi 

H H H H H H H H H  O O  Ö O O O O O O O O O  O © O 

ft  m 
o  s  as -H 

ua  äJ  i>   m 
64 1? "£ 

rNflooiOciOMoii-ccfi^KM^oor^r-ciDiOir^r^r^rff^ h-so \r\y& mvo torn r» os .Ja< -*.tf«si».»t'M<M<\r\t^oioioJoiC4 ^ 
HHHHMHHHff\0OCOttjtD0Da0flOÖ0000C0ü0O0O0Oa00O            •* 

T
u
b
e
 

M
e
a
n
 
V
a
i
l
 

T
e
m
p
e
r
a
t
u
r
e
,
 

F
 

C4 \£> vD Ol >£ 01 r-Vp OVO CNONöN^H I-» K\ -* \© 'Ä t>- <*\ 0N OMf\ 

c\o*e*tfsONC\o\ONCOoooao©o©©ooo©o        ^^ 

SO 

'SI 
4> 
H 

©irssr»©möifMnom©o©<MCi-rrmr*r^QO©©©ifMnifMfsi^ 
r^h«fl0(BCD0Od000HWHHHHHHHHKHCNOIDjeJCIC»«N 

fl    CO  -H 
»1 n o $              $s 
o 2 «I 
o       a 
©      > 

©                               ~~     © 01 

CO 

4) 
-p 

a 

a 
o 

•H 
«P 
* 
u 
o 
flu 
o 

I
n
j
e
c
t
o
r
 

M
i
x
t
u
r
e
 

R
a
t
i
o
 

inif\m-^KM*^»HiAjrp-i©e7\ON©a\©ONa*aooNON©a\os©c\ON© 

C
h
a
m
b
e
r
 

P
r
e
s
s
u
r
e
,
 

p
s
i
a
 ©ifMA©ir>©mm©i^©©©oj0Jj'mr^r^qp©©©oioiojoioi r^r»KQ0fl0CbQp$HHOOOOOOOOOOHHHHHHHH 

©0©©©©©©OII^I^I^»^in^!^l^K%l^\KNIA|r\ir^l^K\rNl^r\ 

:   4> 

r^-r^r^oocxjooooooooaooooooocNCNCNONCNChONCNONCTN©©©©© 
HHHHFI 

-P   • 
to o 

-   — -* 

495 

J 



piBJ^Wl^WffwaKJwwW- mw<t&**i>^J?z**>!>?*>**^'™^'*' y^f^JW'^'V'tlKSy*-™***'*' y Trr-?w ii {www*} *•.*- y*^*»Q BwywgW9!yy^piff^gW?P 

^Mtfttft^nfAMa.(;, ^ftMMPfMMn^icäwOÄT*ies?f,rw*»i**<v,»\»-«-«v^>*ir*ei^«i>*off im wftk ^^•«^jftft^wl*^...^-..-—--;«..-*»iiiw>E.,> 

o 

3 

•H 

§ 

N 
O 
Ik 

ft« 

a 
o 

•H 
«  -P   © 

-|| 

fH   CO 
3  ti «H 
d « a 

33 

£ B 

1 3 

a a *H 
eö  *» o 

rH  a o 
o £ -• 
o © 
o > 

CO 

« 
■P 

2 
£ 

3 
o 

•H 
■P 

0) 

o 
•p 

O  -P   P 

MSB™ 

»I 
P     . 
CO o 

5* 

0> r-csö oi *H 
vp v# iftinin 
<J\ 0\ 0\ (7% 0-\ 

•     ••at 
o o o © o 

i-< o a\ 
oi 8 & 

m 
8- 

oo r*» m ao r» 

Oi. 
oi öD o mo 
oi oi r\m-* . 
in in.mm in 

8 
OI 

-ft* 
6^ 
O 

OJ 

oi oi £ © oi oi K ^ ©^ ^-Vö © m © r^ r^ .* .* r^ o oi .* c^ c^ m .* o- 
OOOOOOOOOOOOOOOOOOONCOHONOSOOOO 

4,4,4mm4'^j,4,4i^minifimj«4'4'^4'iftipi^^4'^,in 

0 

CM 

m 
mo mo 

^ mmmK> 

mvö r^ oo ON o «H oi m-^ mvo NOOOOH wm^ m^ö r^oo o\© H OI 

OI 

O 
496 



IlMll !■ U 

o 

c 9^2 
3 S w H   ci   I 

©   3 

i I 
5J» 

•H 

o 
o 

I 

u 
♦H     •» 
•H   OB 

9  9« 
^=   Ä   «? 
P u t* 

fr* 'S   P 
CO 

& 

0 

01 JB -P 

£1 

33 
V  g -P 

-P 
C   « 
(0    OQ 

c 
i-H 

m 
u 
o 
p 

& 

es 
O 
o 
•H 
-P 
C3 
h 
0) 
& 
o 

-P   U 
0J  -P 

33* 

M   O 

•P     • 
CO   o 

in 

JR. 

8- 

O 
-a* 
tn- 

© 
CM 

0 0 2»Mn^K\0NK\4 00 0r\ 
OOOONOOOOOSOOOOOO 

in mm .* in in in in-a« in in in in in in 

o 
m 

m-*inor>»cooNQ'-H«M»n-^inv>or
<- 

CJ 

il o 
497 



-p 

o 

-p 
CO 

»4 e 
-p 

I 
u 
£ 

CD 
«H 
■H 

■a 
CO 

9 
o o 
u 
0 

0 

§ 
CW   P    O 
*<   «8    H 

CO 

Ü 
•H Ä 
M CD 

«I   9 B 

•§ g £ 

0 

0 
«H   fa 

0   * -P 

H  ■  0 

St 

CO 
h 
0 

■P 

o 
•H 
-P 
C3 

0 a 
o 

D CD   -H 
cej « CJ 

0 0 
o > 

u 
O    0 
-P   M  o 
O   3 -H 
0 -P -P 

HE" 

0   O 

-p   . 
a o 

0 
A&sä \h x>vo r-^ vb oo<b^ Is-^ r«*^^^ VD"o vo *ö vo >o F"- K^SE 

doooodddddddddoodddddooodod 

cor^r^(^r^r^r^r^in^r^^r^r^o>r^o\ONO"\o\o\ö,\r^in 
intnrnintnininin*c>itnc>iin»niHin©iCY&NWOiin.* _ 
S<^0AO>O^O>0NC^GN^^<^C^O\ON0\OSONC^P^<^ONC^ 

eN<NC^W6lDJC^WOIW^CNlC^6l6lC>aOIW<NWcNCICNOI^ 

r^inr» Is- ""In 

^CI«©line3oic5WfHinC>linc5lC>lc5<Nt^ 

otnoooooooomomoooomtn^ninminoooo 
InKMfMfMfMfMfMfMn^ mmininmvO IfMfMfMfMfMfMfMft ^Afi in 
ininininanininininininininininininininiinininmmtnmm 

t ; 

o 

ooooooooivom^^^vo^-Tooo^Nvomow^tM'sOO^ 
^00OOO\O?iOOOO\^fl0^HO«H0IN^OO^^Ort 

in .* inin.tfininminin-3' in-^inininininininininininininin 

mominmminmmoomoinmmmooooooipomm 
M CM nr^r\KM^r\^4« m-a* in tn-4< m .* .* -* .* -a«.» nr^^ m 
(NWC^C^C^OJC4ClC^C^OJCNOJCSIOJCNCiCv|lNCaCvJCJCNCJCN(lN<N 

-^.^mmmtnminmmin in 35 vo so ^o vo <o Co Co Co Co r» r» r*« r*' F* 

m 

r 
498 



i: m&a ... ,  ^wnw«*SW 

! o 

o 
i 

t> 

I 2 
Ä 

Q> 
<H 
•H 

0 

o 
o 
o 

I 

0) 
-P I 
X *H i-l  "P 

! i-3 
0«        CO 

Q 
•H « 
fH 00 

m   S CD -H 
rfl   (6 0)   «0 

H "3 -P 
£ CQ 

e 
fH p 

0  4> 
es a 
* S 

H 

CO 

Ü 
-p 

P-I 

IS 

fH h 
»H   0 
^ "*» 
*   Sr 
a a) 
£ 2* O S 5 

0 CO -H 
CGt CO   O 

•H rt   o 

O » 

Ü   0 -H 
fl) -P  -P 

0.8 3 

Is 
3 co 

r^iH ONI^.* in CM ^ 
rnaoCp r^av co co co 
ON ON ON ON ON ON ON ON" •    •••••«• 
oooooooo 

i^aoooooooaor^QocoaooD^o i>!^r*-i>v5 r^in 
* ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON O« ON 

oodddoddododoodddoo 

CM K\ri4" 
ON ON ON ON ' 
CM CM CM CM 

8 CM 
ON 

"8 a 

.£ mvpvO 00 00 rH o 
KNK\CMiH00ONiHi-l. 
fHfHrHfHOOrHfH 

^HHOHH^OHHHQOMOOCACOCOCOOO 

oooommm 
NO ITMA^ fH CM KN 
IfMfN UMfMfMfMTN 
fH fH iH iH fH fH fH 

in 
ITN 

in 

H 

d 
in 
co 

■* 

■P    . 
co  o 

ininowcMcor^in^ininciooinoocMinoooinoaoooinoo 
^ 00 •* *H CM CM 00 ONONONONC ONONONONONO ONONONOVCNONONOO ON ON 0> ON 

in^inininin^^^^^in^^^^^in^^'-*-*^'-*-»-*-«'-«1-*-!!' 

minmo minin 
.* mmmm^» in 
CM CM CM CM CM CM CM 

in 
CM 

in in 
CM 

if> 
i^r*rs.i^xgooocoooQOaococooooNONONCAONONONONONONOOooo 
HHHHHHHHHHHHHHHHHHHHHHHFiOIClOICIOIOI 

c 
499 



o 

o 

-P 
a» 
CO 
u 
4) 
-P 
0) 

« 
0) 

«H 
•H 
-3 

•ti 
fl 
ft) 
tf) 
a 
•H 
iH 
O 
O 
o 

I 

-P        O 

* 
W 

u 
•H • 

g n *H 
B o> a 

p «p 
& 

0) 

SB 

ii 
ss 
*1 

9« 5 

a eo .H 
1  «0  o 

o       a» 

PMfMCMftiH'rwvo M ONONONONONONONONON© o ON 

ONONONONONONONONONONONONONONONONONONONON 

OOOOOOOOOOOOOOOOOOOO 

ON 

o 

§00 00 00 l^r^VO lAt^ *^N i*N KN rN CM 

S88S88S8S8888' 
i—l 

'8 

r^rM^rNOQOGOOoQcraoi^i^oo 
CM<MCMCMCli-HiHK%Oir4CMKM^PS -»-.* 

ooooiTMnmooocmoo 
IfMfMfMrMfMfMfMfMfMfMfMrMTMn 

ITS 
.CO . 
If\ o 

GO 
u 
-p 

I 
&4 

03 
d 
o 

d 

o 

o   0> 
+>   fc   o 

0) -P -P 

«•Sä 

U   4) 

lä 
n -H 
n CD 
ai a. 

n o 

5s 

in 
CO ON 

O 01 GO GO 
ON ON 00 00 UMT>© 

*> CM r*. >o 00 

^^^^^ininin^Nininininininir\ir\ininininifNinifNiA 

o o o o L*i in m g gt in m o © in 
Öl CM 6S CM CM Öl 01 K -, KN r\ KN & R KN 

O 
.CM 

lfN^l>-G0ONO'HCMKN-^ IT\^ r*00ONO"-?CMrN^J«mvÖ 
SO P  OpHHHHHHHHHHOiWOIOINWCI,. 

OJCMWCMCMCMCMCMCNOJCMCMCMOJCMCMCMOIOJCMCMOJCMCMOi^ 

OOONQrHCMKN^ir» 

.tn 

D 
500 



saBttsai 
! 

o 

c 

3 
o 

-p 

00 

-P 

1 I fa 
0) 

«H 
•H 

-d 
CO 

9 
o 
o 

I 

0) 

1 
u fa 

& 
0) 

tu 
h 

■P 
cd 3 fa 
4) 

I- 

1 
rH 
O 
O 
o 

CO «H 
00   O 

15 

O ft) 
^ h   O 
O 0 «H 
« -P -p 

a-a a «SB 

'I 
-p   . 

© © rs 
WNH 
Os Os Os • •    •    • 
o o o 

So*, mso CM os 
00 fl{? f^l^so 
x 25 CD oo Os 

© r* © © o o 

oo os x as 
•*»-QO oo oo TO- 

I 
»00 

© © o © 

§8 8" 
CM KMfNt^CM 

„ CM os oo K r*, 

CM CM CM CM1 CM 

» 
00 «H MOOSOJ«^ 

so r*oo © © © 
*HHHCM«d 

SKSCM m 
o © o 

CM CM CM CM 
g 
CM 

© © in 
00 00 00 

in© © © m 
, © eM m.a« ^ . 
vo so so vO sO 

« ITS 

in in© 
CM CM m. •    •    • 
in in in 

© © mm oo ITS 
*© © Os Os Os Os „ 

m m «.* ^ -a« -* 

oomoocMCMor^©os© 
Os OSOSOSOSOSOSOSOD © 

mm© 
HHOJ- 
m KS K> 

mm© m © 
.IH m J« -* m. 
m m m m m 

vONQOOSQHCJn^lftSOhXOsOHCI^^lAsOr.flOOsQHOIK\d' 
mmmm^^^-^^j'-^^-r^mmmu^mmmmr^msovo^oso'S 
CM01CMCMCMCMC>I?M0)CMCM01C4 01CMCM01CNCMCMCMCM^1CMCMCMCMCMCM 

m. -^ 

0 



i ■  i 

O 
4> 

-P c 
•H   #  -P 

3 
O 

-P 

09 
U 
a> 
-P 

& 
S 

o 
at -H 

•H  r-l  -P 

•H 
CO 

4) 

■s 
EH 

O 
•H * 
PH OS 
9 OQ 
eö a> 

Id 

PH 

a» 
<H 
•H 
Ml 

a 
as 

9 

0> 
PH    (4 

a <u h 
a) a 
Ü S 

o 
o 
Ü 

i 
EH 

4) 

EH 8 8.* 
EH 

*   5- 
S3    00   -H 
« 5 o 
eSH 
O 0) 
Ü    > 

u 
o 
p 

£ 

s 
o 

•H 
•p 

& 

k 
o a> 

-P N o 
O   3 -H 
0) -P -P 

5Sa 

3 a) 
09 »H 
09 00 
cj 3< 

£ 

1-1 o 

+3      • 
«a o 

CM in in CM 

00 00 00 CO . 

© d d d 

I^CMVDVO r^owo 
r* i^ r^ Is-r* in m 

-00 00 00 00 CJN O\0\ 

d d d d d d d 
► ON 

C/t 00 CM 
CM O ON 

"ON ON 00 
CM CM CM 

•oo 
CM 

ON ON ON ON 
CM k> O O VO 00 fH 

.OC^OOrtCJ^ 
WHNOIHHH 

ON 

-3 

O o inin 
IfMTMfN. 

in 
IfN o 

tn 
in 

"d 

IA^»OiHpHiH^HOI>-0-*J«i>-H^'OOFHONiHr\rNOKNt>-KNr\lfNOlfN 
ocMONiHFHpHF-ipHOoocMooinL  ^ifMn.^m-^jfin-^^'^-*-*^'-* 

mm^mmin^mwn^mmin^^^^.*«tf.3'.4'.3'-3'-3'-a,^«3'-tf-tf«tf 

in o mm 
^ mv^ 
CM CM ?M 

m 
CM 
PH 

irN^r^oocAOH (Ntn^ m^ I^QOONOH wt*N^mvo NOOC^OHINI^^ 
VO'Vö<c \3 ^ r*c^r^i>r*r^i>i>r>.t^o6 oo oo oo 

"CNCNCMCJCMCMCMCMCMCMCMCMCMCMCMCM CM CM Ol 
CO 00 00 00 00 
C* CM CM CM CM CM CM 61 

ON ON ON ON 

o 



-*«fc>A Jtr.vjv-erorfiv i mm*** i~  

c 
i 

i 

*1 

S 

q M 
CM 

o 

o. 

ctf 
o 

La 
EH 

00 

•** 

§ 
g. 

<H 
•H 

-a 
K 
(8 

•H 
PH ° ° 
O 

a> 

\i EH 

4 

i 
•r« 

I         S3 
o 

O -p   o VO                rH SO SO VO «H                                                                                        1 

A
p
p
r
o
x
 

L
i
 

S
i
m
u
l
 

R
a
t
 

ON               OS ON OS ON ON 

©         © © © © d 

T
u
b
e
 

H
y
d
r
a
u
l
i
c
 

S
t
r
e
s
s
,
 

p
s
i
 

ON                rH ON ON ON IH 
r^  r>- r^ r^ r^ r«                                               _. 
CO        ~ 00 CO 00 00 00   ~ 
CM             CM CM CM CM CM 

T
u
b
e
 

M
e
a
n
 
W
a
l
l
 

T
e
m
p
e
r
a
t
u
r
e
,
 

F
 

ON                -4"  ON ON ON -if 
■# ...» ,rN -f -f -* ir\ 
rH                 iH  rH  rH  rH  rH 
rH                 rH  rH  rH  rH  rH 

T
u
b
e
 

G
a
s
 
W
a
l
l
 

T
e
m
p
e
r
a
t
u
r
e
,
 

F
 

in        oinmmo 
irs         irsirsifsifN m 
rH                 iH rH rH  rH  rH                                                                                              j 

C
o
o
l
a
n
t
 

M
a
s
s
 

V
e
l
o
c
i
t
y
 

SO 

i- o                                                                         i 
I     rH                                                                                                                                                  !. 

ij        CO 

0) 
5      -P 

'1       Ö 

H 

ij      ßi 

1     H '       ffl 
!    d ° 

-p 
d 
p« 

8. 
O 

I
n
j
e
c
t
o
r
 

M
i
x
t
u
r
e
 

R
a
t
i
o
 

KNt^r-mrNrsrMnt^rNOi^r^rsKNrNOi^t^r^ 
■41 jf «4* <f «4* «sf -3* •ff -31 «4* iC\ «d*   <& -3* -& -4* IfN ■4* ■4' <4*    1 

C
h
a
m
b
e
r
 

P
r
e
s
s
u
r
e
,
 

p
s
i
a
 

m         o mmirso                                                     \ 

CM             CM CM CM CM CM                                                                          S 
rH                 rH rH  rH  rH  rH 

0) 
rH 

i     *« 
mv^r^QOONOrHCMm-^in^r^.cooNOrHCMt^-4* 

•P     • 
CO   o ^                                                                          — H 

-P     »d -H « 
0   CO 0 

(I rH   0 

0   0 rH 

c 
503 



7 

in" 

CM 

43 
OQ 
V 

-P 
-P 
00 
o 

a 
0) 

en 

0) ,fl 
ä 

EH 

8) 

S 
M 

SO o 
CM 

ai 
H 

-H 

504 



^mS'^^m^^mm^&K^mmma^Sm^smas^mmab ft r^ftiiriMnWiayiiiaitMi^iniWirtirii» mmmmiKStmmmmmiimmammmmmmmmmmmimmmmm 

0 

c 

(c) Two injectors were used for the test series. The first unit devel- 

opted minor oxidizer strip leakage after 86 tests and was replaced by the 

second unit for the final 229 tests. Fosttest inspection of the second 

unit did not reveal any leakage (Fig.207). However, erosion of the body 

was noted adjacent to the chamber end-plates and was attributed to an 

excessive gap Tniveen the injector body and' the chamber wall. 

(C) The injector used for the segment cycling tests was the raised fuel 

strip design which was selected for the Demonstrator. No provision for 

the application of film coolant was made in the combustor end walls or 

tube walls, The injector design included a bias flow from the enus of 

the fuel strips which prevented LÜ2-rich combustion products from burning 

in the small recesses around the injector body. During the copper 2.5K 

solid wall tests it was shown that the strip end bias flow had no effect 

on performance or heat transfer at the throat but did provide tube pro- 

tection near the injector face. It was concluded that the throat gas- 

side heat transfer coefficients wer* representative of those predicted 

for the Demonstrator Module. 

(U) Tube Tester Program. The tube simulation fatigue tests were conducted 

on a unique tube tester. A typical formed tube and completed tube specimen 

is shown in Fig. 208. An instrumented tube specimen is installed in the tube 

tester prior to installation of the pressure chamber is shown in Fig. 209-. 

A spring-loaded chromel/alumel thermocouple located on the tube crown 

(center of specimen) is used for the programmed cycling control.  Other 

instrumentation shown includes voltage pickups and electrically insulated 

thermocouples at the ends of the heated specimen. Similar instrumentation 

is employed on the diametrically opposed tube crown. 
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Figure* 209.  Thrust Chamber Tube Tester (High Pressure) 
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c (C) Several tube tester specimens we^e thermally cycled to failure to 

check out the facility and establish an experimental-analytical correla- 

tion. These include three 3^7 CRES tubes and one Hastelloy-X tube, all 

of 0.010-inch vail thickness.  These materials vere tested prior to nickel 

and copper because of material availability. Most of the available experi- 

mental dati vere on stainless steel. Cyclic fatigue data vhich vere ob- 

tained apreed vith the analytical technique and data used for predicting 

the fatigue life of tubular chambers. 

c 

c 

(C)    Start-Stop Simulation Fatigue Tests. The objective of the tube 

tester experiments vas to evaluate the thermal fatigue life and hydraulic 

stress adequacy of the nickel ratterial under simulated chamber operating 

conditions. Some of the tests vere representative of operating conditions 

more severe than those anticipated on the Demonstrator Module and thus 

vere conducted as material limit tests.  Other tests vere as close to the 

predicted operating values of the Demonstrator Module as the test equipment 

would permit. 

(C) The electrically heated, hydrogen-cooled, thermal fatigue tube tester 

was the experimental tool used for these tests (Fig.209j). Five thermal 

fatigue temperature cycle ranges vere employed either individually or in 

combination to evaluate six tubular specimens. The temperature cycle 

ranges vere selected to demonstrate the life capability of Nickel 200 under 

various cyclic chamber pressure operating conditions. 

(c) The first four tests were designed to verify the thermal fatigue 

life of the throat tubes vhen subjected to a continuous series of engine 

start-stop sequences. Two of these tests utilized cyclic gas-vall temper- 

atures of 100 to 1400 F, and thus approached the predicted gas-vall tem- 

perature rango of the Demonstrator Module throat tubes.  One specimen vas 

in the "a8? received," small-grained condition, vhile the other vaa furnace 

processed vith the resulting enlarged grain size. Penetrating crack fail- 

ures occurred at 315 cycles in the "as-received" specimen, vhile the 
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furnace-processed specimen was ran a total of 320 cycles without failure. 

Fatigue cracks were initiated, however, and further testing was deemed 

unnecessary. These tests were run at temperature conditions somewhat less 

severe than the Demonstrator Module throat tubes (T  = 1400 vs 1520 F, 

TR « 100 vs -230 F); consequently, the induced cyclic plastic strains were 

less. The experimentally determined life, however, was in excess of the 

Demonstrator Module predicted life, and thus the selection of Nickel 200 

as a tube material was supported. 

(c) The other two engine start-stop sequence tests employed 0.012-inch 

wall tubes in the furnace-processed condition with cyclic gas-wall tem- 

peratures of about 100 to 1800 F.  Such a temperature range on the Demon- 

strator Module tubes would be representative of an ambient to over 2000 

psi chamber pressure start cycle.  The fatigue failures occurred at 142 

and 143 cycles. These tests demonstrate the safety margin of the chamber 

tubes for overtemperature conditions which may occur as a result of mal- 

function or abnormal conditions. 

(C)  Intermediate Throttling Fatigue Tests. Two other tests on a 

related program were intended to explore the limits of the Nickel 200 

tube material under more complex operating conditions. Two cyclic tem- 

perature ranges were employed on the first specimen. A cyclic temper- 

ature range of 620 to 1140 F was initially applied to the specimen a 

total of 800 times with no evidence of failure. The same specimen was 

then additionally cycled 193 times between 100 to 900 F. Although the 

heated tube crown still showed no visible evidence of fatigue cracks, 

testing was stopped because of a breakdown of the specimen in another 

area. 

(C) Steady-State Creep and Fatigue Tests. The last test employed 

an 0.028-inch wall sepcimen which was designed for high heat flux contin- 

uous testing. The objective was to verify the limits of Nickel 200 in 
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combined thermal fatigue and hydraulic stress induced creep. A severe 

steady-state gas wall temperature cycling condition of I365 to 1435 F 

at a frequency of about 1 cps, in combination with ä heat flux of 5C Btu/ 
2/ 

in. /sec and a hydraulic stress of 4500 psi, was applied x,o  the specimen. 

Testing continued for 7 hours, accumulating 22,500 thermal cycles without 

fracture or leaks. Routine inspection revealed that microcracks were in- 

itiated, however, and further testing was stopped,  Table 69 summarizes 

the results of these thermal fatigue tests. 

(u) A tube tester data reduction computer program was developed under separate 

funding. This program gave an accurate measure of the specimen wall tem- 

perature drop.  Included in the wall drop numerical solution were the 

variables of thermal and electrical conductivity with temperature, and 

variable current distribution in the bimetallic bus bars. 

(U) A computation of the plastic strains was also included in the program, 

based on the plastic strain analysis, the measured test gas wall cyclic 

temperatures, and tL program computed wall drop. These values are given 

in Table 69 which also includes a computed equivalent fatigue life for 

the demonstrator throat tubes. This computed life is based on an extrap- 

olation of the tube tester data, using the relationship N„ A € ■ C, where 

k was assumed to have a value of one-half. 

(U)  It is seen that the technique gave a lower life (about one-third) for the 

Demonstrator tubes than was realized in the 2,%  segment start-stop cyc- 

ling tests. This difference was attributed to nonuniform specimen tube 

crovn cyclical heating in the tangential direction, resulting in tangential 

strain concentrations at the tube crown, and perhaps other effects unre- 

solved at this time. The "steady-state" creep and fatigue test results, 

however, were thought to reasonably represent the Demonstrator tube life, 

if such steady-state temperature fluctuations were actually realized in 

service. 

c 
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I Analysis of Results 

(C) Heat Transfer Data Input From 2.5K Solid-Wall Tests. The solid-wall 

chamber heat transfer data acquired later in the program showed that the 

heat transfer rates were generally higher than the initial analysis pre- 

dicted. The existing 2.5K segment tube design was then evaluated using 

these improved data, and the increased cooling requirements were deter- 

mined. The revised heat flux made type 3^7 stainless-steel a leis attrac- 

tive tube material since the conduction limits were approached at high 

chamber pressures with the 0.003-inch wall thickness. This circumstance, 

coupled with the reduced thermal fatigue life determined from the material 

selection program, led to the elimination of this material from further 

consideration for any tube-wall chambers constructed in the pic gram. 

Analytical efforts were concentrated on the more conductive tube materials 

of nickel and copper. 

(C) Cooling Limits and Heat Transfer Maximum Potential. The 2.5K chamber 

capability was analyzed extensively in terms of coolant flowrates required 

in the contour tubes as a function of chamber pressure, wall temperature, 

coolant bulk temperature, and throat curvature enhancement factor. Typical 

requirements for the nickel and copper tubes are shown in Fig. 210 and 211» 

respectively. The indicated mixture ratios are coolant mixture ratios 

(combustion oxidizer flow/hydrogen coolant flow). The maximum coolant flow 

which can be obtained was limited by test stand pressure capability. 
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Figure 210» Typical Throat Cooling Requirements for 2.5K 
Contour Wall L02/lI2 Thrust Chamber 
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TUBE MATERIAL= 0.02WNCH OFHC COPPER 
INJECTOR MIXTURE RATIO =6.0 
MIXTURE RATIO = OXIDI2ER FLOW/COOLANT FLOW 
COOLANT BULK TEMPERATURE 300 R 
TUBE ROUGHNESS =50/AlN. 
CURVATURE ENHANCEMENT = 1.5 
TWG = GAS SIDE WALL TEMPERATURE 

o    ©©RHFOtBUuaTTDÄIL   500 1000 

CHAMBER PRESSURE, PSIA 

1500 

Figure 2117  typical Throat CooHngjRequiretiients for 2.5K 
Contour Tube-Wall LOg/Hg Thrust Chamber 
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(C) Combustion zone operation was sensitive to coclaut inlet temperature 

(Fig.212). Consequently, these values were monitored during later tests. 

Side walls were cooled with water satisfactorily up to 1100-psia chamber 

pressure. Above 1100 psia, hydrogen was used in the throat region to take 

advantage of curvature enhancement induced by swirl vanes. 

(c) The maximum heat transfer potential for H^/O^ propellants is deter- 

mined through the maximization of the product of the gas-side film co- 

efficient and the temperature difference between the adiabatic wall temper- 

ature and the wall temperature. The film coefficient has a maximum value 

at low mixture ratios, whereas the temperature difference is a maximum at 

stoichiometric. The combined maximum occurs at a mixture ratio of approx- 

imately 6:1 as shown in Fig.213. As seen in Fig.214, it is this condition 

to which the tube design must be tailored.  Operation at other mixture 

ratios, such as 7:1, results in wail temperatures cooler than these at a 

mixture ratio of 6:1.  It is also apparent that a tapoff engine design 

is not penalized at any mixture ratio because all the coolant passes through 

the coolant circuit. 

(C) A study of the heat flux capability of materials, OFHC copper (0.020 

inch) and Nickel 200 (0.013 inch), showed that the heat flux capability 

of these materials was in this order indicated, copper being the best. 

The results are shown in Fig.215 and 216. For the purposes of this study, 

a coolant bulk temperature of 450 R was used (this approximates the antic- 

ipated value in the outer body throat of the 250K thrust chamber), and a 

tube roughness of 50 microinches was assumed. Coolant mass velocity of 

11 ib/in. -sec is based on a coolant Mac! 

and 2200-psia (total pressure) hydrogen. 

11 ib/in. -sec is based on a coolant Mach number of about 0.5 for 450 R 

(c) The results for nickel 200 incidate it can conduct with a 1600 F 

wall temperature, a heat flux of 44, and 60 Btu/in. -sec for curvature 

enhancements of 1.0 and 1.75, respectively. Thus, Nickel 200 can operate 

at conditions of the Demonstrator Module which has a curvature factor of 
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at J.c^st 1.45, and a wall thickness at the throat of 0.010 inch.  It is 

noted that Nickel 2705 due to its somewhat higher conductivity, would 

operate at lower wall temperature. 

(c) Copper conduction capability using the annealing temperature of 

about 900 F is 40 and 67 Btu/in. -sec for the range in curvature exan 

Thus, copper can also handle the anticipated throat heat fluxes. 

(c) The temperatures indicated are typical of what would be expected in 

the outer body throat region. The inner body will operate at lower wall 

temperatures because of the more desirable hydrogen coolant temperature 

existing in the inner body throat region (200 to 250 R). 

(c) The nickel contoured tube overall heat transfer rate was significantly 

lower than obtained on the copper tube-wall segment. The experimental 

heat transfer characteristics of both tube wall thrust chamber segments 

and the solid wall hardware are shown in Fig. 21?. The veduction noted 

on the nickel segment was attributable to a higher gas-^ide tube-wall 

temperature, resulting in reduced heat transfer rates. The overall heat- 

ing rate for the No. 1 repaired nickel chamber was essentially the same 

as was obtained for the No. 2 nickel chamber and also the water-cooled, 

solid-wall hardware. Consequently, heat flux profiles generated from 

the solid-wall data were applicable tc the tube wall. 

(U) It has been found, in extensive calorimetric heat flux profile measure- 

ments, that the total overall flux is directly proportional to the throat 

values. Therefore, these heat transfer correlations obtained on the tube- 

wall program reinforce the demonstrator module cooling tube analysis. 

(c) Conclusions to be drawn from the 2.5K segment cooling analysis and 

tests are that the 250K Demonstrator Module tubes can be run at chamber 

pressures of 2100 psia. However, it should be realized that there is a 

tradeoff between maximum operating conditions (high chamber pressure) and 

cyclic fatigue life such that a tube life somewhat less than 300 cycles 
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and a 10-hour between overhaul requirement would be realized at 2100 psia. 

To obtain the same life at 2100 psia as compared to 1500 psia requires 

thinner tubes of smaller diameter so that the plastic strain and tempera- 

ture levels remain unchanged. 

(C) It was also concluded that effectual tube repairs are feasible in 

the ccmbustion zone of a 250K thrust chamber employing the Nickel 200 

material. 

Material Selection Program. 

(U) Background Survey. To utilize all available Rocketdyne experi- 

ence, a survey was made of all regeneratively cooled production thrust 

chambers to study their life-limiting processes. Particular note was made 

of the J-2 liquid oxygen-hydrogen thrust chamber life history.  This sur- 

vey led to a summary of thrust chamber life-limiting processes as given 

below: 

1. Axial Tube Splits Cause Rapid Failure 

a. Hydraulic pressure spikes can burst tubes. 

b. Hydraulic pressure can burst tubes if steady stress at high 

temperature causes creep or creep fatigue. 

c. Either of the above failure modes is aggravated by oxidation- 

erosion which thins the tube wall. 

2. Transverse Tube Microcracks Cause Gradual Degradation 

a. Cyclic thermal strains can cuase plastic flow which eventually 

results in transverse tube microcracks. 

b. These microcracks are not self-propagating and are closed 

during steady-state operation. 
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(u) Program Plan, A materials evaluation and selection effort wa3 

then planned to provide the critical data needed to select a long-life, 

high-performance, fabricahle tube materiel. The logic flow diagram foi 

the material selection program is shown in Fig. 218. 

(u) To complete the analtyical selection of candidate materials described 

in the flow diagram, it was necessary to develop a tube-wall plastic strain 

analysis. 

(U) Plastic Strain Analysis. The plastic strain analysis was di- 

rected toward the prediction of the plastic strain-time history of a thrust 

chamber tube during a typical engine run of a specified duration. It is 

known that the primary plastic straining occurs at engine start and shut- 

down; however, some cumulative plastic straining may occur during steady- 

state run conditions. The goals of the program were therefore directed 

toward the complete accounting of plastic strain accumulation. Following 

the hypothesis of linear strain damage accumulation, a prediction of life 

was possible from laboratory test fatigue data on the selected tube 

material. 

(U) To furnish a workable analytical tool for preliminary analysis 

material comparison purposes, a simplified analytical approach was devel- 

oped which allowed the rapid prediction of plastic strains which occur 

during the start and shutdown sequence. This approach employed the 

assumptions of elastic strain invariance and infinite rigidity of the 

tube backup structure. 

(u) The assumption of "elastic-strain invariance" was based on the obser- 

vation that the elastically computed strain distribution does not depend 

on the elastic modulus if the modulus it» constant throughout the body. 

Elastic theory may then be used to compute the total strains even if they 

are partly plastic. 

(This p*§« is unclassified) 
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o (U) If the form of the body and temperature conditions are such that there 

would be no stresses except for the constraint of external forces, the 

elastic strains may be found by determining the shape and dimensions the 

body would assume if unconstrained, and then calculating the strains pro- 

duced by forcing it back to its original shape and dimensions. 

(u) Following this type of model, an elemental part- which has been removed 

from the crown of the tube was considered as a flat-plate free body. The 

application of a temperature gradient through the thickness 

AT, =T - T (15) 1   wg   wc x ' 

would cause the element to assume a spherical curvature. The length and 

width dimensions, as measured along the curvature at the midplane, would 

also increase by an amount proportional to the average temperature rise. 

If the element was originally at the coolant bulk temperature, the average 

temperature rise was given by 

T  + T 
AT2- "*2   WC-TB (16) 

(u) The constraints against this thermal deformation and growth were 

applied by the geometry of the thrust chamber tube and jacket. Complete 

restraint against curvature change was afforded by tne curved tube wall. 

Restraint against growth is realized, for the most part, in the axial 

direction only. Applying the necessary restraints against curvature to 

force the element back to its original shape yielded the familiar relation 

E a (A T, ) 

'th = * 2(l-i) (17) 

(U) Applying the restraints against growth so that the element was forced 

back to its original dimensions gave C7  = EC* (AL). Superimposing the 

results of both restraints in the axial direction gives (for the tube gas 

wall) 

O 
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O a (AT.) 
SOT = 2 (1 -v) + a (A T2)   (total eUstlc *tni^        (M) 

(u) Similarly, the restraint against curvature change only in the tangen- 

tial direction gave 

a (A Tx ) 
Son = 2 (i - v) (19) 

The plastic strain components of the total strain were approximated hy 

Cp Ä CT0T  Ce = CT0T " E '20' 

Substituting the previous relationships for C^, AT, and AL gives 

for the axial plastic strain at the gas wall, C 
^axial 

*axial ■".«(!-«    ^2     V   E     (21) 

while for the tangential plastic strain, *    : 
ptang 

(T  - T )   - 

W-ft^r-* (22) 

From the theory of plasticity, it was known that the maximum or "effective" 

plastic strain at the tube gas wall is greater than either the axial or 

tangential plastic strain individually. To apply uniaxial cyclic fatigue 

test data to the prediction of the tube fatigue life, a relationship be- 

tween the uniaxial test data and the real case was used. This relationship 
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was taken from the "deformation" theory of plasticity. Accordingly, the 

effective plastic strain is given by 

Peffective 

' k ft* -  €    \2 + t* - e   Y* +/€   - «     \2 (23) 
v° V\ paxial   ptari j   \ Ptang   Prad ,/  \ prad   Paxial / 

(u) This expression was simplified by the introduction of the "no volume 

change" basic assumption of all plasticity theory. Then, 

€    = -  €       -  € 
prad     paxial    pt ang 

Substituting the previous equation gives: 

^effective ■fh + €       €      + C        (24) 
tang    ptang   paxial   paxial O 

This value is commonly known as the plastic strain range.  If the total 

plastic strain occurring during one engine run is that incurred from the 

start and shutdown temperature cycle, the' cyclic plastic strain per engine 

run is given by 

p      p.# effective 

Table 70 shows the results of the plastic strain analysis as applied to 

the revised candidate tube materials. 

(U) Selection of Candidate Materials.  In the selection of the can- 

didate tu^e materials for thrust chamber usage, an effort was made to 

utilize basic analysis as a means of screening a broad range of materials. 

The previously described plastic strain analysis, in conjunction with an 
(') 
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TABLE 70 

(C) SUMMARY OF RESULTS, PIASTIC STRAIN ANALYSIS 

Parameter 

Type-347 
Stainless 

Steel 

Nickel 
200 & 
270 

0F5C and 
Boron 

Deoxidized 
Copper 

Beryllium 
Copper, 

Alloy 10 

Vail Thickness, inches 0.008 0.015 0.029 0.016 

Heat Flux, Btu/sec-in. -F 44.5 46.5 54.0 54.0 

Gas Wall Temperature, F 1650 1450 750 750 

Coolant Wall Temperature, F 400 400 530 530    | 

Coolant Bulk Temperature, F -26O -260 -260 -260 

Tangential Plastic Strain,ix^W. 0.01170 . 0,00825 0.00183 0.00 

Axial Plastij Strain, in./in. 0.02370 0.01700 0.01053 0.00103 

Plastic Strain per Cycle 0.07200 i 0.05150 0.02680 0.00205 

c 
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analysis of high-temperature ductility and fatigue data, was used to select 

the candidates. In general, a candidate material was evaluated by compar- 

ing the predicted cyclic plastic strain against its fatigue properties 

over a range of temperatures. Other considerations, such as ease of fab- 

rication, mechanical properties, and estimated cost and availability, in- 

fluenced the selection. 

(ü) The candidate materials thus selected were then the subject of pre- 

liminary studies in processing, availability, and cost. As a result of 

these preliminary studies, a further screening of the original candidates 

was made. The original candidate materials which survived the preliminary 

screening are also shown in Table 71* 

(U) Literature Survey. A survey was made of all available data on 

the physical and mechanical properties of the candidate materials. All 

existing valid data were compiled using, wherever possible, the properties 

of the material in the as-furnace-brazed condition. The results of the 

literature survey are shown in Table 72. In some instances, the required 

data were not available. Testing was therefore scheduled to obtain these 

data on the remaining candidate materials, as indicated by the shaded 

boxes. As stated earlier in this section, four of the candid*vte materials 

were eliminated. Chrome copper and zirconium copper were eliminated be- 

cause of difficulties in furnace brazing. TD-nickel and Hastelloy-X were 

eliminated because of the shortage of supply in tube stock and long lead 

time to procure samples and stock. Also, TD-nickel cost was excessive 

when procured in bar stock as necesspry for this effort. 

(u) Oxidation-Erosion and Surface Protection Studies. The oxidation- 

erosion studies revealed that from strictly thermocynamic considerations, 

copper and nickel should not oxidize in a water vapor environment. With 

excess hydrogen in the water vapor, copper and possibly nickel should not 

oxidizi?r» even under the flow conditions characteristics of thrust 

chambers. It seems probable, then, that the oxidation-erosion problem, 

if it appears, centers around such practical considerations as nonuniferm 

(Thift page is Unclassified) 
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mixture ratio distribution and adverse perturbations in tube temperature. 

These efforts can only be determined by tests, and are characteristic o* 

injector design, start sequence, throttling range, and other system- 

controlled effects. 

(u) The diffusion layers and coating studies were intended to reveal 

those state-of-the-art processes which might be applied to nickel or cop- 

per tubes to enhance their oxidation-erosion resistance. Two different 

approaches were explored.  Studies indicated that braze alloy wetting may 

increase the oxidation resistance of nickel and copper since these alloys 

are essentially composed of noble metals. A concurrent literature review 

revealed the existence of several state-of-the-art interraetallic diffusion 

processes which would be applicable to nickel and possibly copper. Diffu- 

sions of aluminum appear particularly attractive because such diffusions 

reputedly have ductilities close to that of the base metal.  Other diffu- 

sion systems in current use employ chromium and aluminum-chromium combina- 

tions. All diffusion coatings would adversely affect thermal conductivity 

to some degree. The significance of this degradation could only be de- 

termined by heat transfer tests and analyses. 

(u) As a result of the oxidation-erosion and diffusion layers and coatings 

studies, a decision was made to eliminate the surface protection screening 

tests until a firm isquirement was established by hot-firing tests. 

(c) Mechanical Property Tests. The mechanical property ar^l ductility 

tests were simple tensile tests on rod and tube specimens, both -n the 

annealed condition, and were also processed in a way similar to a furnace- 

brazed tube. Tests were conducted at room temperature in air and also at 

elevated temperature in an argon environment. The results of these tests 

are shown in Table 73. Some significant findings from these tests were 

the excessively low yield stress of Nickel 270 and the effects of grain 

size on the tube materials apparent tensile properties. The grain struc 

ture of Nickel 200 and 270, ÜFHC copper, and beryllium copper No. 10 

prior to brazing and postbrazing is shown in Fig, 219 through 222. All 

except the Cu-Be No. 10 are tabular specimens,. 

?33 



i 
i 
FH 
H 
-3 

& 

a 
o   --P 

■H g a 
43   ■   9 -T o ■-1 o m O C m 

rt 
r\ 

in 
X 3 ON 

ON 
HÜ 5 IT. 

in ON 
c 
B 3 NO 

*< - a      » 
-H o a a 
-POD! in o o o LTN in ir> c 3 a 

Si.i r-- m ao NO L"\ K> O 
JT -J- ON r- NO KN 1^ L-\ l.~\ -*• s~H 

w     a 

5 3 O O a O O O a a 
1 ?"S 
•"   O   ft. 

1 * 
O o 

04 i c i ON ON 

-P       » r~ r^ ^ -T & o NO r-. 04 ■* ss  ' 'O x> ~ H -* IH 

J3 
K ■P   1 

1   -H 8? 
V ^ fa  Co« 

01 -P   • 
§ o 

o 
r- 

§ 
04 

O 1 
-3" 

a 
o 

a 
g 

9 
Q * a OH 10   Si I 

o ON i«~, r- r^ -T £> m ON 

£ IAT3 

O   4> 

04 04 04 ^ rt 

D •H ;-« 
1    ■-' 

n 
a 

* 
J3 

-P -P 

-* si 
ü u 8 c- s O C a a 9 
U    U    H 
s>  P   1 fc S o 3 § 

a 

^ CO OH  113   CM 
Q o \B -f i<-, a 00 ^ 04 -a e» --4 04 

r O   11 

. 
& 
-p 

+•■  s a s c a 
X      H a 5 a fil* * -? 5" -V -* * 

-H 

§ fc* 
a 
0 T3 

41 1 T3 
HI 1 ? 

-p -0 13 T3 •p « 
•H aj IV * 0) a B a 41 5! » 
1 N N N N «1 $ 

S3 * aj * 1 a 

e * iS $ 33 ^ £ * ä Ä 
^ 
i O ü o a o 

1                   h 3 pj 9t « I- 
04 04 

!c7 lcT u U 

i               +' •H ■H HH -.H .H •H s e 
5 » > 2'. "~ y; X K K e o 

O     -ti 
~< -H e a 
« ♦> « c 
a o % o 
-3 -a       « 

• *H   0< 

O -P   0   « 

af-sj 
OS   o 

O JE3 
•H   o 
-p a 

S * 

o   a   o   e% 

3 8 

CD     ON    ON      ^O    -»     -# 

1^-    ON    CO       ON    ON    »^ 
N    N    H        W     .-<     »^ 

a?-s 

PH CO 

04 •« 

N   H      ON   vi    in 
co   o?     i>   co   ON 

$   8 
so   •#   m 

i    -o    H    'S 

ca   ä 

I   «I   O   9       41   41 

! <a p  a     a «1 P  o 
<   V,    .-i    s      -3   >,  .H   Sf 

«  -3 

&  §T  R 

Z     5".     5r.     >Ä        Ä     S5     * 

534 



-P 

U 
o 

-P 

0> rH 
ft ü 
ft  ^ 
o o 

O   N 

o pq 

Gflfl e 

rH 
CJ 
<U 

1 
H 

& 
PH 
o 
o 

I 

-P 

G 
•H 

0> 
IS1 

•H 

•H 
GJ 
H o 

| 
EH 

H 
O) ft 
A' 
© 

o - 
«H 
o 

a 
o 
OQ 

•H 

ft a 
o 
Ü 

•H 
pH 

535 



© 

0) 
N 

•H 
CO 

a 
•H 

U 

9 
B 'H 
P   M 

*H   CO 

ft 
m -p 

«H 

o a) 

si 
i s 

O 
CM 

ft 

536 



•d 
s 

-p XJ 
cö p 

rH CO g 
1 p 

o 
CG •H 

-P 
fc •H 
0> XJ 

-P P 

3 O 
o 

CD 
O   rH -p r- o 0) «g. r-f 

i-i o> 
CD    V p 

■as -§ 
•H    P 
fc m <u 

'S 
CD 

rH 
CO 
0> 
P 1 
O 
r- 
CM 

0> 
ri 
ü 
H 

cy 
N 

•H 
CO 

P <D 
•H r—I 

0) Ü 
h >» 
O O 

CP O 
rQ N 
P CCJ 
H J-. 

FQ 
O 
r- et> 
O) o 

CO 
r- e 
o & 

•H 

55 XJ 
cu 

*H -P 
© tf 

1—1 
P p 
3 fg 
OD •H 

•H CO 
fc 
Oj H a CD 
e -p 

i 
•H 

537 

IS 
IMWWWII W 



i 
•H 

u ft) 
-p 

0) 
O r-i 
©   Ü 

rH 
ft)    ft) 
* 2 

Ä ft 

[UU] 

-d 
o 

rH 
c8 a 

I 
O 
O 
C4 

a 
M 
o 

1 
§ 

1 
ü 

ft) 
r-i 

ft> 

I 
0) 

.3 

•H 
CO 

p ft 
•H PI 

CO   p 

Ü3 O 

ft)   ft) 
S   CO 

^   rS 
oW 

O   ft> 
CM   Ü 

as 

31 o m 
•H 

ft) 
«H  -P 
o  as 

rH 

§1 
CD  «H 

•H CO 

ef,   fc 
U,   ft) 

!* 3 

\M 

?38 



(ü) It is not apparent from published data nor from the fatigue results 

reported here that large grains have a deleterious effect upon life. How- 

ever, where the grain boundaries extend completely across the tube wall 

as shown (Fig%2I9 through 22^ for Nickel 270 and OFHC copper, mechanical 

behavior becomes erratic and intergranular penetration of contaminants be- 

comes more hazardous. 

(C) As a result of these tests and posttest metallographic analyses, fur- 

ther investigations of the effects of grain size on the mechanical prop- 

erties and fatigue life of Nickel 200 in the furnace-brazed condition were 

conducted. These investigations were conducted on the thrust chamber tube 

tester, and are described in a later section. 

(c) Brazing Feasibility Studies.  The braze process and contamina- 

tion studies and tests were intended to define initially proposed furnac« 

step braze cycles for each candidate tube material. These initially pro- 

posed braze cycles were then applied to test specimens to determine the 

alloy wetting arJ flow characteristics, and to determine any tendencies 

for the braze alloys to induce tube alloying or intergranular penetration. 

The results of these tests are shown in Table 7^« The results of these 

tests indicate that while Nickel 200 and 270 apparently may be successfully 

furnace brazed with current technology, brazing of the OFHC and beryl1"urn 

copper is limited by tendencies of the common braze alloys to iHssolve part 

of the base metal. 

(U) Mechanical Strain, Elevated Temperature Fatigue Studies.  The 

mechanical strain at elevated-temperature fatigue tests were designed to 

simulate the strain cycle experienced by a thrust chamber during the start 

and shutdown sequence.  These tests were run at constant elevated tempera- 

tures, and utilized rod specimens which were axially strained.  Materials 

in the annealed and furnace-brazed condition wer3 tested. The plastic 

strain analysis described previously was used to predict the equivalent 

axial strains which each material would experience as a thrust chamber 

throat tube.  The tests were run at temperatures which represented the 

539 



TABLE  74 

(C) BRAZING FEASIBILITY TESTS, NICKEL 200,  270, AND BERYLLIUM COFPEK 

Tubing 
Material 

i  

Braze Filler 
Metal 

Braze 
Temperatnre, 

P 
Braze 

Atmosphere 

Visual Examination 

Microstructure Examination 

Alloying, 
inch 

Intergranuler 
Penetration, 

Inch W«tting Flow 

Nickel 200 
«nd 
Nickel 270 

90<ftg-10#>d 
(HB0I7O-O62) 

82jUu-l6jftJi 
(HB0170-O64) 

1975 

1800 

Hydrogen 

Hydrogen 

Good 

Good 

Good 

Good 

< 0.001 

< 0.0015 

< 0.001 

< 0.001 

90%Kg-51tPd-k% 
Cu-ljfcfi 
(BB0170-105) 

1800 Hydrogen Good Good < 0.001 < 0.001 

72*Ag-28jfcu 
(AWS, BAg-8) 

1500 Argon^ Good Fair < 0.001 < 0.001 

60;tAg-30Jfcu-10,<Sn 
(Handy one Harman 
Braze 603) 

1350 Argon* Good Fair < 0.001 < 0.001 

6l.5*Ag-245<Cu- 
14.5Jttn 
(Handy and H>»rmaj 
Braze 615) 

1550 Argon* Good Fair «• 0.00i < 0.001 

Beryllium 
Copper 

62Jfcu-35*Au-?;&i 
(BB0170-065) 

1900 Hydrogen* Good Good Grain Boun dary Melting 

50jSAu-50jfcu 
(Bandy and H&rman 
Premabraze 1O2) 

1800 Hydrogen* Good Good 0.006 < 0.001 

72J«Ag-28#u 
AVS,  BAg-8) 

1500 Argon* (rood Fair 0.003 < O.OOi 

6O*A«-30jfcu-10jfen 
(Bandy and Harman 
Braze 603) 

1350 Argon* Good Fair 0.004 < 0.001 

6l.$Cag-2'JfCa 
-l'*.5#n 
(Handy and Harman 

J35Ö Argon* Good Fair 0.005 < 0.001 

Braze 0I5) 

OPEC 
Copper 

62-<Cu-35*au-3jGli 
(11^170-065) 

1900 Hydrogen Good Good O.OO56 < 0.001 

50£Au-50)fcu 
(Handy and Harman 
Premabraze 402) 

1800 Hydrogen Good Good < 0.001 < 0.001 

72&g-28#u 
(OS,  BAg-8) 

1500 Argon* Good Fair 0.002 < 0.001 

6O^A«-30^Cu-105fen 
(Handy and Barman 
Braze 603) 

1350 Argon* Goo' Fair 0.0015 < 0.001 

6l.5jfec-2*Jfcu 
~14.5*In 
(Havdv and Harman 
Eraze 615) 

1350 Argon* Good Fair 0.002 < 0.001 

*Flox applied to ep^ciiwns 

' 
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EIM pr*£iei*4 x*&* g*    **j< i^*per»t*r* f»r -*«-& arterial. Tens -**r* 

t.* • raa ax e r^eac-s^ "qpem&s'e ks&ve  v* r*?r*sest A ccaiitise ct vzz..- 

n» dc^tijitT *-?r e*cfe sttenal.  Ali tests ver*- raa 22 a-a argaa eerir&a- 

neat.  Tatlt 75 ittvs c .uHQaary of t£e test cooditisas. 

(U) A record of each load-strain cycle vas continuously printed out by 

-axiomatic equipment.  Typic*i load strain cycle? recorder in these tests 

are shown in Fig. 223. The imsy—ctries 1 curve developed after a .arge 

naafcer of cycles represents the losd-def* ection he^A^ior of the progres- 

sing fatigue crack alternately stressed in tension and compression. As 

the vrack gro^s, the tensile load-carrying ability decrea.es as strain re- 

mains constant, thus providing a convenient technique for recording crack 

progression. 

(u) While it is customary in tests of this nature to report the number 

of cycles to complete fracture, a more meaningful technique was used which 

gave a measure of the development of internal fatigue damage, as well as 

the conventional cyclic life. This was obtained by plotting the ratio of 

maximum cyclic tension (compression loads in the specimen vs the number of 

tests cycles). These load values were obtained from the load-strain hy- 

steresis loops (Fig. 223). Groups of curves for each common material and 

process condition were then drawn for each specimen run at various test 

temperatures. 

(c) Figure 224 shows two such curves for furnace-brazed Nickel 200. Since 

the thermally induced strain in a thrust chamber tube actually occurs over 

a range of temperatures, an average temperature fatigue curve has been 

estimated. The arithmetic average used was felt to be conservative for 

this case. 

(u) The average curves for each material, both in the annealed and pro- 

cessed condition plotted together for comparison purposes, are shown in 

Fig. 225. These curves are useful in comparing materials, as well as for 

estimating the number of start sequences required to cause transverse 

through-cracks in a thrust chamber tube, 
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U5L£    7S 

(C> X2XSAV1CAL SBU3 AI ELEVATO» TBGaUm Filial 72:^, 

fDft&HT OF TEST CCKDITI€KS 

i 
j 

Material 
* Codditicz: 

Total 
Strain 
Range, 
in./in. 

Test 
Tesperstore. 

F 

1 

>*. of 
Specimens 

f 
jTjrpe 347 Stain- 
! les* Steel 

Annealed, 1975 F 0.0360 I65O 2 

Nickel 200 .Annealed, 1350 F G.0257 1400 2 

Nickel 200 Annealed, 1550 F 0.0257 lieo 2 

Nickel 200 ADP Step Braze Cycle, 
1975 F 

0.0257 1400 1 

Nickel 200 ADP Sten Braze Cycle, 
1975 F 

0.0257 1100 1 

Nickel 270 ADP Step Braze Cycle, 
1975 F 

0.0257 1400 2 

Nickel 270 ADP Step Braze Cycle, 
1975 P 

0.0257 1100 2 

OFEC Copper Annealed, 900 F 0.0134 750 2 

OFHC Copper Annealed, 900 F 0.0134 500 2 

OFHC Copper ADP Step Braze Cycle, 
1900 F 

0.0*34 750 1 

OFHC Copper ADP Step Braze Cycle, 
1900 F 

0.0134 500 1 

Beryllium Copper 
Alloy 10 

ADP Step Braze Cycle, 
1800 F 

0.0098 750 1 

Beryllium Copper 
Alloy 10 

ADP Step Braze Cycle, 
18Ö0 F 

0.0098 500 1 

Beryllium Copper 
Alloy 10 

Heat Treat to Optimum 
Properties 

0.0098 750 2 

Beryllium Copper 
Alloy 10 

Heat Trjat to Optimum 
Properties 

0.0098 500 2 

I 
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(C) Take Taper? ng and i oral at Feasibility Stai- . A . epare-fl- funded 

tafee-taperiog feasibility projra» vis ai.*o co*^leved, and the . «-salts were 

made available for the aateriel selection program,  lie saterin.i. evaluated 

in this program vere type 3*7 stainless steel, Nickel 200, >*ickel 270, acd 

GJHC copper. These oaterials vere erDerimertaliy tapered to required tube 

dimensions and tol#~"*nces.  Inspection of the finished tubes yielded an 

initial estimate of lube-tapering confidence with regard to process tine, 

tolerance control, lubricant contamination, and the effect of inclusions 

in the material. 

(U) Material Selection. To select a tube material for the demon- 

strator segment thrust chamber, a criteria list was developed as an aid. 

The criteria verc taken from life, performance, and fabrication consider- 

ations. Each tube material was then evaluated by these criteria, as de- 

termined from the results of the Materials Selection Program, from pre- 

vious experience, from published literature, and from the results of the 

hot-firing tests. 

(p ) A comparison of the demonstrator segment thrust chamber, tube mater- 

ials, as determined by these criteria, is given iu T'able 76. It was con- 

cluded tliat Nickel 200 offered the best combination of necessary features 

for this application. This material was therefore selected, in combina- 

tion with a process cycle which produced the best obtainable properties. 

(U) Ä similar comparison was made of the long-range candidate materials 

(Table 77).  It was seen that the beryllium copper alloy No. 10 meterial 

offered a large increase in thermal fatigue resistance in either the 

partial 0  ally heat-treated condition. This is due to the fact that 

a low plastic strain is induced in this condition.  Its practical thrust 

chamber use, however, awaits the development of suitable manufacturing 

ruocepses. 

Copper Tube-Wall Results. 

(U) Heat Transfer. A summary of the test results is presented in 

Table 66.  These datt we^e reviewed to define the heat transfer distribu- 

tion of the tube-wall segment. The overall heat transfer characteristics 
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(c) 

TABU   76 

E*CTOBS ArYiTTPvG SFLBCTIOX OF 20K-53GKO.7 TVB1 MATERIAL 

(Based on State-of-the Art  fabrication Technolog}   and 

Aero3pike Operating Conditions) 

^"""^^    Material 

^rit**rion     ^""^^^ 

Type 3*7 
stainless 
Steel 

Nickel 
200 

Nickel 
270 Copper 

Good 
Strength to Withstand 
Hydraulic Stress 

Good Good Poor 

Thermal Stress 
Fatigue Resistance 

Poor Good Poor Fair 

Metallurgical Stability Excellent Good Poor Poor 

Oxidation-Erosion 
Resistance 

Good Good Good Good 

System Compatibility Excellent Good Good Fair 

Comparative Coolant 
Pressure Drop 

1.0 0.85 0.75 0.95 

Comparative Weight 1.0 1.05 1.05 1.20 

Uprating Capability Poor Fair Fair Good 

Drawing, Taper in.?, 
and Forming Confiatnce 

»}(od Excellent Excellent Good 

Brazing Confidence Excellent Good Good Poor 

Availability Good Good Good Good 

Total Cost Low Low Low Low 
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TABU   77 

(C)      FXCTOaS XFFBCTI» SLLRTIC& It iCSS*-BAXl TT¥I "\7FBU1S 

(Based on Current Kwv]r:{t ää^ Operstir^ C^adit:***) 
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I^I^IM, 
1**< poi*t data; vere vell-bebared *nd shoved that the heat transfer vss 

»f am expected trrbxf etrt nature (rig. 226) throughout the chaaber n retire 

rtmg* -    lafortEfiately,  the local  coolant bulk temperature xeasureaents 

■w* »** vithin the reauired accuracy to asses the heat transfer distri- 

feet:«.    TVrefere.  the eolid-vall  -ater-cooled data (Q. ) eapioying 

t~e &aav iajartar were rerieved.    The £ Q.       .  of solid-vall  segment 

•-ens are isaatui vita taie-%all 0^^»  i» Fig.  227.    As noted in 

#%- 23fc.  s difference af approxiaately 11 percent between solid-vail 

«erä tana va.il 3a«a exists vhich is attributable to the difference in 

local gas-side vaJ =  operating teaperatares.    Using the established heat 

irxxsfer distrchatioa of the sol id-vail segaent,  the local heat transfer 

£:stn*sttrs of the copper taae vail  chaaber vas determined and is shovn 

zx Fu 227.    Fbe associated gas-side tobe-vail teaperatirre profile,  utiliz- 

*:jg a sax «aas c*fOasrit cxi-ratere cnhanceaent of 1.5,  is also presented in 

?tg-2TJ7-    ^W «st* shsv that regenerative cooling capability vas definitely 

sVr^eraL-ue*. 

'"C*    SüSläl leasts.    Sanag *fee cycling tests at 15CKX-psi chaaber pres- 

tos*    as lie re.stesE feagraa.  lb* 2<TK copper tab*-veil  efcosfoer operated at 

l-a^nr raapcta^are than usitialij £e#igaed far as a result of (l)   increased 

iiia-:   nss-   (2} reaaared tsrvatare  i naan eaeat, aad (3) roughening of the betr- 

äfe» rros.    *ae aa?rea.?ftd vail teaaaratare -esalxed is tht operating hydraulic 

--T»* eacaaiiag "~* aa?erial yieäd stress aad the noted tobe crovr failure 

a ?4K  Ara** reajixa.    J «anmrc of taw tab* operating conditions for the 

L-Üt r.sfaar aaaarat act; lie fcaastsuratar 9faa%le is «resented  in Table ?3. 

'"in   i I*.-: -,"^c   if   Ti«»  i.abe at a ajiramlic stress greater than the yield stress 

■w^#  rnt'jsfwi fc* & s?i*12xrjriral examination of tae tabes.    Tubes in various 

»lag'*« o3 -rr^aa»^» tc fcsrst wre «*et£—red a^-i aaslyxed.    Buptures vere du£~ 

i: a* SAC «aatifcite* »tagtag aad -anil thianiag ia early rtagea ana in later 

r-~*gr*  rr^r«ar *&J2  Üixaiaeg, raptare,  aad 1-eadin^ of the vail  catvcrd xeiievlag 

vut xy*€r**I--< areairyre. 

t.'jit. Iinpe-a».:: «toast banker aVesslta Aaaiysis. 

ns «f Teat Ciadiitisaa.    The aast serere iiaitatias to tie 

.•:<:-:  usage  vi vell-aestgae*.  regeaveratiYely coeled thrus:  chaaber  is 

j^Hie J3j vat  fatigue *f tie  :**.a»i tabea.    The fat*ge* pfcensoeson 

firm 
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ordinarily manifests itself in the form of tiny transverse cracks which 

nucleate and grow through the hot wall of the tuhe. The primary cause 

may be described as the gradual destruction of the material's internal 

bonding due to plastic strain or slip. 

: 

(U) Thermally induced plastic strains in the Demonstrator tubes occur 

during the engine start and shutdown sequence, especially near the throat 

plane. Here a transient gas-wall temperature ranging from near the cool- 

ant bulk temperature to the nominal operating value occurs with the rapid 

heat flux buildup which follows ignition. 

(u) An approximate technique for calculating the "equivalent uniaxial" 

strain resulting from these tube-wall, multiaxial strains was outlined 

in a previous section of this report. The uniaxial strain referred to 

here is the plastic strain in a low-cycle fatigue test measured along the 

axis of applied cyclic mechanical strain. An analytical relationship be- 

tween the tube wall plastic strains and the plastic strain of a laboratory 

fatigue test is thus established. A tube life prediction based on labor- 

atory test data is then possible. 

i i 

C 

(u) Since the test objective was the accurate modeling of the Demonstrator 

thrust chamber thermal fatigue, the most important criterion of test de- 

sign was that the maximum value of the gas-wall cyclic plastic strain be 

reproduced in the test segment. Other important test design criteria 

were the simulation of the cyclic temperature range which the Demcnstrator 

tube gas wall experiences, and the simulation of the tube-wall environ- 

mental conditions. These environmental conditions included those experi- 

enced during fabrication as well as those during operation. A high tube- 

wall pressure stress in combination with cyclic thermal strain can also 

be critical, causing the axial crack fatigue failure mode to predominate 

over the transverse crack failure mode. This complex fatigue creep fail- 

ure mode was effectively simulated on the tube tester, as previously de- 

scribed. In the selection of the 2.5K segment cycling test conditions, 

consideration was given to all of the above criteria so that these life 

parameters for the Demonstrator Module were simultaneously matched as 

closely as possible in the 2.5K segment. 

(This page is Unclassified^ 
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(U) The throat tubes of the Demonstrator Module outer body were selected 

as tb* reference base for test design because the operating conditions öf 

the outer body tubes afford a more basic limitation to the thermal fatigue 

life of the Demonstrator. 

U 

(c) The predicted peak tube gas-wall temperature at the Demonstrator 

outer body throat is 1520 F, which occurs in combination with a peak heat 

flux of 56.8 Btu/in. /vec. and a tube 1 -a 11 pressure stress of about 2400 

psi. A reasonable value for the lower temperature limit of the Demonsta- 

tor tubes and structure immediately prior to ignition would be -200 to 

-250 F. 

(U) The 2.5K segment test conditions were then selected to simulate this 

gas-wall thermal cycle in combination with the pressure stress. The down- 

pass (injector to nozzle) flow direction was chosen to match the flow di- 

rection of the Demonstrator outer body. 

(C) The criterion which was primary in the selection between series or 

parallel coolant flow was tube-wall pressure stress. The total coolant 

pressure drop was also considered because of test stand limitations. 

Figure 228 shows the pressure stress resulting in the upstream tube bank 

of a series flow scheme with a separate cooling circuit. The pressure 

stress in the tube crowns was unrealistically high compared to the Demon- 

strator value of 2400 psi. The tube crown pressure stress in a parallel 

flow scheme, however, yielded a more realistic value of about 2800 psi. 

v 

(C) The 2.5K segment nickel tube actually represents an earlier version 

oX the Demonstrator tube configuration. Since the original design of the 

2 I tube, segment and tube curvature tests have provided valuable addi- 

tional gas- and coolant-side heat transfer data. Water-cooled segments 

have provided accurate combustion chamber and throat heat flux data; tubu- 

lar segments have verified coolant bulk temperature rise predictions; and 

tube curvature tests have indicated methods of increasing the coolant side 

enhancement. 
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(C) As a result of these findings, the Demonstrator tube design has v* 

evolved.  The inner body currently has a 0.012-inch Nickel 200 wall, a 

coolant mass velocity of 11.2 lb/in.~/sec> an<* curvature enhancement of 

1.5. The outer body design has a 0.010-inch Nickel 200 tube, 1520 F wall 

temperature, a coolant mass velocity of 10.6 lb/in. /sec, and a curvature 

enhancement of 1.45. 

(C) By comparison, the 2.5K tube wall chamber had a wall thickness of 

0.012 inch, mass velocity of 10.5 lb/in. /sec at a flowrate of 1.0 lb/sec, 

and a curvature enhancement of about 1.25 (about 15 percent lower than the 

Demonstrator outer body). Even if the coolant mass velocities were the 

same in the 2.5K tube wall and the Demonstrator outer body, the 2.5K tube- 

wall gas-side temperature would be higher than on the Demonstrator 

outer body because of the increased curvature enhancement (achieved by 

shifting the outer throat) and reduced wall thickness in the latter. 

With a maximum coolant flowrate of 1.0 lb/sec, the 2.5K tube would have 

a predicted wall temperature of 1750 F at a chamber pressure of 1500 psia 

and a mixture ratio of 6.0. The required wall temperature to simulate 

the required life cycles is 1520 F. To achieve this temperature, it was 

necessary to reduce chamber pressure to 1250 to 1350 psia with a coolant 

flowrate of about 1.0 to 1.2 lb/sec within a mixture ratio range of 4.5 

to 6.0 (Fig. 229). This chamber pressure and heat flux also correctly 

simulated the temperature drop across the wall. 

(c) The consideration of matching the cyclic wall temperature and pres- 

sure stress thus led to further evaluation of the downpass, parallel flow, 

cooling scheme in regard to matching the cyclic plastic strain.  It was 

again found that a good correlation between the analytical model and ex- 

perimental results WG5 realized when chamber pressure was 1250 to 1350 

psia at a mixture ratio of 4.5 to 6.0 with a coolant flowrate of about 

1.0 to 1.2 lb/sec (Table 79). The fact that these strains were matched 

at a reduced chamber pressure was due primarily to the difference in 

tube-wall thickness and curvature cooling enhancement of the Demonstrator 

and 2.5K segment. The mean tube-wall temperature, and thus the tube-wall 

yield strength, was also found to be comparable at these operating 

conditions. 
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Chamber Pressure, psia 

Figure 220. Throat Tube Gas-Wall Temperatures Nickel Tube- 
Wal] Segment Cycling Tests 
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( 

(C) Life Prediction. By use of the thermal fatigue diagram (Fig. 23Q 

with the computed cyclic plastic strain, a tube-wall life in thermal cycles 

was predicted. The ductility of nickel, as illustrated on the lower half 

of Fig.230in the desired operating range of temperature is an important 

factor in its ability to absorb the high orders of plastic at these temper- 

atures. Each engine start corresponded to a tube gas-wall thermal cycle 

of -23O to 1520 tu -23O F. This predicted life was consistent with the 

Demonstrator Module restart requirements. 

(U) Table 68includes a calculated life simulation ratio for each test. 

This number is defined as the ratio of the predicted life of the segment 

thrust chamber cycling from -240 F to the peak heat transfer conditions 

of that case to the predicted life of the Demonstrator outer body. Life 

simulation ratios less than one indicate test conditions were more severe 

than those expected on the Demonstrator Module design. The predicted 

lives used to compute this ratio were in all cases obtained by identical 

use of the plastic strain equations and fatigue diagram. Because the 

computed values of these ratios are less than unity for most cases, it 

was seen that the segment operated under conditions which were, for the 

most part, more severe from a thermal fatigue standpoint than the Demon- 

strator outer body. 

(U) While these comparative observations could be readily made, it was 

desirable to obtain a quantitative measure of the relative life of the 

complete segment test series to the life of the Demonstrator. This in- 

volved a computation of the life simulation ratio for each test so that 

an average ratio for the test series could be obtained. For purposes of 

data analysis, a technique for the rapid computation of an approximate 

life simulation ratio for each test was used. An expression for the 

approximate life sur^lation ratio was found to be 

(Fatigue Life)x  (Heat Flux)2 (Mean Wall TemperatureL (Wall Thickness)2 

(Fatigue LifeL = (Heat Flux), (Mean Wall Temperature), (Wall Thicknessjj 
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into sources of leakage as testing continued. All of these tubes appeared 

to the left of the cei»terline of Side 3, while the tubes to the right of 

the centerline on Side B generally indicated less fatigue than any other 

portion of the chamber. The reason for this temperature unbalance was 

not accurately determined. However, it appears to relate to manifold fab- 

rication repairs which could have influenced coolant distirbutions. 

(U) Injector Performance. Combustion performance efficiencies (?? ^) 

vere reviewed for the mainstage cycling tests but were not included in 

Table 6S because there values vere affected by the tube leaks as discussed 

herein. However, the data support previously observed performance trends 

of the selected triplet injection pattern. 

(ü) The combustion efficiency is a computation of c* based on injector 

feel ani oxidizer flo#s. During the latter tests in the series, addi- 

tional fuel was added to the combustion products near the throat plane 

through nine tubes on Side B >hich developed leaks. A leakage flowrate 

through these primary leaks was computed, based on sonic velocity condi- 

tions at the sinimum tXmt ZTZS,  £C~ prcptrt?.** ** th«? coolant which vere 

ks&vn fro« the heat transfer analysis. The *■ efficiency of the segment 

thrust chamber without these major leaks was then computed by reinovi^g 

from ÜK efficiency computation the effects of this added fuel coolant. 

The efficiency computation was based on the conservative assumption that 

no heat was added to the leaking coolant (theoretical c* remains unchanged 

while the actual is reduced). 

(C) The c* efficiency during th* test series was found to remain between 

97 and 100 percent. Figure 232 shows the variation or the c* efficiency 

with test number. The rise of combustion «ificieney during the initial 

phase of the test series is attributable to the buildup of chamber pres- 

sure to the nominal value, with a corresponding in combustion efficiency. 

This was followed by a decay attributable to an oxidizer leak which de- 

velop2d at the injector braze joint.  Injector repairs were attempted 
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after test 68. While these repairs halted the further development of LO 

leaks, the injector performance was not restored to the original value. 

A new injector of identical design was then installed after test 87, re- 

sulting in an improved efficiency value, which was maintained throughout 

the test series. 

(ü) Metallurgical Examination. A detailed metallurgical examination 

of the segment thrust chamber was conducted after test 315- "Hie chamber 

was cut in half by sawing through the center of the copper side plates. 

Following photography of the two chamber halves, additional saw cuts were 

made to expose the throat area tube hot and cold side to sterobinocular 

examination. This examination showed that no gross melting or erosion 

of the tube crowns in the throat had occurred. All but five tubes in the 

A side appeared to have microcracks in the throat area. The appearance 

of the tubes was remarkably uniform on the A side (Fig.233). Unlike the 

A side, there was considerably more tube crown damage in the left side 

of the throat of the B side than in the right side (Fig. 234). Extensive, 

highly localized metal movement had occurred in the hot-gas surface of 

the tubes in the A and B side throat area, which is characterisrics of 

low-cycle thermal fatigue, fhe four tubes brassed to the copper side plates 

suffered axial cracks near the throat apparently caused by additional re- 

straint imposed by the side plates. On side 3, these axial cracks de- 

veloped into majcr leaks during the latter tests. 

(C) A metallographic examination was made of sections across the throat. 

Figure 23 shows two such sections, which are typical of most of the tubes 

on the A side. Two tube3 were also split te examine e longitudinal sec- 

tion in the throat area, as shown in Fig. 236. The hot-gas crowns showed 

an alternate increase and decrease of thickness which is typical of meta . 

movement caused by thermal cycling. Typical variations were between 

0.010 and 0.015 inch compared to the original 0.012 inch. Examination 

at high magnification confirmed the lack of sulfur contamination or 

braze alloy penetration. There was some erosion damage to a few tubes 
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Mount 7-3578 Etch:    Anaconda 

(a)    Tube B43 

Mag:  5CX 

Mount 7-3576       Unetched 

(b)    Tube A6 

Mag:     100X 

Figure  235- Hot-Gas Crovns of Two Tubes at the Throat 
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Mount 7~3?77 

Hot-gas crown 

Cold side of tube 

Braze alloy 

CUES beam 

Etch: Anaconda Mag:  16X 

Figure 236. Longitudinal Section of Tube A28.  The 
Section is not Exactly on the Axis, so 
That it Falsely Indicates a Tapering 
Tube Crown Height 
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which protruded about 0.020 inch into the combustion zone (Fig. 23l). This %~/ 

erosion is normal where direct flame impingement occurs. 

(U) A microhardness survey was made at regular intervals along the sec- 

tion of a tube at the throat. A portion of the survey is shown in Fig. 238, 

with the observed hardness values. These microhardness values are typical 

in magnitude and distribution for all tubes, both in the throat and com- 

bustion zcne. The observed variations in hardness are attributable to 

strain cycling under variable co?.d.itions of temperature and restraint 

around the tube crown. 

(c) A thin black film had formed on the tube surfaces in the convergent 

and throat areas, as seen in Fig. 239. A spectrogrf.phic analysis of this 

film indicated that this deposit contained no major component (over 10 

percent); it contained minor quantities of chromium, nickel, iron, copper, 

aluminum, gold, boron, and other trace elements. No nickel corrosion pro- 

duces formed from the TEA/TEB hypergol were found. The spectorgraphic 

analysis also confirmed that the tubes were originally unalloyed nickel, 

with no alloy additions. 

(u) There was general evidence of thermal fatigue, with a few tubes split 

by b^p stresses. There were no failures from erosion and/or melting of 

tube crowns in the throat. 

(c) Thp choice of braze alloy and the brazing operation appear correct. 

Tube wetting was good, and yet the penetration of braze alloy into the 

nickel was almost nil. No differences in tube materials, fabrication, or 

service-produced metallurgical changes could be detected in the throat 

area. The nickel tube segment was judged to have been well oade and assem- 

bled, and to have good life performance in the test program. 

(C) Conclusions to Nickel Tube Fatigue Results. The cyclic firing 

of a 2.5K nickel tube-wall segment thrust chamber to dawonstrate the 

thermal fatigue life of the Demonstrator Module was successfully com- 

pleted. A total of 31^ tests were conducted in which the cyclic temperature 
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Tube No. A4 

Mount 7-3417 

Hot-gas crowns 

Cold side 

A5     A6     A7     A8 

Etch: Anaconda Mag:  10X 

(a) The Tubes With the Most Damage Projected Farthest 

into Hot-Gas Stream 

MMmiL 

Mount 7-3417 Etch: Anaconda Mag:  10X 

(b) The Thin Light Layer on the Crown is Braze Alloy, 
While the Outer Surface to the Right of the Crack 
is Oxidized 

» 
Figure 237. Cross Section of "A" High in the Combustion Zone, Where 

There was Moderate Damage from Impingement 
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115  128 

Mount 7-3578 Etch: Anaconda *r      50X 

Figure 238.  Ti:be B43, With Microhardness Readir 
Hardness Numbers 

yia_ FVrajrsd 

572 



- 



5«r -4» 

e.=~ 

n*    A IzS* *f 

-~«   5«; ?l«tf   tx    I«    I ; 

•: 5* «£ 

UÜ* 

<~       Sag*. 

£-» 

«r*.. 

1Ä ^ 

i*c  f^r^B» «£ %t*  .->!    9-. 

ft.      ttr 

.«j*      t*r -W   rf   I»   Ö 

<tt   * 

rust 



tf.    *** e*?««rl   «j   cfcr «&rw*i «u^aLC cfc*-**3:  lCflwrrLore J* tkt 

«trru-j^ sca*2V*«a: at  Ans 5« ?*«-   S%*.     ir lAe *B»£T*is,   cfcos&er pre»- 

*kr* «s» »saat ** tbr afeec»-  'J9*S **>* **?-», **J ia* xbvtai v&+ 

X'jf rrtag* «era«; If *^ra£»g i^a* J«*:J?*   tra*Licr? pnwri ir** sa£ 

-X?    A «sot* «5 la« it'.»)-« t*ZLgm  lit* *f O» ?foimtr»t.tT 13*** vlbr* 

I««* ■ ■— ■   *  '.***" -,*£* fc»»-^sr »ötti* dbmbtr jar***»* «erf *&r >*?*- 

*£ ÖMSI fjw *** S**"JB* «es»* f^f» vr^e «cV3«i !«c  lac i*r**t2*-tc 

"vc en». 

L 



msm 

9 

c 
C 

u 
3 

« 
U 

a. a 
S — 

o 
— X 

©   I« 
«a 

o © 

u 

SN» *8 '9P 'iiP. »UVi 311^5 i¥WWi WI1AV 

57* 



meassm. 

c<» 

«A 

UJ 

Ul 

-p 

« 

s 
o 
m 
u 
o 
m 
u 
© 
Li 
0.   • 
U   9 

1* ,C  u 

© s 
e S 5 8 
H a 

u 
i 

CM 

m« 10 'ON 43iH BHSIiVi 0I13A3 IVOHHi 3A11V13« 

* 

c 
577 

«reifflTOH 



Problem Areas and Solution! o 
(C) An injector barnout on the second test of the nickel chaaber resulted 

in damage to the nickel chaaber.  The damage Miiiwry *i:  (l) approxi- 

mately ;J0 percent of the tabes were split near the injector, (2) a water- 

cooling passage uaa homed through near the injector, and (3) the injector 

close-out surfaces were eroded. Analysis «bowed that oxygen delivered to 

the injector failed to reach the required temperature for cooling daring 

the test. The injector burned oat 2.5 seconds into a ^-second ran.  Previous 

experience with these injectors had shown capability of running at leaat 1 

second with gaseous oxygen before liqaid oxygen is required. The test stand 

and sequencing were nodified to ensure liqaid oxygen delivery to the injec- 

tor within 500 to 1000 Billiseconds. The problesi was successfulIT eliminated. 

(C) Fuel leaks between tabes and injector end asm fold required removal 

fro« the nickel tube-wall segment fro» the test stand daring the test. 

Hand-braze repair on one side (side B) was made, and vent grooves adjacent 

to the annifold were added to relieve any sligbt leakage. A machining 

■»rror had resalted in a substandard braze joint at this particular Hani- 

fold, which waa the cause of the leak. 

1 1 

(C) Hydraulic rupture» occurred in the copper tubes at the throat daring 

cooling limits cyclic tests at over 1500 psia chamber pressure on the 

copper tube segment. Rupture? resulted froa overheating caused by rednced 

curvature cooling enhancesent and surface deposits, in combination with 

the low yield strength margin of copper. No solution is proposed because 

copper was not selected as the material for the Demonstrator Module chamber. 
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Objectives «ad Eeooirements 

C 

(C)    The requirements of this sobtaak vere as follows:    Solid-vail and 

tobe-vall 25CK workhorse thrust chambers vere to be fabricated and tested 

at or near tbe charter pressure associated with the reg-nerative-cooliog 

limit.    The workhorse chambers snd nozzles vere to have internal dimensions 

identical to those planned for a Demonstrator Module.    Duration capability 

of the  tube-vail chambers was to be sufficient to obtain steady-state 

performance data.    Tne workhorse chamber vas to utilize approximately a 

25-percent nozzle  length and hare an overall engine diameter of approxi- 

mately 100 inches.    Combustion efficiency, nc-zzle efficiency,  specific 

impulse,  baae bleed effects,  hot-gas ignition,  and combustion stability 

for the annular chamber-aerospike nozzle vere to be evaluated.    The goal 

of the combustion stability evaluation vas to be recovery of chamber 

pressure within 40 milliseconds following detonation of a high explosive 

tangential pulse.    Testing vas to cover a range of overall mixture ratios 

extending from 5:1 through 7:1 and with base bleed flovrates from zero 

bese bleed to approximately j percent of tne total flo^rate.    Preliminary 

heat transfer and structural effects data vere to be acquired during these 

tests.    The workhorse chamber and nozzle vere to be tested at a simulated- 

altitude condition to gain  information on the degree of altitude compensation. 

(U) The approach adopted vas to use the solid-vail chamber for facility 

checkout, injector checkout, initial and hot-gas ignition tests, priming 

and  start transient tests,  stability checks, and obtaining tapoff data. 

The  tube-wall testing vith a self-pumped diffuser vould be utilized  for 

obtaining the performance data. 

c 

(U) The plan provided that injector details vould come from the Injector 

Performance investigation subtask.  Therefore, scheduling of these two 

subtasks was to be coordinated. Because tbe tube-wall chambers were 
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"workhorse" types, OP attempt was made to coordinate cooling tube details 

vith the Cooling Investigation subtask which served the Demonstrator Module 

design.  Gaining experience vith fabrication of large, tube-wall aerospike 

thrust chambers was a definite objective of the work. 

Summary of Work Accomplished 

(C) One water-fila-cooled, solid-wall chamber and two hydrogen-cooled 

tubular chambers were constructed to accomplish the contractual objectives, 

The length of these chambers was 12 percent of an equivalent conical nozzle. 

T^e length of these chambers was extended to the desired 25 percent of an 

equivalent conical nozzle by an uncooled nozzle extension. The external 

dimensions of the chamber were equivalent to a 100-inch-diameter flight 

engire.  The internal gaometry of the combustor closely duplicated the 

proposed configuration for the Demonstrator Module, and the thrust chamber 

cooling tubes were optimized for serving the workhorse function and cost. 

(C)    Two injectors, one with provisions with hot-gas tapoff and hot-gas 

ignition, were constructed. The injector strip configuration and pattern 

design were based on the results of the 2.5K solid-wall portion of the 

program. As in the Demonstrator Module design, the annular combustor was 

divided into 40 compartments. These compartments were separated by cooled 

baffles; however, the design of these baffles differed in some respects 

from the Demonstrator configuration.  For the Demonstrator Module, the 

baffle length is 4.5 inches and the baffle is sealed to both the inner 

and outer body.  In the experimental thrust chambers, the baffles were 

attached to the injector. With this cantilevered arrangement, baffle 

lengths were 30 inches and clearance was provided between the baffles 

and the inner and outer combustor bodies.  (The exact combustor and 

baffle configuration of the Demonstrator were simulated in the 20K 

structural model,) 
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1 
(u) The fabrication of all thrust chamber components was Bucceesfully 

completed during the program. Dimensional control was accurately main- 

tained for these full-scale components.  The construction of these 

injectors and mbe-wall thrust chambers demonstrated the feasibility 

of many of the construction techniques for building Demonstrator Module 

and flight hardware. 

(C) A total of 14 mainstage tests were conducted with the 230K experi- 

mental chambers. The duration (above 90 percent of peak chamber pressure) 

of these tests was limited; only one test exceeded 1 second mainstage 

duration. This teat series covered a range of mixture ratios from 5 

to 7 and a range of operating pressures from 353 to 1289 psia. 

(C) Analytically predicted values of nozzle efficiencies (C.) were 

repeatedly verified during the test series. A high level of altitude 

compensation was demonstrated during a throttled (609 psia chamber pres- 

sure) site test. The specific impulse during this test was 3^3-6 seconds. 

The higher degree of the altitude compensation was also verified by the 

achievement of ambient base pressures while under various amounts of 

secondary flow. 

(C) Significant performance data were achieved during three tests of the 

tube-wall thrust chamber test series. During test 023, a combustion effi- 

ciency of 97-4 percent was achieved at a chamber pressure of 609 psia. 

The duration of this test was 400 milliseconds, and experience indicates 

that short duration*-, at this thrust chamber test stand adversely affect 

measured performance, i.e., an increase of at least 1 percent combustion 

efficiency would be anticipated for a longer operating duration. Despite 

the adverse effects of reduced duration, the nozzle performance and com- 

bustion efficiency achieved during this test were sufficient to fulfill 

the specific impulse objectives of the Demonstrator Module configuration. 

c 
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(C) Two other tube-wail teats (027 and 028, durations 275 and 800 milli- {) 

seconds, respectively), provided information relative to the injector com- 

bustion efficiency. During each of these tests, combustion efficiency 

was adversely affected by: (l) the short duration and, (2) the leakage 

of fuel into the chamber from tube splits and baffle erosion. Fuel 

leakage adversely affects the uniformity of the mixture ratio in the 

chamber and supplies a large amount of hydrogen into regions of the chamber 

where it is unlikely to combust with the remaining propeHants.  In each 

test, large amounts (13 and 25 percent of the total hydrogen) were injected 

into the combustor through these leak paths. Despite these adverse factors, 

combustion efficiency during these two tests was 96.2 and 9^-9 percent, 

respectively and the delivered specific impulse was 336 lbf-sec/lb and 

330 lbf-sec/lbf respectively. An attempt was made to normalize the effect 

of the fuel leakage to interpret the actual combustion efficiency of the 

injector. This was done by utilizing empirical factors developed during 

the 2.5K solid-wall effort. Based upon these data, the combustion effi- 

ciency for propellents which paasei through the injector was greater than _ 

98 percent during both tests. The results of this test series, although            \^J 

qualified by duration and hardware damage, were positive indications of 

the aerospike performance capability.  The data indicated that no change 

in the performance prediction techniques or the predicted specific impulse 

values was warranted. 

(U) The 250K test aeries also provided data in structural and heat transfer 

areas pertinent to future aerospike absence designs.  One of the most impor- 

tant results of the test was the virtual absence of side loadj during sea 

level operation with the high expansion ratio nozzle. Unlike the bell 

thrust chambers, the aerospike configuration showed that it could be oper- 

ated over a widt rcnge of conditions without this undesirable symptom. The 

total heat transferred into the chamber was closely predicted by analytical 

studies. Total temperature rises corresponded closely with predicted values. 

(U) Hot-Gas tapoff feasibility was successfully demonstrated on three tests. 

Transient temperature data indicated that tapoff temperatures would be 

comparable to values achieved on 2.5K segment tests. ( ) 
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(U) Satisfactory CTF ignition and start transient were achieved on all 

tests. Film and pressure data indicate that successful ignition was re- 

peatedly achieved on the full annular chamber. Hot-gas ignition demon- 

stration was not attempted during the test series. 

(c) Two pulse gun tests at chamber pressures of 353 and 1289 psi were 

conducted and resulted in no instability being induced. Analysis of the 

test data revealed a tendency for the system to oscillate in two frequency 

ranges:  (l) 200 to 400 cps during transition and cutoff and in mainstage 

at lower chamber pressure levels, and (2) 1800 to 2000 cps during main- 

stage on some tests. The first mode of oscillation (200 to 400 cps) has 

been analyzed to be the common chug mode and correlates extremely well 

with an analytical model developed on the NASA Engineering Program 

(Ref. 5). Minor modifications to the feed system impedance will elim- 

inate this mode of oscillation at the low chamber pressure operating 

condition. Analysis of the intermediate frequency mode (1800 to 2000 

cps) revealed no correlation with the predicted fundamental modes of 

acoustic instability or structurally coupled modes of oscillation.  This 

mode can be attributed to either a feed system-combustion process coupled 

oscillation (buzz), or a ninth harmonic of the annular acoustic mode. 

The mode should be eliminated by either minor modification to the feed 

system and/or the use of the longer baffles planned for the Demonstrator 

Module. 

Description of Hardware and Fabrication 

( 

(u) The major components designed and fabricated for operation at the 

250K thrust level were a solid-wall thrust chamber, two tube-wall thrust 

chambers, and two injectors. Other hardware designed and fabricated in- 

cludes a thrust mount, an uncooled nozzle extension, a base closure, and 

various ducts and manifolds. These components will be reported separately 

in following sections. Specific location of components and instrumenta- 

tion is described by referring to the degree orientation and some of the 

chamber as described in Appendix I • 
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(u)    The major steps in the fabricatic   of tbe ZjÜSL hardware tr«4(fcritol 

herein.    However,   the details of  Ine processes utilized  ic -afcr:t**:ux 

covered in the Materials and Processes Research an4 ftrrelopoest lr?*r? 

(Hef. 3). 

(U)    250K Solid-Wall Thru»! Chaaber Design.    Ae 25« sali4-*nll 

is a workhorse cb&sber designed priaarily to provide fcr i&jectar 

determination of durability (stijctural and beat transfer),   igmztn 

acteristics,  and stability evaluation.    Ine chaafter w -tiHred to /r^m**- 

advanced  information regarding operational character levies cf a ?»I2 5**~ 

degree aerospike thrust ch-^aber assent-:y.    Specific  i^-aa evalaat*4 isr iif 

hot-fire testing vere: 

1. Injector assembly performance,  stability,  am?  srrart-cri.1   integrity 

at various operating conditions 

2. Hypergolic ignition 

3. Injector-coribustion stability rating by palae gmm as wil as 

operational test 

k.    Hot-^:s tapoff 

In addition,   tbe inherent ruggedsess of this type of hardware aaaVe it 

valuable tool during test facility shakedown periods. 

(l)    The folloving basic design requirements vere estaa>li*ae<£ Iv? lä* 

solid-wall  chamber: 

1. Inner and outer body chamber contour identical  to  <&e Brawns tyaitr 

Nodule Chasber 

2. Ease of manufacture and repair 

3. Maxiaum accessibility 

4. Jnterchangeability with subsequent chamber b*rcV*r« 

(U)    The solid-wall cbaaber is .osposed of two major units:    ox* ran*:-»it 

of the outer section of the cossbustion cbaaber and ei^ama» jam snrvDt-  niiC 

(Tali pmf* is raeLaasiflad) 
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the other consists of the inner section of the combustion chamber and ex- 

( pansion nozzle. Each unit was fabricated from 304L CRES steel forgings 

machined to the desired contour. Between machining operations, the com- 

bustor bodies were annealed to minimize residual stresses and ensure dimen- 

sional integrity. Radial and axial positioning of the inner and outer 

body are maintained by attachment to the injector. Thermal and pressure 

loads are transmitted through shear lips on the interface at the attach 

bolt circle. Thrust loads are transmitted through the inner chamber body, 

utilizing an eight-point thrust mounting structure. 
I - 

(u) Duration at full thrust is made possible through the utilization of 

water film cooling and copper-lined throat. The inner and outer combustor 

body design (Fig.  242) incorporated film-coolant rings located 1.5 inches 

above the throat. The coolant flows through orifices in the ring which 

are directed toward the converging vail of the throat, providing a bound- 

ary layer of coolant along the surfaces of the throat and nozzle. To 

further improve the life capability of the chamber, the outer body throat 

is lined with 0.75-inch-thick, high thermal conductivity copper, and the 

inner body throa+ is lines with 0.75-inch nickel, which provides a margin 

of safety during operation and also tte  potential of brief operation with- 

out coolant. 

(u) Provisions for stability testing were included in the combustor test- 

ing design. Stability testing was a, omplished by pulse guns located 1 

inch below the injector face. The pulse gun? were chosen for their ability 

to provide a directional burst rf energy in the region most likely to in- 

duce instability. Located on the outer wall of the thrust chamber (Fig. 

243)» the guns are easily serviced and insensitive to thermal detonation, 

allowing the chamber to be "pulsed" at any time during mainstage. 

(U) The gun (Fig. 244) is designed to accept either a 300 H&R (rifle) or 

a 38 special (pistol) cartridge. The shell can utilize various powder 
i 

loadings, and when utilized with burst diaphragms of 7500, 10,000, and 

20,000 psi, provides varying values of overpressure. 

(U) During the chamber run, an electrical squib is detonated, driving 

the firing pin into a standard rifle or pistol primer which ignites the 
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Figure  243.     Chamber Locations of Pulse Gun Forts 
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powder. The burst diaphragm prevents the gas charge from escaping into 

f th<» chamber until the full charge is developed. 

(U) The design includes provisions for high-frequency pressure trans- 

ducers xo provide data during stability runs for evaluation of overpressure 

and damping characteristics. The transducer ports (Photocon type) also 

may be adapted to streak photography windows. 

(u) 250K Solid-Wall Thrust Chamber Analysis. The inner, and outer com- 

bustor bodies, which comprise the 250K solid-wall chamber, have a con- 

tour identical to the tube-wall bodies, and use the same basic forgings 

machined to a thickness equivalent to the chamber mold line of the tube- 

wall bodies. The aerodynamic and structural work completed for the tube- 

wall combustors is directly applicable and is reported in a later section. 

(c) The solid-wall cambustor bodies were designed with copper throat 

inserts and film cooling in the throat so that the throat would not limit 

durations. A transient heat transfer analysis was conducted to analyze 

the 250K, solid-wail, water-film-cooled thrust chamber design in +,he 

throat. The film-coolant orifices have 0.043-inch diameters and are 

spaced 0.30 inch apart. For the transient analysis, it was assumed that 

the film-coolant streams do not spread, but cover 0.043-inch-wide strips 

along the chamber contour. The film-cooled strips in the throat region 

were maintained at 511 F, corresponding to the saturation temperature of 

water at a pressure of 750 psia. For the surfaces exposed to the hat gas, 

a film coefficient of 0.0105 Btu/in. -eec-F, with an adiabatii 

perature of 5900 F for P = 1500 psia, and MR = 6.0 was used. 

i .        2 
a film coefficient of 0.0105 Btu/in. -sec-F, with an adiabatic wall tem- 

(c) The maximum gas-side wall temperature in the throat is shown as a 

function of time in Fig. 245. The value at t = 0.75 second of 1770 F is 

below the copper melting temperature of 1980 F. The temperature distri- 

bution through the vail after 0.72 second is shown in Fig. 246. The tem- 

perature decreases very rapidly into the wall, falling to 1500 F at a 

point 0.030 inch below the surface. Spreading of the coolant stream can 

greatly diminish these wall temperature values if sufficient flow velocity 

for nucleate boiling is maintained. 
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(C) The design flowrate through each film-coolant orifice is 0.087 Ibm/sec 

which gives an injection velocity of 138 ft/sec.  If the film-coolant streams 

spread, completely covering the entire 0.30-inch width between orifices over 

the 5-inch length of surface to be cooled, the total coolant surface area 

of each stream exposed to the hot gas is 1.5 sq in. Using the film cc,{- 

ficent distribution of Ref. 10, the total heat input to each film-coolant 

stream at P = 1500 psi and MR = 6.0 is 78 Btu/sec. The maximum heat ab- 
c 

sorption capability of the film-coolant is 87 Btu/sec, thus indicating 

that most of the film coolant will be vaporized by the time it reaches 

the nozzle exit. However, water vapor should provide adequate cooling 

for the lower heat flu* regions of the nozzle. 

(U) A check was made to determine whether the heat flux to the coolant 

from the copper-wall side could exceed the burnout heat flux. If the 

film-coolant stream does not spread, this heat flux will be substantial, 

but the associated high coolant velocity will provide an acceptable margin 

on the burnout heat flux margin. Inspection of the copper deposition at 

the throat indicated high conductivity relative to that used in the 

analysis (Fig.247). 

(u) Adequate test duration of approximately 0.7 second without erosion 

in the throat region is completely feasible with the present solid-wall 

design. 

(U) 250K Solid-Wall Fabrication. Ring forgings of type 304L stainless 

steel were procured and the combustor bodies were rough machined to con- 

tour. The contour on the hot-gas side of each body was defined as the 
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mold line of the hot-gas side of the tubes in the cooled chamber. During 

rough machining, drilled holes for introduction of film coolant and the 

manifold for distribution of coolant were installed. The film coolant 

rings were welded to each body and a pressure check was conducted to 

verify structural integrity. To accomplish this, holes in the film-coolant 

ring were sealed with a plastic resin compound, and the manifold behind the 

ring was pressurized to the equivalent of maximum operational pressure. 

(u) The copper throat was applied by weld deposition to the 304L stainless- 

steel forgings, which had been previously surfaced with nickel to provide 

better copper adhesion. The copper deposited on the outer combustor body 

was inspected and found to be nonporous, high-conductivity copper which 

complied with the established requirements. The copper applied to the 

inner body was high conductivity; however, excessive porosity was evident 

in the welds. Machining of the porous areas and subsequent copper weld 

deposition was not successful. The body was then machined to accept an 

oxygen-free, high-conductivity (OFHC) copper ring which was to be welded 

to the forging. This method proved unsuccessful so nickel was weld de- 

posited to the throat area of the inner body. 

(u) Final machining of contour, seal surfaces and injector mating shear 

lips was accomplished by utilizing match machining techniques to ensure 

fit to the injector within defined limits. Also included in final machin- 

ing was installation of a shear groove on the inner periphery of the inner 

body, straddled by eight equally spaced sets of six tapped holes. These 

provide shear restraint and attach points for clevises used to mount the 

eight-leg thrust mount in final assembly. 

(U) Final cleaning operations included a water flow test of film-cooling 

orifices to verify distribution of film coolant. Excellent distribution 

and alignment of holes were evident in this test. 

(U) The thrust chamber bodies (Fig. 248 and 249) and injector were then 

assembled with the thrust mount and other hardware to form the assembly. 

Figure 250 shove the inner and outer bodies on assembly fixture. The fit 
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Figure   248.    InneivBody Solid-Wall Aßaembly 
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between all mating components daring the assembly was excellent. Of par- 

ticular interest was the matching of the shear lips on the inner and 

outer bodies to the injector unit. The matching of these components dem- 

onstrated the ability to maintain critical fabrication tolerances at large 

diameters. 

(C) 250%-Tube-Wall Thrust Chamber Design. The tube-wall chamber is a 

regeneratively cooled assembly with heavyweight backup structure designed 

to provide nozzle and combustion operating data on extended duration runs 

over a 5:1 throttling and 5 to 7:1 mixture ratio ranges. The chamber pro- 

vies the capability to obtain altitude compensation data with base bleed 

gases provided by an auxiliary gas generator. 

(c) The thrust chamber is designed with a nozzle length the equivalent 

to 25 percent of the length of a 15-degree, half-angle cone of the same 

area ratio, and consists of concentric, regeneratively cooled inner and _ 

outer combustor assemblies. The combustor assemblies form an annular \_ 

chamber leading to a converging throat, a shrouded outer tubular wall, 

and an inner tubular nozzle wall to the exit plane« 

(c) Each of the combustor assemblies consists of contour machined, type 

304 stainless-steel forgirqs to which the regeneratively cooled stainless- 

steel tubes are brazed, The inner body (Fig.25l) B&S a manifold at the 

exit end through which the hydrogen coolant enters the thrust chamber 

(Fig. 251, Sections R-K and C~C). The coolant then flows through the 

tubes toward the injector and emerges from fche inner body at a manifold 

formed by the body and the injector (Fig. 252; Sections F-F), A double- 

seal arrangement ensures tbat hot gases cannot leak from the chamber 

since the hydrogen in the manifold is at a higher pressure than chamber 

pressure. 
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Assembly 
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(U) The outer body and injector form an analogous manifold (Fig. 252, \. J 

Detail K). The coolant, alter flowing through the injector, enters this 

manifold &iA  then flows into the outer body tubes and to the exit end 

manifold (Fig. 252, Sec+ion B-B). This manifold is connected to the injec- 

tor hydrogen inlet ttanifold by 20 riser ducts. 

(u) Both combustor bodies were designed with provision for venting the 

cavities between the back of the tubes and the walls (Fig. 251, Sections 

F-F and S-S, and Fig. 252, Sections D-D and F-F). The bodies were circum- 

ferentially grooved at the upper and lower ends, and these manifolds were 

then ported to the atmosphere by drilled holes through the bodies. 

(c) The inner and outer combustor tubes (Fig. 253 and 25^ were fabricated 

from stainless steel because of the available tapering and forming experi- 

ence with this material. The tube is tapered from 0.011-inch wall both 

sides of the throat to a 0.008-inch wall through the throat and for some 

distance either side of the throat centerline. After tapering, the tube 

is high-pressure formed to the final geometry. 

((j) 250K Tube-Vail Thrust Chamber Analysis. The significant design analy- 

sis areas for the aerospike concept includes the expansion shroud, nozzle, 

combustion chamber contour, coolant tube, and thrust chamber structure. 

Empirical and analytical efforts were combined to achieve the optimum com- 

promise between performance, heat transfer, and the total strain and de- 

flection effects. 

(u) Aerodynamic Analysis. The selected aerodynamic spike nozzle 

employs a double-expansion shroud design coupled with the ideal spike de- 

sign procedure. The analysis method consists of starting with an ideal 

spike exit flow field and computing the nozzle required to give this flow 

Ü 
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field. A deuble-axpansion shroud is then designed to match this flow 

field at some point downstream of the throat. Depending on the point 

in the flow field where this match is made, mean throat flow angles 8* 

from approximately 5 to 90 degrees can be obtained. The advantage of 

this type of design is that a nozzle with nearly axial throat flow and 

a throat design suitable for maximum regenerative cooling can be obtained. 

(C) Contours designed for mean throat flow angles of 4.5, 14.5, and 23 

degrees are shown in Fig. 255. As the throat approaches an axial flow 

condition, the length at the shroud and overall length of the nozzle are 

increased. However, as the flow field downstream of the .shroud approxi- 

mates the flow field of an ideal spike, the nozzle performance is the 

same for all shroud lengths., provided that the spike length (positive 

X/RL, as shown in Fig. 255) is the same. The criterion to maintain a 

near-axial mean throat argle resulted in the selection of the 8* ■ 4.5- 

degree design. 

(c) Shroud Length Reduction Study. As an alternate approach to obtain- 

ing reduced shroud lengths and maintaining the nearly axial mean throat 

flow angle, the shroud on the, B*  = 4.5-degrce nozzle was truncated to 

various lengths, as shown in Fig.256. The method of characteristics 

nozzle analysis programs was used to generate the primary flow field and 

compute nozzle performance for each reduced shroud length case examined. 

Base pressure calculations were made to determine the change in base pres- 

sure for 1.7-percent secondary flow for a range of shroud lengths. The 

results of the reduced shroud length performance calculations for vacuum 

performance are shown in Fig, 25?. 

(C) The nozzle performance results, exclusive of base pressure contribu- 

tions, clearly indicate that the full length shroud nozzle was not an 

optimum configuration for vacuum operation; otherwise, any change such 
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as reduced shroud length should produce a loss in thrust coefficient. 

The nozzle thrust coefficient (Fig. 257) shows a maximum for shroud axial 

length, X/R, - 0.3. The base pressure was found to remain nearly constant 

from full length to X/R, =0.3, then drop for further reductions in shroud 

length. These performance results indicate that a reduced shroud length 

of X/R - 0.3 should be selected to obtain the optimum vacuum performance. 

(C) Low-Pressure Ratio Performance Analysis.  In addition to the vacuum 

analysis, a low-pressure ratio analysis (of the mean flow angle design 

of 4.5 degrees) of the effects of shroud length was also investigated. 

The shroud lengths (Fig."256) corresponding to the vacuum optimum and full 

length were analyzed. 

(c) Outer sfcroud and spike nozzle wall pressures are shown in Fig. 258 

for the full-length shroud design, for chamber pressures of 300, 600 and 

1500 psia, operating at test stand altitude and vacuum conditions. The 

increases in the low wall pressure are caused by a recompression effect. 

Typical flow patterns for an aerospike nozzle operating at low-pressure 

ratios are shown in Fig. 259- For the ideal case, as shown in Fig. 259 

(View B), expansion waves from the shroud are reflected from the contour 

as expansion waves, and are then reflected from the free-jet boundary as 

compression waves. At high-pressure ratios, the compression waves from 

the free-jet boundary do not intersect the contour; however, at low chamber- 

to-ambient pressure ratios (Fig. 259), the compression waves from the free- 

jet may intersect the contour, resulting in recompression. The chamber- 

to-ambient pressure ratio below which there will be recompression on the 

contour is a function of the area ratio, the ratio of specific heats, per- 

cent length, the nozzle contour, and the geometry of the cowl. However, 

if the flow field downstream of the shroud does not approximate that of an 
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ideal spike, the recompression waves coalesce into a shock vave (Fig. 259, 

View A). The strength of this shock wave depends on the nozzle flow fi2ld 

departure from that of the ideal spike, 

(U) A comparison between the wall pressure profiles resulting from the 

short and full-length shrouds is shown in Fig. 260. The pressure rise 

associated with the long shroud is less sever« Vidn  that of the short 

shroud. Although it is not apparent from the data giv«2Si in Fig. JJ60, the 

wall pressure profiles associated with the long shroud are tb-* remit of 

isentropic recompression, while the short-shroud wall pressure profiles 

are the result of the impingement of strong oblique shocks on the nozzle 

wall. 

(c) lube Design Analysis. The 250K tubes were designed and released 

early in the program. Consequently, the heat flux profile used in the 

tube design was based principally on previous segment data (under contract 

NAS8-19) in the subsonic regime, and on theoretical aerodynamic and heat 

transfer analysis of the nozzle and shroud  The aerodynamic analysis 

used a method of characteristics, nozzle analysis, computer program. Once 

the aerodynamic flow field had been determined along the wa!i> a theoreti- 

cal boundary layer analysis was performed to determine the gas-side h'»at 

transfer coefficients for the chamber. As shown in Fig. 26i, the experi- 

mental data correlate with the theoretical heat transfer predictions 

very wrll in the subsonic region, although it deviates: considerably in 

the throat. Consequently, the theoretical heat fluxes were used for the 

design of the 250K tube wall, with the exception of the throat where an 

experimental heat flux of 45 Btu/in. -sec was used. 

(C) Two tube materials were considered for the 250K chamber, 347 stain- 

less steel and Nickel 200. Of the two materials, Nickel 200 was most 

attractive from a heat transfer standpoint because of it* higher thermal 

conductivity. Stainless steel was finally chosen, however, principally 
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because of manufacturing experience.  Because of the lower thermal con- 

ductivity of stainless steel and the high heat fluxes occurring in the 

throat at the h: gher chamber pressures, the wall thickness was tapered 

from 0.011 inch to a nominal 0.008 inch in the throat region. 

(c) To determine the coolant mass velocity requirements, a modified form 

of the Dipprey and Sabersky cooling correlation was used (Ref. 10) assum- 

ing an internal tube roughness of 50 microinches. The combustion zone and 

throat were designed for the maximum chamber pressure, with mixture ratio 

of 6 to 7 (o/f). The hozzle was designed for the lowest chamber pressure 

(300 psia), mixture ratio of 7.0, and sea level conditions.  Whereas the 

highest heat flux occurs in the chamber and throat at the maximum chamber 
O P 

pressure (Q/A~P  ' '), the peak flux (at the first recomprassion) on an 
c 

altitude compensating nozzle is nearly independent of chamber pressure. 

Consequently, the lowest chamber pressure is the hardest design poirt for 

the nozzle, since there is less coolant flow for the same heat flux. 

(c) The tubes were sized based on a hydrogen flow of 125 lb/sec at the 

maximum chamber pressure. Since this is roughly 50 percent more than the 

injector fuel flow at a mixture ratio of 6.0, this design precludes the 

use of regenerative coolant flowrates through the tubes. However, the de- 

sign based on 125 lb/sec does permit using about 25 percent fewer tubes, 

with a resultant savings in cost. Since demonstration of complete regen- 

erative cooling was not an objective of the 250K tube-wall chamber, ad- 

vantage was taken of the cost savings involved. The inner and outer body 

tubes have a linear taper upstream and downstream of the throat, with an 

0.130-inch unformed diameter in the combustion zone, and an 0.078-inch 

unformed diameter at the throat. Because of the slower expansion of the 

combustion gases on the outer boiTr, the maximum coolant mass velocity must 

be maintained for a longer length than on the inner body (1.90 inches vs 

0.96 inch) with accompanying increase in coolant pressure drop. Since the 

density is also lower in the outer body, the outer body pressure drop is 

more than twice the inner body value, despite the greater length of the 

inner body. 
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(c) To verify the coolant-side heat transfer capability of the design, a 

tapered and formed tube we..» submitted to electrically heatel tests with 

heat fluxes up to 31 3tu/i..•;. -sec. This was done using inlet hydrogen tem- 

peratures from 152 to 451 H and pressures from 1000 to 1900 psia. Data 

were obtained with hydrogen flowing in both subsonic and supersonic flow 

regimes. A typical instrumented tube and experimental results are shown 

in Fig. 262 and 263, along with the value? used in the 250K tube design. 

While the design values appear on the conservative side, part of the dif- 

ference results from the different baseline values used. The experimental 

values are ratio?d to the theoretical values predicted by the McCarthy- 

Wolf equation, whereas the design values are referenced to the Dipprey 

and Sabersky equation. This difference between the two reference heat 

transfer coefficients can amount to 20 to 30 percent. 

(C) Later in the program, further electrically heated tube tests were 

conducted using one tapered and formed inner and outer body stainless- 

steel tube. Again local heat fluxes up to 31 Btu/in. -sec were achieved. 

Hydrogen was introduced into the tubes at about 150 R and 1500 to 2000 

psia. Heat transfer enhancements were generally consistent with previous 

curved tube results. It is noted that the full length of the tube was 

not heated, but only the region near the throat to achieve the maximum 

possible heating rates. 

(C) Typical results for these tests are shown in Fig.264 and 265 for the 

inner and outer body tubes, respectively. One of the important points 

indicated is that the peak enhancement value occurs downstream of the 

throat on both tubes (relative to the coolant flow direction). This was 

responsible for the choice of the "shifted outer oody throat" concept for 

the demonstrator chamber, which is intended to bring the peak curvature 

enhancement into the region where the peak heat flux occurs. This is done 

by moving the throat radius of curvature of the outer body relative to the 
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inner body. This concept was based on the data presented in Fig. 264 and 

265- The curvature enhancements for both inner and outer body tubes and 

the values used in the tube design may be somewhat conservative. The de- 

sign vaJ- es at the geometric throat, compared to the experimental values 

(adjusted to the same reference straight-tube value), are 1.6 vs 2.0 for 

the inner body, and 1.45 vs approximately 1.5 for the outer body. This 

is good agreement, especially on the outer body. It is worth noting that, 

at least theoretically, the sonic line and the peak heat transfer point 

intersects the tube upstream of the geometric throat, where the curvature 

enhancement is lower on the outer body. Thus, on the outer body the maxi- 

mum wail temperature should occur a short distance upstream of the geometric 

throat. 

(C) Choice of Coolant Circuit and Inlet Temperature. The choice of 

coolant circuit for the tube-wall chamber i« a result of a study including 

curvature enhancement, local hydrogen coolant temperatures, and manufactur- 

ing considerations. The main consideration vag to obtain minimum tube-wall 

temperatures with a minimum pressure drop and a workable coolant circuit. 

It was convenient and desirable to cool the inner body first in an up-pass 

direction (toward the injector), This is convenient since in the Demon- 

strator Module the pumps will be located in the lower part of the chamber. 

It is also desirable from a heat transfer standpoint as a greater coolant 

curvature enhancement is obtained in the up-pass direction. Also, since 

hydrogen is not as good a coolant near its critical temperature, an up- 

pass design allows the hydrogen to heat up in the low heat flux area of 

the nozzle, so that it is near optimum condition in the higher heat flux 

zones of the throat and combustor. 

(C) A down-pass configuration was selected for the outer body because of 

greater available curvature enhancement at the throat in this direction. 

Although a two-pass design on the outer body would be desirable from a 
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plumbing standpoint and because fever tubes would be required, the dis- 

advantages of higher pressure drop and an increase in up-pass wall tem- 

perature of about 150 F outweigh the advantages. 

(C) It was desirable t:> choose the coolant inlet temperature to simulate 

approximately the demonstrator coolant temperature in the inner body throat. 

This would require a ccolanv inlet temperaiure of about 123 to 150 F. How- 

ever, throat conditions were approximated and stand flow capability was 

maximized by a coolant inlet temperature of iOO E. 

(c) Tube Tolerances. Before the 250K tube-wall design was released, 

an analysis was conducted to determine the effect of tube tolerances on 

operating wall temperature. Nominal tolerances in the throat included 

±0.001 inch in wail thickness and tube height, and A'QQA inch in tube 

width. The tolerance on wall thickness is the most severe, since it 

affects the tube operating temperature directly (l60 F increase/0.001 

inch at maximum P ), and it also changes the coolant cross-sectional area 
c 

(about 6 perc»nt/0.001 inch), the latter partially offsetting the former 

(net change of 80 F/O.OOl inch). Figure 266 shows the effect of the various 

tolerances on the throat operating temperature. 

(u) To ensure that none of the tubes in the stack would be starved, each 

tube used in the chamber was flow calibrated. A simple, but accurate, 

tube calibration device was utilized. This device consisted of a precision 

sonic venturi in series with the tube to be calibrated. Dry nitrogen was 

used to eliminate condensation effects. Inlet pressure to the sonic ven- 

turi was maintained at 80 psia to ensure that both the venturi and the 

tube were flowing sonic. 

(U) Since both the venturi and the tube were flowing sonic, the venturi 

upstream pressure could be used directly to determine the minimum cross- 

sectional area of the tubes. This was used to select individual tubes 
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for a braze stack. This technique was also used after brazing and final V ) 

machining to ensure that all tubes were flowing properly. This flow check 

device has been highly successful in achieving a uniform tube stack since 

none of the tested chambers have shown a non-uniform tube heating. 

(u) Structure. A complete review of the structural arrangement for 

the 250,000-pound-thrust tube-wall thrustors was conducted. The area of 

stress analysis can be summarized through examination of Fig. 267, 268, and 

269, which show the particular forces of concern on the structure. The 

forces result in moment, tension, and shear loads on the bolts connecting 

the inner and outer bodies and the injector. Primary pressure force re- 

straint is in inner and outer body hoop-stress retention. Thermal loading 

accounts for only a small percentage of the available distortion forces. 

(C) The temperature distribution cf the tube backup structures is shown 

in Fig.^70 after a 5-second chilldown using 60 R hydrogen, and after a 

^-second firing, the 350 R coolant bulk temperature corresponding to the ! \ 

outer body ana the 200 R to the inner body throat region. An initial tem- 

perature of 100 F was assumed for the backup structure. . A complete stress 

and thermal tolerance analysis of the throat gap shows that the throat gap 

will be 1.09 to 1.14 times the assembly dimension at 1500 psia. 

250K Tube-Wall Thrust Chamber Fabrication. 

(U) Machining and Annealing. The 304L stainless-steel forging« for 

the inner and outer thrust chamber body assemblies became a critical factor 

in the design considerations because of available size. Upon receipt of 

the inner and outer combustion chamber forgings and the nozzle cone forg- 

ings, these units were rough machined to dimensions which allowed for a 
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final finish machining after weld and annealing. The nozzle cone was welded 

to the inner body forging after rou?h machining (Fig. 273). The units for 

the tube-wall assemblies were annealed at the anticipated brazing tempera- 

ture of 2020 F following the rough machining and welding (in an inert atmos- 

phere) to ensure that no residual stresses would be present during the 

brazing process. 

(u) After the annealing cycle, the inner body forgings were tinish machined 

at the aft fuel manifold region and 152 radial feed holes were drilled from 

the manifold area to the tube inlet manifold area, Following these opera- 

tions, the fusl manifold and dual inlet feed flanges were welded in place« 

The inner-body forgings were again subjected to an annealing cycle at the 

planned braze temperature. 

(u) Following the final stress-relieving operations, the inner and outer 

body forgings were machined to the final contour of the cold-wall side of 

the tube, and the manifold and feed passage holes were drilled using con- 

ventional machining techniques. A portion of the fuel-feed passages was 

drilled using special adapter plates and portable Quackenbush drill units. 

This provided the ability to 'hill more than one hole at a time, thus re- 

ducing the elapsed time of fabrication. 

(u) Alloy grooves were machined circumferentially in predetermined loca- 

tions along the axis which would provide a reserve cf alloy for distribu- 

tion duriiife the brazing processes (Fig. 27$. These locations had been 

verified by laboratory test prior to machining. In addition to the alloy 

grooves, venting grooves with passages to the atmospheric sidr of the 

system were machined to provide an escape rout for gases tha*6 could pos- 

sibly leak into void a^eas behind the tube bundle. Upon completion of 

the machining operations, the body assemblies were cleaned in a vapor 

degreaser and the surfaces that join the tubes were nickel plated. 
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(U) Tubes. The thrust chamber tubes for the inner and outer thrust 

chamber assemblies have a varying diametrical dimension, as well as a vary- 

ing vail thickness dimension along the length of the tube assembly. Tubing 

to satisfy these requirements was procured in the tapered and preformed 

condition and also in an annealed condition so that the hydroform sizing 

can be accomplished without damage to the material. Surveillance of the 

metallurgical and dimensional quality control was accomplished on a sam- 

pling basis utilizing microsectional mounts for wall thickness determina- 

tion and surface condition control. Samples were subjected to hydroforming 

operations equivalent to 6-percent stretching. Internal surface finishes 

were monitored on a surveillance basis also. 

(u) A two-piece hydropressure forming die was fabricated for use in a 

100-ton hydraulic press which has the capability of applying 50,000-psi 

hydraulic pressure for hydroforming (Fig. 273 and 274). Fixturing (Fig.275) 

was fabricated which represented one-thirtieth (12 degrees) and one-tenth 

(36 degrees) segments upon which tubing groups were verified prior to 

acceptance for the final thrust chamber stacking. 

(C) The small tube throat diameter (0.078 inch) and the necessity for 

adequate hydrogen velocities in the throat region dictated the necessity 

of a rapid nondestructive method of determining the tube inside dimensions, 

and surface character by utilizing a fluid flow technique. Dry nitrogen 

was used to flow calibrate the tubes at choked (Mach number = 1.0) condi- 

tions. The pressure drop through the tubes was calculated and the local 

total pressure at the downstream (flow) end of the minimum-area section 

(where the air would choke) was plotted as a function of the gaseous nitro- 

gen flow per unit area. This was done for a maximum and a minimum cross- 

sectional area and variable tube surface roughness to find the outer flow 

limits, using the stackup of tolerances listed in Table 80. 
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Figure 273.250K Cooling Tube Pressure Forming 
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(c) 

TABLE 80 

TUBE TOLERANCE 

Outside Tube 
Height, 
inch 

Outside Tube 
Width, 
inch 

Tube 
Thickness, 

inch 
Roughness, 

microinches 

Minimum Area 

Nominal 

Maximum Area 

-0.001 

0 

+0.001 

-0.002 

0 

0 

+0.001 

0 

-0.001 

100 

75 

50 

(C) The principal variation in the tolerance values results from the 

effect of tube roughness on the fraction factor. The effect of roughness 

is seen to be approximately ±2 percent on flowrates. By comparison, the 

stackup of the tube dimensions results in an area tolerance of +9 percent 

to -10.5 percent. The resulting GN2 flow variations are presented in 

Table 81. 

I TABLE 81 

(c) GN2 FLOW VARIATION DUE TO TUBE TOLERANCE 

Roughness, 
microinches 

Nozzle 
Up-pass, 

scfm 

Nozzle 
Down-pass, 

scfm 

Shroud 
Down-pass, 

scfm 

Minimum Area 100 1.81 (+11)6) 2.05 (+1<#) 1.96 (+10)6) 

Nominal 75 1.63 (0) 1.87 (0) 1.78 (0) 

Maximum Area 50 1.40 (-145t) 1.65 (-1#) 1.54 (-I356) 

(ü) The results of the study indicated that the sonic GN9 flowrates were 

sufficiently sensitive to the dimensional variations to be worthwhile as 

an overall tube specification checking technique. The results also inci- 

cated the desirability of flowing the nozzle tube from the injector end, 

because the tolerance and roughness variations outside the minimum cross- 

sectional region have very little effect on the GN2 flowrates for this 

orientation. However, flowing the nozzle tubes from the injector results 

in choked flow at the tube exit because of air pressure loss in the tubes, 

so that only the up-pass orientation will choke in the throat, and there- 

fore the up flow was used. 

636 

o 

o 

f) 



^»w       -'in '      II,null.in   mi mw" " -w»i   mmmmmmimymmmmvmmBmvm 

c 

V 

(u) Al1 of the tubes for both the inner and outer thrust chamber bodies 

were calibrated using the air-flow method (Fig. 276). The tubes were cate- 

gorized into groups which represented 5-percent increments of the nominal 

flowrate required. Each tube was identified so that later reference could 

be made to the initial calibration. The flow group identification and the 

number of tubes from each group on each combustor is shown in Table 82. 

(u) Upon completion of the individual tube calibration, the final fabri- 

cation operation of trimming the tubes to proper length was accomplished 

using the electrical discharge machining VEDM) equipment. This machining 

process was chosen because the method dees not generate any metal chips 

or burrs. Final cleaning of the tubes for brazing was accomplished using 

the trichloroethylene vapor degreasing method. 

(U) Brazing  The brazing operations for each combustor consisted 

of two planned brazing cycles. The brazing sequence for all combustor 

( bodies was identical. A detailed description of this procedure is con- 

tained in the final report, Materials and Processes Ressarch and Develop- 

ment, Ref. 3 . 

(u) For the initial braze cycle, the stainles3-steel bodies were nickel 

plated and alloyed, using 90 A -lOPd alloy. Alloy wire was placed in 

grooves prepared for this purpose, and alloy sheet was tack welded over 

the surface to which the tubes were to be brazed. The tubes were then 

stacked to the body and powdered alloy placed in all tube-to-tube and 

tube-to-body joints. Pressure bag tooling was then installed to ensure 

that all components were tightly held together at brazing temperatures, 

and the assembly was placed in a sealed retort within the furnace. A 

vacuum was pulled withi'n the retort and an argon purge was initiated and 

maintained until a temperature of 700 F was reached, At this time, the 

purge was changed to hydrogen and maintained until the brazing temperature 

of 2000 F was reached. The furnace was then cooled in a controlled manner, 

maintaining hydrogen and then argon purges until 200 F. During the entire 

cycle, the temperature difference between various components was accurately 

controlled. 
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TABLE 82 

FLOW GROUP IDENTIFICATION 

Flow category of each tube used in the following Inrust chambers are: 

Inner Body 

D - 78.0 to 81.99 psia 

E - 82.0 to 85.99 psia 

F - 86.0 to 89.99 psia 

Outer Body 

U - 84.0 to 87.99 psia 

Ü - 88.0 to 91.99 psia 

V - 92.0 to 95.99 psia 

X - 96,0 to 99.99 psia 

Y - 100.0 to 103.99 psia 

Inner Bodies Outer Bodies      ! 

Group Unit No. 1 Unit No. 2 Group Unit No. 1 Unit No. 2 

D 1821 1600 U 1850 378 

E 1821 1800 V 1850 399 
F 200 V 

X 

Y 

1307 

1437 

119 
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(u) After the first furnace braze cycle, the bodies were inspected and KJ 

all areas indicating insufficient alloy were realloyed with Nioro 82Au- 

18Ni. In addition, all tube-to-tube and accessible tube-to-wall joints 

were realloyed. The second braze furnace cycle was essentially the same 

as the first, except that brazing temperature was held to approximately 

1800 F to ensure that the first cycle alloy would not remelt. Pressure 

bag tooling was not required during the second braze cycle. 

(u) Final Machining and Processing. The inner and outer body tube- 

wall assemblies were final machined after completion of all brazing opera- 

tions. In the case of the inner body, the first operation was to machine 

the thrust mount shear groove on the inside diameter. This groove was 

then us 2d as a location reference for subsequent operations. A thermo- 

chromistic heat-sensitive coating was applied to the tubes to verify tube- 

to-backwall braze joint uniformity (Fig. 27*3- 

(u) An individual tube flow check was performed to verify manufacturing ^ J 

process control capabilities. The results were checked to ensure that 

no tubes were plugged. Any tubes that looked restricted were opened up 

by pressure, hot water, and/or acid etch operations. The exit end tube 

manifold closures were then welded in place and penetrant inspected. 

(C) The completed assemblies were installed into the hydrotest fixture, 

and subjected to a helium flow check in the tubes at three different pres- 

sure levels; 150 psig, 200 psig, and 300 psig. All of the combustor 

bodies passed this check with leakage at less than 10 scim. The bodies 

were proof pressure tested to pressures ranging from 4230 psig for the 

inner body, to 3755 psig for the outer body, and successfully fulfilled 

the hydrostatic test requirements. 
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(u) The bodies were then flushed with trichloroethylene until a controlled 

sample taken from the effluent solution shoved the contamination level to 

be within the required cleanliness levels. Upon completion of the trichlor- 

oethylene flush, the inner and outer body assemblies were water flushed. 

The combustor bodies (Fig. 278 and 279) wre then complete and ready for 

assembly with the injector, thrust mount, and ducting. 

(U) 250K Injector Design. Substantial basic aerospike injector design 

data were obtained from segment testing. Based on the heat transfer and 

performance results of the segment programs, the baffle and strip config- 

uration, and design and fabrication techniques were selected identical to 

those segment configurations that showed the highest integrity and performance. 

(u) The injector is a one-piece, stainless-steel, annular assembly, with 

a mean diameter of 93.00 inches and an injector face width of 2.00 inches. 

In addition to preparing and injecting propellents into the combustion 

chamber, the injector is a structural member that transmits ae static, 

dynamic, and thermal loads of the outer combustor body assembly. Connec- 

tion of the annular injector to the inner and outer combustion chamber 

section is accomplished with bolts on the inner and outer peripheries. A 

shear surface at each periphery is provided to restrain the thermal and 

pressure loads, thus reducing the bolt size requirement. 

(c) To control deflection of the threat and prevent leakage through the 

injector body seals, the injector body is designed with a hinge groove. 

Normally, the bending would occur about the bolt centerline and produce 

excessive deflections (0.012 inch) that would completely unload the seals. 

The groove section modulus was designed to meet maximum load requirements, 

whereas the adjacent areas were purposely overdesigned, thus controlling 

the location of bending by design. 
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(U) The liquid oxygen inlet manifold design was established and the flow 

characteristics were verified on efforts performed under Contract KAS8-19 

(Ref. ll). This manifold is welded to the top of the injector assembly. 

The liquid oxygen is distributed from this manifold via 120 equally spaced 

axial feed holes to a small circumferential groove that connects with the 

oxidizer strip cavities. The hydrogen is distributed to the fuel injector 

manifold through 80 feed holes from an externally mounted manifold. These 

holes contain an orifice plate that balances the flowrates between the 

baffle cooling circuit and the fuel injector manifold supply. 

(u) The injector body also contains l60 radial ised holes which transfer 

the fuel from the inner to outer body as part of the regenerative-cooling 

circuit. The basic injector configuration is illustrated in Fig. 280.. 

(c^ Baffles. The injector is uniformly divided into 40 compartments 

formed by copper baffles placed to simulate the internal support structure 

of the lightweight configuration. The results of the previous segment 

tests have indicated that overpressures of approximately 80 percent will 

not initiate an acoustical mode of unstable combustion when the compart- 

ments are of the approximate length of those formed by 40 baffles. 

(Ot)  The initial design of the baffles was based on a concept of electro- 

forming or electroplating a type 347 stainless-steel core with OFHC copper 

to form a face with integral coolant passages. This design provided the 

capability of the baffle to withstand large overpressures that could occur 

during bombing tests cf the thrust chamber. The baffles are regeneratively 

cooled by means of parallel flow circuits within the injector body, which 

bypasses approximately 24 percent of the injector fuel through the 40 baf- 

fle assemblies. This results in a coolant mass velocity of 4.8 lb/sec- 
2 

in. within the baffles, and provides an adequate cooling margin at the 
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anticipated heat transfer conditions. The attempts to fabricate the baf- I 

fles using the electroform techniques failed to produce assemblies with 

faces of copper that would meet the requirements of oxygen-free verifica- 

tion tests and the subsequent hydraulic pressure tests. Consequently, 

the design was revised to include baffles fabricated of solid OFHC copper 

which had the coolant passages integrally drilled within the body of the 

baffle (Fig. 281). 

(ü) liypergoi Ignition. The ignition C1F, hypergol is supplied to 

each baffle compartment via a passivated stainless-steel tube which is 

inserted through the injector body and extends to the face through the 

fuel strip at the center of the compartments (Fig. 282). 

(C) Hot-Gas Ignition and Tapoff System. The hot-gas ignition and 

tapoff system was installed on the first of the two injectors. The sys- 

tem is a 360-degree peripheral manifold connected at 40 locations to the .r- 

injector in line with the drilled copper baffles (Fig.283). Insulating 

sleeves are installed within the injector to maiutttiu the temperature of 

gaoes used for ignition and temperature of tapoff gases, and to minimize 

the thermal gradients in the injector body. The sleeves, fabricated of 

type 347 stainless steel, provide an air gap between the body and gas 

ports, maintaining ambient body and 1500 F hot-gas ignition temperatures. 

(c) Injector Strips. Seven injector strips are incorporated within 

each baffle compartment. Each of these strips features a fuel stream im- 

pinging on doubled LO« streams, forming a triplet configuration (Fig. 284). 

The LOn streams impinge at a 60-degree included angle, 0.150 inch above a 

raised fuel strip. The raised fuel strip serves two purposes:  (l) the 

point of fuel discharge is moved close to the point of 10^ impingement to 
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maintain fuel stream integrity for improved primary atomizationr which 

produces high combustion efficiency; and (2) th? raised fuel strip re- 

duces recirculation across the face and maintains favorable temperatures 

near the oxidizer strips. 

(C) Each strip contains eight triplet elements. The outermost elements 

are oriented 90 degrees to the strip, the second element from each strip 

end is canted 15 degrees, and the regaining elements are canted 30 degrees. 

(c) Th® purpose of element canting is to separate each element to avoid 

propellaut agglomeration. The outermost elements are oriented 90 degrees 

to the strip to provide adequate cooling at the strip ends. 

(c) Numerous tests were conducted with the 2.5K segment to establish the 

performance and characteristics of this injector design concept. Tba ad- 

vantages of the selected injector pattern and design are as follows: 

1. High performance over the operating range 

2. The combustion performance is relatively insensitive to mixture 

ratio excursion over the throttling range. 

3. Demonstrated durability over the operating range 

4. Excellent hydraulic characteristics over the throttling range 

(no hydraulic flip) 

5. No occurrence of spontaneous instabilities during testing 

6. Modifiable strip design for local mixture ratio control for 

hot-gas tapoff 

7. Uniform mixture ratio obtainable by calibrating strips before 

installation in the injector 

8. Demonstrated hot-gas ignition of a segment 

9. All strips essentially identical for fabrication simplicity 
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(U)  Injector Floy Calibration, The injector contains seven propel- 

lent orifice strips per baffled compartment. Each strip was inspected and 

flow calibrated with water for propellant stream appearance. 

(U) This flow calibration procedure was conducted at the medium-flow 

facility. This flow facility is equipped to provide:  (l) a constant flow- 

rate to each strip through the use of cavitating Venturis, and (2) quick 

strip removal and convenient visual access to the flow pattern. 

(u) Cavitating Venturis provided identical water flowrates to each strip. 

The fuel and oxidizer sides of each strip were supplied from a separate 

source. The differential pressure across the strips was measured and re- 

corded and, because the flowrate to each strip was the same, the differ- 

ential pressure across the strips was used as a measure of equivalent 

orifice area. 

(u) Using the strip differential pressure as the criterion, the strips 

were statistically distributed around the injector to ensure uniform flow- 

rate and mixture ratio. Misimpinging orifice elements or strips with exces- 

sive high or low differential pressure were easily detected during strip 

calibration. The consistency of results established this calibration tech- 

nique as a satisfactory injector strip procedure to ensure uniform orifice 

patterns and flow characteristics. 

Injector Fabrication. 

(u) Body. The fabrication of the injector was performed in a method 

directed toward eliminating or at least minimizing the distortion which 

might occur after the injector strip placement or the brazing cycle of the 

injector strip. Consequently, the initial machining operations of the 
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304L forging did not reduce all areas to the final dimension. The mani- 

fold, closeout ring grooves, and the propelIant transfer passages were 

machined. The other areas of the injector vere machinsii, but a sufficient 

allowance was retained so that a final machining to finish dimension could 

be accomplished. 

(u) The oxygen inlet manifolds, the peripheral fuel manifolds, and the 

oxygen and fuel injection manifold strips were then welded in place. In 

addition, the smaller closure welds of insert* in passaged, instrumentation 

bosses, and orifices were accomplished. All of the welds were X-ray or 

dye penetrant inspected, and the system was hydrostatically tested to en- 

sure structural integrity. 

(u) On completion of all planned welding, the body assembly was subjected 

to a stress-relieving cycle. This stress-relieving cycle was accomplished 

using a retort in a furnace which had the capability of supplying an inert 

atmosphere during the cycle. The annealing of the injector body was accom- 

plished at the planned temperature (1910 ±25 F) anticipated for brazing 

the strips into the body assembly. Thus, all the residual stresses should 

be relieved, and distortion would be minimal during the final brazing 

cycle. 

(u) The preparation of the face slots and the integral feed passages for 

the baffles and strips was accomplished by using processes specifically 

designed for this injector. The 280 strip slots and 40 baffle slots were 

machined using a portable broach that was physically attached at tooling 

location holes within the injector body during the machining operation. 

This method ensured that each of the strip and baffle slots was identical 

and, also, that each of the 40 compartments within the injector was 

identical. 
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C (IT) The machining of the passages from the strip and baffle slots to the 

oxygen and fuel injection manifolds was accomplished by electrical discharge 

machining (EDM). The EDM machine was modified so that the injector could 

be positioned horizontally and rotated under the elec rode head. A special 

electrode holding fixture was fabricated which contained 42 electrodes 

for strip passages and 4 electrodes for baffle-coolant passages. Each of 

the electrodes was configured to produce the desired passage shape. This 

fixture permitted the machining of two entire baffle compartments with 

one machine operation. 

(u)  The injector was subjected to a high-flow water flushing following 

the EUf process. Fixturing was attached to the injector which provided 

the capability of flushing in either direction with the intent of re- 

moving the foreign materials that could be present in the propellant pas- 

sages. The flushing was repeated until samples of the effluent indicated 

a satisfactory contaminant level. Vapor degreasing and a 20-5-75 percent 

nitric acid-hydrofluoric-water descale to remove the carboniferous surface 

, created by the EDM process were accomplished. Following these operations, 

the injector was nickel plated and prepared for the installation of the 

strips and baffles for the brazing procedure. 

(u) Strips. The injector strips for the injector were fabricated 

from OFHC certified copper. The normal procedure for certifying the cop- 

per is to heat etch a representative sample of each lot of material. Be- 

cause a campling technique was considered unsatisfactory in this instance, 

all copper material was heat etched to 1900 ±25 F in a hydrogen atmosphere 

for 15 minutes. Each part was individually inspected for any discrepancies 

prior to being certified for use in the 250K injector. 

(u) The machining to the correct configuration was accomplished using 

conventional machining equipment. However, the orifices were drilled by 

using a series of special drilling fixtures utilizing drill guide bushings 
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so that the holes could be made with hard-held equipment. These techniques 

produced satisfactory orifice conditions; however, tba minute burrs or chips 

of copper created as a result of the copper material being very soft from 

the heat tinting process presented another problem. Manual removal cf these 

chips proved to be unsatisfactory, both from a time and qualiiy aspect. Con- 

sequently, an electrochemical deburring procedure and an H)M procedure were 

developed, which gave excellent results. 

(u)  Brazing. Assembly of the component parts prior to furnace brazing 

was conducted in the white room. Each strip was dimenstonally checked prior 

to assembly using a precision gage. As the strips were placed in the mating 

area of the injector body, 0.001- and/or 0.002-inch braze alloy sheet was 

placed in the vertical joints, as needed, to equalize the gap widths. The 

strips were seated firmly and staked in position. 

(u) The furnace braze operation was conducted in the same furnace as the 

thrust chambers and began by first evacuating the retort. The retort was 

then purged with argon gas during the heating cycle of 300 to 1400 F. Hydro- 

gen gas was introduced into the retort from 1400 F through the braze tempera- 

ture of 1900 to 1920 F. 

(c) The integrity of braze joints was confirmed by pressure testing with 

helium at 60 psia. A method of plugging the injector strip holes using a 

styrene mineral wax blend material (Plastiwax 8969) was developed which per- 

mitted this type of pressure testing. The pressure tests of the first injec- 

tor revealed that an excessive quantity of leakages existed at baffle and 

strip-to-land locations (Fig.285). The injector was realloyed and subjected 

to a second braze cycle. Realloying was accomplished by slotting the injec- 

tor atrips and parting the oxidizer and fuel sections into separate segments 

Fig.286). This permitted access to the body braze lands for insertion of 

alloy wire. 
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(u) Pressure test of the second injector after the first braze cycle re- 

vealed only a small quantity of strip end leak3 and face leaks. Conse- 

quently, a second furnace cycle was not required. The strip end leaks were 

repaired by cutting a groove approximately 0.060-inch deep at the leak area. 

The area was then TIG brazed using 82Au-18Ni alloy filler. The face leaks 

were repaired by slotting the strip over the lands and machining out the 

copper strip material to gain access tc the leak area. The repair was then 

accomplished using TIG brazing with 82Au-18Ni alloy filler. 

(^T) Final Machining. Final machining of the injectors was accomplished 

using conventional equipment. Match machining techniques were used to co- 

ordinate the injector shear lip dimensions of the solid- and tubular-wall 

chamber assemblies. Stacking and assembling have shown that excellent re- 

sults were obtained. 

(U) Hot-Gas Tapoff Manifold. The fabrication of the 360-degree hot- 

gas tapoff manifold for injector No. 1 was accomplished using inert gas 

welding techniques for the assembly of the preformed heavy-wall tubing com- 

ponents (Fig.287). The completed manifold was welded to the injector assembly 

at the 40 fittings which were designed to minimize the heat input to the in- 

jector body. 

(C) Calibration. The injector fuel and oxidizer flow circuits were 

both calibrated with the injector in a face-down position. The oxidizer 

system was water calibrated over a flowrate range of 1000 to 1900 gpm. The 

fuel system was calibrated over a flowrate range of 1100 to 2400 gpm. These 

flew calibrations showed excellent stream impingement and good correlation 

with analytically predicted pressure drop values. The final cleaning of the 

injectors was accomplished by vapor degreasing and deionized water flushing. 
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(ü) Other 250K Components. In addition to the major items of hardware 

just discussed, several other pieces of hardware arc of significance to 

the program. These include: 

1. Uncooled nozzle extension 

2. Base closure 

3. Thrust mount 

4. Ducting 

5. Ignition system 

(G) Nozzle Extension. The nozzle extension is designed to provide the 

length differential between the tube wall assembly (12 percent of a 15-degree 

half angle cone) and that required to provide desired thrust chamber 

performance (25 percent of a 15-degree half-en^le. cone). The nozzle 

extension provides for full-thrust operation for a 5.0-second duration. 

(u) The nozzle extension (Fig.288) is fabricated as a contoured (defined by 

aerodynamic requirements) conical structure, having a flange at the larger 

diameter for connection to the solid- or tube-wall inner body, and a flange 

at the smaller diameter for connection to the perforated base closure. Pro- 

vision for mounting pressure transducers is made at specified locations alojg 

contoured elements and about the circumference. 

(u) The nozzle extension is fabricated as a welded 304L assembly, consisting 

of two 180-degree segments of a cone and a 360-degree upper flange ring. 

(C) Base Closures. Two base closures were designed; a flat non-perforated 

closure for use with the 12-percent length solid- or tube-wall assembly, and a 

plenum-type base closure having a perforated flat face for use with the 25- 

percent length solid- or tube-wall assemblies. 
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(U) The flat closure, approximately 65.0 inches diameter, functions as 

a seal for the inner body cavity to protect instrumentation and the oxi- 

dizer system components against recirculating primary hot gases. The per- 

forated base closure (10-percent porosity) was designed to accept secondary 

gases and distribute them uniformly across the base of the tube-wall assembly. 

These gases produce thrust, augmenting that normally produced by primary 

flow on the nozzle. 

(u) The closure is designed as a plenum into which gases are introduced 

through a flanged inlet diffuser. The diffuser flow area may be varied 

to control sonically secondary flow at three different rates. Control is 

achieved by covering orifices in the diffuser pipe by three changeable 

sleeves, one of which is used for each flowrate. The base closure is 

attached to the uncooled nozzle extension by means of 48 bolts. Thermal 

expansion of the plenum is unrestrained due to the flexible joint between 

plenum and extension. 

(C) The perforated base closure was analyzed for flowing up to 1.5 per- 

cent secondary flow product» of combustion of a LIL/LO- gas generator.  Tem- 

perature and pressure predictions based on data extrapolated from previous 

aerospike chambers indicated a maximum temperature of 1200 F, a maximum 

differential across the perforated base of 38 psi, and a maximum internal 

pressure of approximately 45 psi. 

(U) The flat base closure wan fabricated from 1.00-inch CUES 347 plate 

to which a 1.50-inch CRES 347 flange ring is welded. Eight AND ports 

are tapped and drilled for the installation of five pressure transducers 

and three temperature probes. 

(U) CRES 347 and 321 sheet and bar stock were used for fabrication of the 

perforated base closure. The entire assembly is of welded construction, 
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except the removal sleeves and cover plate. Figure 289 shows the base 

closure in the process of fabrication, and Fig. 290 shows the closure 

installed on the uncooled nozzle extension. 

(U) Thrust Mount. The thrust mount is designed as an eight-legged 

welded structure interchangeable with solid- or tube-wall 250K assemblies 

(Fig. 291 ). 

Figure 289. Base Closure Showing Perforated Plate 

(u) Connection of the mount to the inner body of the solid- or tube-wall 

assemblies is made through eight clevises bolted (six boltr per clevis) to 

the body. Each clevis is designed with a tongue that mates with a circum- 

ferential groove cut into the inner diameter of the inner body and trans- 

mits the thrust through shear of tongue on groove. An assembly of pins, 

washers, and spacers tie the mount to the clevises and provide the dimen- 

sional restriction necessary to load transmission. 

(u) Each of the eight legs and laterals connecting the legs are fabricated 

of 4135 steel tubing. Connection to the chamber and facility was originally 

designed using 4340 forgings and weldments, with fabrication of the mount 

initiated upon receipt of these forgings. Subsequent analysis indicated 

properties were slightly lower than desired but still satisfactory for 

use. Fabrication, including welding of all components, was accomplished 

without incident; however, afx r the final heat treat, cracks appeared in 
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! c several of the parent material 4340 forgings. The most severe of the cracks 

occurred at locations of connection to vertical and tangential test stand 

supports. These were removed and replaced by modified assemblies of 4135 

wleded plate. A crack was also evident in one of the thrust calibration 

lugs. Both lugs were removed and dual removal U-frames were used for cali- 

bration on the stand. 

(U) To verify the integrity of the mount in this condition, a structural 

load test was performed cycling the mount five times with a static proof 

load of 430,000 pounds. Locations and magnitude of the remaining cracks 

were noted and checked for propagation using magnafluz and dye» penetrant 

techniques. No propagation was noied. 

(U) Ducting. The oxidizer propellant feed system, common to both 

solid- and tube-wall assemblies shown in Fig.292 and 293, is composed of 

(l) an inlet duct connecting facility to the main IX) valve, (2) a J-2 

oxidizer valve, (3) a diffuser plenum, and (4) four radial lines providing 

tangential inlet to the injector oxidizer manifold. Design of the oxi- 

dizer feed system was based upon the requirement for uniform feed into the 

four radial arms connecting the injector. Due to the location of the 

facility interface, an elbow inlet to the valve was mandatory creating an 

irregularly shaped velocity profile. 

(U) To resolve this problem, a conical diffuser was designed as part of 

the oxidizer distribution plenum (Fig.294). The device functions in the 

following manner. The throat, area of the diffuser equals the effective 

flow area of the valve so that the diffuser throat will flow full without 

additional pressure loss. The perforated plate at the end of the conical 

section forces the flow out to the walls and prevents separation. The 

discharge from the perforated plate into the plenum chamber is axial and 

perpendicular to the outlets which are located on the circumference of 
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Figure 294. (bddizer Manifold Center Plenum and Diffuser Section 
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the circular plenum chamber. The holes in the perforated plate have a 

length/diameter ratio of at least 4:1, and will effectively cancel all 

eddies in the flow. Therefore, the flow in the plenum chamber will be 

axisynmetric, well distributed, and turbulent so that an even division 

of the flow between the individual outlets is achieved. 

(U) Fabrication of all components of the oxidizer feed system was accom- 

plished by conventional techniques using CRES 321 and 347 material. Upon 

completion of each component-, hydraulic pressure check of integrity is made 

at 2550 psig. 

(U) The fuel propellant feed system ducting for both solid-and tube-wall 

assemblies consist of (l) a tube-wall fuel inlet manifold, (2) 20 tube- 

wall fuel-return elbows, (3) an interchangeable solid-wall inlet distri- 

bution manifold (or tube-wall bypass distribution manifold), and (4) an 

interchangeable, solid-wall inlet manifold (or tube-wall discharge mani- 

fold). - The fuel system for the solid-wall assembly (Fig. 292) consists 

of an inlet connecting a single facility feed to two diametrically opposed 

inlets, and a fuel distribution manifold, feeding the top (forward) of 

20 inlet tees on the injector fuel manifold. 

(if) These same components are used in a different capacity on the tube- 

wall assembly (Fig.293). On this assembly, fuel ia introduced into two 

diametrically opposed inlets on the inner body by a fuel inlet manifold 

having, a single facility connect. Twenty fuel-return elbows direct fuel 

from the outer body (after completion of its regenerative coolant circuit) 

to the underside (aft) of twenty inlet tees on the injector fuel manifold. 

Fuel not entering the injector for combustion is bypassed to 20 inlets of 

the distribution manifold described above, from which two outlets convey 

flow to a single facility interface. Large-diameter tubing was used when- 

ever possible to keep velocities low and minimize flow unbalance. The 

large diameters also eliminated the necessity for any tapered ducting. 
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(U) Mar if olds employ GBES 347 and 321 tubing and plate material, and use 

conventional techniques for fabrication and assembly. No noteworthy prob- 

lems arose during the fabrication of the tube-wall or solid-wall inlet 

manifolds. Some rework was required to maintain proper alignment of the 

distribution manifold and the 20 feeder arms subsequent to the final weld- 

ing operation. Each component of the fuel system was proof-pressure checked 

with water at 4230 psig upon completion. 

(U) Ignition System. An ignition system was designed for the 250K 

aerjspike to introduce chlorine trifluoride (CTF) into each of the 40 

compartments of the thrust chamber assembly. Requirements of the overall 

system included the following:  (l) the system must have the capability 

for removing individual elements from each of the 40 injection points to 

facilitate replacement or maintenance, (2) it must have uniform distri- 

bution and priming, (3) the igniter tube should be introduced through the 

injector in such a manner that the spray pattern does not impinge on the 

combustion chamber walls, and (4) the chlorine trifluoride is followed by 

GOn to recover corrosive hypergol from the ignition system and cool the 

igniter tube during mainstage conditions. 

(u) Several systems were analyzed with respect to these requirements re- 

sulting in selection of a configuration feeding the injector in quadrants. 

Entrance to each of the quadrants is made through one of four legs of an 

internal manifold (denoted because of its position at the interior of the 

thrust chamber assembly). The manifold contains a single inlet plenum to 

which each of the four legs are welded. A B-nut and flared tube end enable 

connection of each leg to a quadrant outer manifold. Each quadrant in 

turn divides and distributes the flow to two adjacent plenums. One-eighth 

section of the combustor (five compartments) is then fed from each of 

the plenum. 
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(U)  250K Tube-Wall Assembly. The completion of the first tube-wall thrust 

chamber assembly was accomplished on 9 May 1967» and shipped to the Nevada 

Field Laboratory (NFI.) test facility where initial checkout tests commenced 

21 June 1967. Components, including fuel inlet lines and manifolds, oxi- 

dizer inlet lines, thrust mount, and ignition manifolds from the film-cooled, 

solid-wall chamber were utilized in the buildup of this unit. The assemuxy 

procedure, similar to that of the film-coo) e?i, solid-wall thrust chamber, 

consisted of initially installing the outer body on the assembly jig fixture 

at the lowest position. In this position, the inner body may be installed 

with maximum clearance and located concentrically by means of lateral travel 

mechanisms on the assembly fixture. 

(u) Figure 295illustrates the inner and outer bodies on the assembly fix- 

ture subsequent to installation of the injector and prior to raising the 

outer body to the final position. Assembly of the injector to the inner 

and outer bodies was accomplished with no problems. Guide pins were used 

to achieve proper alignment of the bodies with the injector to ensure assem- 

bly clearances between the baffles aod the chamber tubular walls. 

(U) Subsequent to the installation of the fuel-distribution manifold and 

its outlet duct, and prior to installation of the fuel-return elbows, a 

fuel system leak check was conducted to determine the effectiveness of the 

injector-to-body seals. This was done by sealing the regenerative coolant 

circuit with pressure plates on the 20 outer body fuel outlets and pressur- 

izing the cavity between the 0-ring and Naflex seal on inner and outer 

bodies. 

(c)  Test results indicated essentially zero helium leakage to the vent 

cavities for both the inner and outer Naflex seals. The composite leakage 

of the metal 0-ring seals and the bolts through the seal ring on the inner 

body was not obtained after assembly; therefore, leakage of the 0-rings was 

indeterminable. The completed chamber assembly prior to the installation 

of the protective shipping covers is shown in Fig.296. 
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(C) The solid-wall nozzle extension and porous base closure were packaged 

separately and shipped with the chamber. Installation was made at the 

facility to achieve the desired 25-percent nozzle length. 

Testing 

(U) Test Stand Description. The 250K solid-wall and tube-wall workhorse 

chambers were tested at the Nevada Field Laboratory, which is located 

northeast of Beno, Nevada» This high-pressure test facility offers the 

capabilities required for advanced concept high-energy programs. The high- 

pressure test stand, B-2, is a horizontal firing position stand (Fig. 297). 

Testing at simulated altitude is possible through use of a self-pumping 

diffuser. The altitude diffuser is mounted on tracks to permit easy 

access to the chamber. 

(u) The propellant feed systems employ servocontrolled, balanced pressure 

regulators. Propellant flow was controlled further by a cavitating venturi 

at the chamber inlet in the oxidizer system and a soni- flow venturi at the 

chamber inlet in the fuel system. Flowrates were measured with turbine- 

type flowmeters in the lqiuid oxygen and liquid hydrogen systems. The 

methods of calculating propellant flowrates are described in Appendix VII. 

The capability of delivering hydrogen to the chamber at any desired tem- 

perature is provided by a servocontrolled, temperature-sensing, hydrogen, 

gas-mixing system, which introduces gas into the liquid hydrogen line. Gas 

flow to the mixer is measured with a subsonic flow venturi. 

(u) The thrust-measuring system provides measurement of three forces and 

three moments in a six-component balance, thus permitting complete resolu- 

tion of the thrust vector. The thrust-measuring system is shown schemat- 

ically in Fig. 298. The system consists of a main load measuring cell (F,) 

oriented coincident with the axis of the chamber, two vertical load cells 

(Fg. and F^) (supporting the chamber weight), two horizontal load cells (F9 

and F ) oriented parallel to the axis of the chamber, and a horizontal 

lateral load cell (F,) oriented perpendicular to, but displaced, from, the 

axis of the chamber. The main load cell connects to the chamber thrust 

mount through a gimbal bearing. The other five load cells connect to the 

legs of the chambe- thrust mount through pinned joints. 
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(ü) The capability of remote-controlled thrust calibration is provided by 

a servocontrolled hydraulic calibration system which uses a system of 

hydraulic rams and calibrated load cells. The calibration, load cells ere 

calibrated against secondary standard*j. 

(U) Several systems were available for overboard flow of propellents. A 

fuel dump system and burnoff stack disposed of excess fuel coolant. A hot- 

gas line provided ducting capability for hot tapoff gases, and an oxidizer 

dump system downstream of the main oxidizer valve provided a means of 

achieving a rapid fuel-rich cutoff. The facility is also equipped with 

a servocontrolled hydrogen system to operate a gas generator which could 

bt utilized for hot-gas ignition or for hot-gas secondary base bleed for 

the chamber. 

(u) The test facility contains an oxidizer sampling system which permits 

taking two oxidizer samples at predetermined times during a test. The 

oxygen samples are analyzed in the facility chemistry laboratory for nitro- 

gen dilution. The oxygen sample *,; ntem is shown schematically in Fig. 299* 

Two such systems were installed to obtain oxygen samples at start and at 

cutoff to obtain a history of oxygtu dilution during the tests. The oxygen 

samples were analyzed for nitrogen dilution by the Nitrometer method per 

MIL-P-25508D. The Nitrometer was calibrated against samples of oxygen of 

known purity. 

(U) Chamber Handling. The handling equipment utilized for the 250K thrust 

chamber assemblies consists 0* e spreader bar, siings, and stabilizing cables 

to pick up the chamber by trunnions located on the outer body. The capabil- 

ity of rotating he chamber 36O degrees is thus provided. For installation 

on the test stand, the chamber is picked up from the shipping pallet and 

rotated 90 degrees from its horizontal position and moved by mobile crane 

to the thrust mount of the test stand for installation. The handling 

equipment in use is depicted in Fig. 300. The same handling equipment was 

used throughout the manufacturing process to handle the individual components 

also. 
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(r) The »hipping pallet also served the functions of assembly and disassem- 

bly. The chamber was assembled on the bed of the truck used to transport 

it to the test site. Disassembly on site was also possible with no eitra 

handling equipment required. 

(u) Scliri-freU Test Series. Nine mainstage tests' were conducted during 

the solid-wall test program. The solid-wall chamber was operated with 

ambient gaseous hydrogen and liquid oxygen. These tests operated th? in- 

jector over the design range of chamber pressure and mixture ratio. Three 

satisfactory hot-gas tapoff tests and two pulsing tests were conducted. 

There was no evidence from the oxidizer manifold pressure transducers that 

instability was initiated as a result of firing the puse guns during main- 

stage. Figure 301 shows the solid-wall chamber operating during mainstage. 

(u) Blowdowns. Before beginning the solid-wall tests, a series of 

propeliant and water blowdowns was conducted to characterize each system 

and verify facility capabilities. Two hypergol (CIF ) igcitioi. tests were 

conducted in conjunction with fuel blowdowns. The blowdowns and ignition 

tests provided information concerning priming characteristics, pressure 

drops, ignition reliability, flow control system regulation, and cutoff 

purging characteristics. Consistent and predictable oxidizer and water 

priming was provided by cavitating venturi in each system. A sonic flow 

venturi was used in the gaseous hydrogen system for flow control and 

measurement. 

i \ 

(U) Ignition Tests. Hype*go1 ignition tests were conducted at the 

extremes of the intended operating conditions. Chlorine trifluoride (CIF ) 

was use» as the ignition source. The hypergol ignition system consisted 

of a 100 cu in. slug of CIF. pressurized by gaseous oxygen tapped off the 

main oxidizer system. The ignition combustion was sustained by gaseous 

oxygen and main fuel after the CIF. had been expelled. A schematic diagram 
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of the hypergol system and a discussion of the solid-wall and tube-wall \   )    j 

start sequences are presen^d in Appendix VIII« 
! 

(c) Hot-Firing Tests. A summary oiT the solid-wall ma ins tage test 

results is presented in Table 83. Chamber pressure and mixture ratio 

excursion* over ranges from 353 to 1289 psia and 5.00 to 7.10 (o/f), 

respectively, were accomplished. Pulse guns were fired into the combus- 

tion chamber of one compartment at the extremes of chamber pressure with 

no instability initiated. Hot-gas tapoff was accomplished at the low and 

intermediate chamber pressures. 

(C) The first test (No. 006) was scheduled to check out the facility and 

chamber and also to obtain performance datt under throttled operating con- 

ditions (P = 908 psia) and low mixture ratio (5.0 o/f). Erosion of the 

diaphragms of two cbnmber pressure Photo'jons located l/2 inch below the 

injector face resulted in.  burnout of the ports. 0xidizer-richr hot-gas 

f:ow thronh one of the burned-out ports caused erosion damage to two 

adjacent injector oxidizer strips. The chamber was removed fror the test 

stand, disassembled, ,md the damaged strips were repaired as described in 

detail in the Hardware Inspection section. The repaired area was carefully 

inspected by borescope after each subsequent test. 

(c) The se »nd mainstage ter«. (No. 008) was conducted at throttled opera- 

tion (P ■ 5k0  psia) and mixture ratio of 5.89 (o/f). No further obvious 
c 

hardware damage occurred during this or any of the subsequent tests of 

the solid-wall test series. 

(c) The third test (009) wns scheduled to accomplish mixture ratio excur- 

sion (6.91 o/f) and stability rating. A mistimed signal fired the pulse 

gun prior to achievement of mainstage. Hot-gas tapoff was accomplished 

on test 010. The mainstage duration of 0.11 second proved to be inad- 

equate to acquire tapoff temperature data. The schedule duration of 
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test Oil provided more stabilized rhamber pressure and satisfactory hot- 

gas tapoff data. The measured tapoff temperature of 800 F was achieved 

at a chamber pressure of 365 psia. Stability rating vitb the pulse gun 

was accomplished on test 012 at a chamber pressure of 353 psia. ?here 

was no indication that instability bad been induced. The oxidizer twnifold 

high-frequency Photocons were relied upon to indicate pressure tracet be- 

cause the P Photocon ports vere welded closed following burnout on test 006. 

(c) Satisfactory hot-gas tapoff was again acccmplished during i?st 015 at 

a chamber pressure of 798 psia and mixture ratio of 7.10 (o/f). The chamber 

pressure was increased to 1005 psia during test 016 at a mixture ratio of 

6.81 (o/f). 

(c) The final test of the solid-wall series was conducted at a chamber 

pressure of 1289 psia at near nominal mixture ratio (6.09 o/f). A pulse 

gun firing into one compartment during mainstage failed to initiate insta- 

bility. An accelerometer installed on the pulse gun itself provided the 

indication of pulse gun firing. Posttest inspection of the hardware 

indicated that surface erosion of the oxidizer strip repair had been 

sustained. 

(U) Posttest Hardware Inspection. The chamber was removed from the 

test stand following the first solid-wall test (test 006). The injector 

did not sustain damage other than in the area of the two burned-out Photo- 

cons. Figure 302 shows a typical area of the injector strips. The uncooled 

combustion zone walls (inner and outer) sustained erosion as shown in Fig. 

303. Both the inner and outer throats were undamaged. 

(c) Inspection revealed that two oxidizer strips adjacent to one of the 

damaged Photocon bosses sustained erosion which exposed the feed passages. 

Because it was obvious that heat flux and wall erosion in the vicinity of 

the Photocon location was more severe than anticipated, the Photocon bosses 
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were welded closed. The repair technique (Fig. 304 ) involved applying a 

gold-copper alloy braze over the strip surfaces to close off the erosion 

areas. Orifices were drilled into the adjacent fuel steeples to put an 

umbrella of fuel over the strip repairs. The oxidizer orifices were not 

redrilled in the repaired strips. 

(c) The above-described repair technique was applied to the strips of a 

2.5K segment and successfully tested over a range of chamber pressures up 

to 1500 psi to verify the durability of the repair technique prior to 

resumption of testing of the 250K chamber. 

(U) Several systems were available for overboard flow of propellants. A 

fuel dump system and burnoff stack disposed of excete fuel coolant. A 

hot-gas line provided hot tapoff gas ducting capability and -n oxidizer 

dump system downstream of the main oxidizer valve provided a means of 

achieving a rapid fuel-rich cutoff. 

(u) Solid-Wall Series Posttest Inspection. Following satisfactory 

completion of the solid-wall test series, the injector ami chamber were 

returned from the test stand and disassembled for inspection, repair, and 

modification. 

(u) The two adjacent oxidizer strips which had been previously reworked 

at the test site following test 006 were completely removed from the injec- 

tor body and replaced with new strips. 

(u) Minor edge erosion and slag deposits were noted on all hO  baffles 

adjacent to the inner-body wall (Fig. 305). The edge erosion, which started 

approximately 1.5 inches downstream of the injector face, appeared to cor- 

respond with the start of a series of machining "steps" on the chamber wall 

contour,  Postassembly measurement of the injector and inner chamber indi- 

cated the gap to be approximately 0.2 inch. Therefore, it was concluded 
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that an excessive baffle-to-chamber vail gap, together with the flow of 

slag from the chamber wall across the copper baffle surface, resulted in 

an increase in the local heat input and the noted baffle edge erosion. A 

layout of the eroded area with respect to the coolant passages indicated 

that an adequate wall thickness remained and no repair was necessary. 

(U) Of the 160 tapoff ports, one sustained erosion of the liner at the 

entrance (Fig. 305). Cold-flow evaluation of the injector did not reveal 

misalignment of the tapoff fuel bias orifice to be the cause of erosion. 

Therefore, it was concluded that the erosion occurred because of a void 

in the sleeve-to-baffle braze joint, which impaired the heat transfer 

from the steel sleeve to the copper baffle body. Because the erosion 

appeared to be nonprogressive, and the intended structural function of 

the sleeve in the region of the baffle coolant passages was still effective, 

no repair was made. 

(U) Shrapnel-type damage was observed on two of the baffle faces. The 

damage was ii>-line with the "pulse gun," which was mounted in the outer 

chamber wall and used to stability rate the injector during tests 009, 012, 

and 017. During preparation for repair, a fragment from the steel diaphragm 

used in the pulse gun assembly was found lodged within one of the copper 

baffle faces,  it was concluded that both baffles were damaged by fragments 

from the pulse gun diaphragm, and the baffles were repaired. 

(C) Light, random, oxidizer strip end and body land erosion was observed 

adjacent to the combustion baffles (Fig. 306). Further investigation 

revealed that the incidence of erosion was primarily in regions of maximum 

throat gap change; i.e., maximum intercompartmental gas flow.  In cases 

where slag flow patterns were visible, it was apparent that secondary hot- 

gas flow fields existed in the cavity between the injector body and chamber 

wall. The noted erosion appears to  be the result of oxidizer-rich gases 

being driven across the end of the oxidizer strip and body land by inherent 

discontinuities in propellant injection density and/or variations in throat 
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gap. A marginal cooling condition is likely to exist at these lands during 

tube-wall chamber testing because of the remoteness of the coolant passages. 

Therefore, to assist in cooling this area, the 0.043-inch-diameter fuel bias 

orifices at the side of the injector body were enlarged to 0.60 inch in 

diameter adjacent to each baffle. 

(u) The condition of the  combustor bodies was good, with expected general 

combustion zone erosion on both the inner and outer bodies. Figure 307 and 

308 show typical erosion patterns. The extent of combustion zone erosion 

did not appear to have increased appreciably over that observed following 

postte8t 006 disassembly. Heat transfer analysis of the uncooled combustion 

zone walls indicated that the chamber walls could have reached the melting 

point within 500 milliseconds of mainstage position. However, the erosion 

pattern revealed that local high heat flux areas existed at the propellant 

impingement point below fuel strips which piobably started to melt early 

in the test. The slag-flow pattern on the chamber walls indicated that 

intercompartmental gas flow existed in several compartments around the 

chamber circumference. Analysis revealed that the direction of slag flow 

could be related to throat gap, i.e., slag flow from a small throat gap 

region to a larger gap region. Figure 309 is a plot of throat gap and 

indicated gas-flow direction from slag-flow pattern. 

(U) The throat was in excellent condition with the exception of one small 

area of erosion caused by slag deposition on the convergent section which 

interrupted the water film. The throat gap variation was examined in con- 

nection with me ured sidt ioads. The directions of these loads were as 

expected from throat gap variation, i.e., toward the smallest throat area. 

Analysis is limited by the ehort duration and load oscillation. 

(c) Tube-Wall Test Series. Five mainstage tests were conducted with 

two chamber assembles during the tube-wall test program» A summary of the 

tests is presented in Table 84. Tests were conducted at nominal 600- and 
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TABLE 84 

(C)   250K TüBE-*ALL TEST. PROGRAM SUMMARY OF MAINSTAGE TESTS 

Test 
No. 

Date, 
j 1967 

; Chamber 
Pressure, 

psia 

Mixture 
Ratio, 

o/f 
Duration, 
seconds Objectives and Comments 

022 6/29 496.7 4.95 0.08 Transition checkout 

023 6/30 608.8 4.95 0.40 Performance evaluation 

024 7/1 ~™* —— m*— Performance evaluation;  1 
terminated in transition 
by malfunction of redline 
cutoff device 

1 025 7/2 816.7 7.07 1.60 Performance evaluation; 
hardware burnout 

026 i 9/20 — — — Ignition checkout 

027 9/29 824.7 5.04 0.28 Transition checkout; 
chamber removed for 
inspection 

028 10/7 897.9 5.90 0.80 Performance evaluation; 
cutoff due to high accel- 
erometer readings       [ 

NOTE: Tests No. 022 through 025 were conducted with tube-wall 
chamber No. 1. 

Tests No. 026 through 028 were conducted with tube-vall 
chamber No. 2. 
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I ( 900-paia chamber pressures at nominal mixture ratios from 3:1 to 7:1. 

Nozzle and combustion chamber performance and fuel bulk temperature rise 

data were obtained. 
i 
i 
I 

(u) The major difference between the two chambers used for tube-wall 

I testing is that the No. 1 assembly was used for tests 022 through 025. 

j The No. 2 assembly was used for tests 026 through 028. This unit only 

{ had tapoff provisions on two baffles. The injectors were otherwise 

identical. The tube-wall chamber installation on the test stand is 

shown in Fig. 310 . I 
i 

(U) No. 1 Tube-Vail Test Series. A series of fuel and oxidizer 

blowdowns was conducted prior to mainstage testing. The purpose of these 

blowdovns was to verify system pressurization operation and fuel mixer 

system operation, and to establish system pressure drops. Because some 

of the systems were unchanged from the solid-wall test series, much of 

the data and experience gained during that program were directly appli- 

V cable. Total fuel flowrate was controlled by meana of a sonic venturi 

at the chamber inlet, and fuel temperature was controlled by a servo mixer 

system. Dump fuel flowrate was controlled by a sonic nozzle located at 

the chamber dump manifold outlet. Tue oxidizer flowrate was controlled 

by a cavitating venturi at the chamber inlet during the No. 1 tube-wall 

test series.  Mainstage operation was achieved for a very short duration. 

I 

(U) Tho purpose of the first mainstage test (022) was to check out startup 

and shutdown sequences and general test stand operation. Figure 311 ahows 

typical tube-wall thrust chamber operation (80 milliseconds). The data 

indicated that the targeted operating conditions were achieved and start 

and cutoff transients were as expected. 

(u) Mainstage duration of 400 milliseconds was achieved on test 023. The 

objective of this test was the determination of mainstage performance with 
j 
i 
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Figure 310. Tube-¥all Thrust Chamber Mounted 
on Reno Test Stand 
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Figure 311. Tube-Wall Thrust Chamber Operation 

701 Mm»» 
(This page is Unclassified) 



■ 

'■ 

secondary bate bleed at site level. The data shoved that ihe measured (   \ 

combustion efficiency was quite high despite the fact that the test vaa 

of short duration and chamber pressure had not reached stabilised value. 

The indications were that slightly longer duration would have increased 

performance and verified the high performance gained on 2.5K segment tests. 

(U) Analysis of the data indicated that chamber operation was satisfactory 

except for a pressure rise in the inner-body, tube-to-backup structure 

cavity after cutoff. The significance of the rise in backup atructure 

pressure is that it was an indication of fuel leakage on the backup struc- 

ture side. Visual inspection revealed no damage other than minor tube 

crown braze wash at the throat. Subsequent (poattest 025) inspection 

revealed that these tubes had sustained splits on the hot-gas crown and 

on the backup structure side. 

(c) Test 024 was targeted for a chamber pressure of 900 prla for a main- 

stage duration of 3 seconds. The targeted mixture ratio was 6.0 (o/f). 

The test was terminated during fuel lead because of failure of a facility i j 

fuel inlet temperature«sensing bulb. The corrective action taken was to 

replace the temperature-sensing bulb. 

(c) Test 025 was an intended repeat of the previous test target conditions. 

Targeted and achieved conditions for teBt 025 are listed below: 

Chamber Pressure, psia 

Oxidizer Flowrate, lb/sec 

Fuel Flowrate, lb/sec 

Injector Fuel Flowrate, lb/sec 

Injector Overall Mixture Ratio, o/f 

Dump Fuel Flowrate, lb/sec 

Duration, seconds 

Targeted Achieved 

900 820 to 850 

282.2 282.7 

97 101.2 

47.5 40 

6.0:1 7.07:1 

45.6 37.5 

3.0 1.5 
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The objective of test 025 vas the determination of performance at aite 

conditions with two secondary base bleed flowrates. 

(U) Targeted mainstage duration was not achieved on test 025 because t 

early cutoff by a safety cutoff device. Considerable damage was sustained 

by the thrust chamber and injector as a result of internal burning of the 

hardware during mainstage. Burnout of the oxidizer and tapoff manifolds 

resulted in considerable facility damage within the altitude capsule. 

(tt) General Hardware Damage Incurred During Test 025. Following 

test 025) the No. 1 tube-wall chamber was removed from the test stand 

end returned to Canoga Park. The chamber was disassembled and thoroughly 

inspected to analyze the cause of chamber burning. Many of the component 

parts of the chamber were refurbished and used on the No. 2 tube-wall 

assembly. 

(u) The area of greatest injector face damage occurred from approximately 

025 to 130 degrees. (The chamber nomenclature and orientation system is 

described in Appendix VI.) Ratht^ severe strip burning also occurred in 

compartments from 220 to 240 degrees and from 280 to 340 degrees. Strips 

were badly burned in these areas with the greater proportion of damage 

occurring on the outer end of the strips. An overall view of the injector 

is shown in Fig. 312. A view of the injector from 085 degrees to 105 degrees 

sustaining the greatest damage is shown in Fig.313 . 

(U) Minor strip face erosion was sustained at several areas. The injector 

was essentially undamaged in areas from 005 to 015 degrees, from 140 to 

200 degrees, and from 240 to 265 degrees. A typical undamaged section of 

the injector is shown in Fig. 314. 

(u) The oxidizer closeout ring was burned oui from approximately O63 

to 099 degrees and from 225 degrees to 234 degrees. These öwo areas of 
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ozidizer closeout ring burning were the result of different burn paths. 

It is obvious that the closeout ring burnout from O63 to 099 degrees «as 

burned from the inside out (Fig. 313)- Injector face burnout progressed 

back into the body and ozidizer feed passage and through the closeout ring 

into the injector-to-chamber gap cavity. The ozidizer closeout ring was 

clearly eroded from the outside in, at the area from 223 to 234 degrees, 

because of combustion and erosion within the injector-to-chamber gap. 

(U) The fuel closeout ring was burned out in areas from 036 to 043 degrees, 

at 048 degrees, from 082 to 083 degrees, and from 099 to 111 degrees. The 

foi'T closeout ring veld was found to be cracked in several areas of severe 

closeout ring erosion. 

(u) It is evident from hardware inspection that the fuel closeout ring 

was burned through from the outside in, as a result of burning and erosion 

in the gap cavity. The weld cracking was determined to be caused by high 

stresses induced by severe erosion of the weld and closeout ring combined 

with less than 100-percent penetration of the weld. 

(U) The failure analysis revealed that burnout of the tapoff system was 

an effect and not a cause of the incident. The hot-gas tapoff legs to 

the tapoff torus manifold were burned through at eleven locations. A 

sketch showing the hot-gas tapoff system is shown in Fig. 283. Abnormal 

operating conditions within the combustion chamber resulted in pumping of 

ozidizer-rich hot gas into the tapoff system in certain compartments. 

Erosion within the tapoff ports progressed into the ozidizer manifold. 

Then, ozidizer manifold pressure being higher than tapoff manifold pres- 

sure, ozidizer was forced into the tapoff system, which resulted in burnout 

of the tapoff legs as well as extensive erosion of the baffle tapoff ports. 

(U) The ozidizer manifold sustained ezternal burnout in th* areas from 

038 to 062 degrees, from 80 to 110 degrees, and 320 degrct.fi. The ozidizer 

manifold was burned through as a result of burnthrough of the tapoff 

manifold. 
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(u) The chamber outer body sustained tube burnout and erosion at the 

injector end in the throat area and in the shroud area« It appeared that 

the vast amount of tube damage vaa due to injector burnout, A great deal 

of injector slag was deposited on the tubes in the areas of gross injector 

burnout. The tubes appeared to be essentially intact under the slag. 

Several tube samples (several tubes vide) were cut from tie outer body. 

These samples were selected to be representative of the areas of major 

failure, incipient failure, and visibly unaffected areas. Metallographicai 

analysis indicated that tube failures on the outer body were apparently 

secondary in nature and were a result of liquid metal erosion from the 

injector and thrust chamber injector ring combined with reduced coolant 

flow late in test 025. There are several signs which indicate that the 

failures are predominantly due to the slag flow. These are: 

1. Slag is present on all the failed tu??es. Microphoto analysis 

detected generous quantities of copper in the slag (Fig» 115 "ind 

316). Q 

2. Tubes from the same zones, but not slag affected, are full wall 

thickness with no *<igns of incipient melting (fig. 317 ), 

j« The tube crown erosion is nonuniform across the crown, bat related 

more to the slag impingement (Fig. 315 ). 

4. The tube splits are not necessarily in the center of the tube 

crowns (Fig.315 ). 

5. The incipiently melted layer on the tube crown is extremely thin, 

indicating an intense but short-duration heat flux (Fig. 318). 

(u) Slag-free failed tubes on the outer body turned out to be almost non- 

existent. Where there were large slag-free areas, the tubes in these areas 

were found to be perfectly intact. Failed tubes which were visibly free 

of slag, except in one instance, were found to have heavy slag deposition 

when viewed under the mici^scope. 

O 
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Figure 315. Failed Tube With Slag Deposition at Injector 
Ring, Outer Body 

100X 

Figure 316. Failed Tube With Slag Deposition i 
Shroud, Outer Body 
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Figure 317- Undamaged Tube at Injector V22, Outer Body 

100X 

Figure 318. Tube at Throat, Outer Body With Incipient Melted Surface 

710 



o 

I c 

c 

(U) A general consistency of tube failure locations also added to the 

evidence that the outer-body tube failures were predominantly from slag. 

Wherever slag patterns were nonaxial, the tube failures followed the 

angular pattern with tubes above and below this line intact, A typical 

pattern would be failures at the injector ring, convergent contour, throat, 

and shroud along a 45-degree angle from axial. Failures would ignore zones 

of higher heat flux to maintain the above pattern. 

(u) The chamber inner body sustained tube crown erosion on approximately 

88 tubes. The majority of remaining tubes were essentially undamaged. 

Inner-body tube failures were not confined to areas of liquid metal flow. 

The majority of tube failures were in a zone l/2 to 2 inches downstream 

of the injector ring and fairly consistently all the way around the combus- 

tor except for the following: 

1. Areas between fuel strips 

2. At and adjacent to baffle locations 

Tube failures on the inner combustor body were predominantly due to hot- 

gas erosion in a localized band l/2 to 2 inches below the injector face. 

Failures within this band are suspected to have occurred in runs 023 and 

J)25» and probably a few in run 022. There were also tube» on the inner 

body which failed late in run 025 because of liquid metal erosion. These 

consisted of failures in the combustion, convergent, and throat uections 

in direct line with the injector failure. 

(u) Tube samples were cut from the inner body 1 inch downstream of the 

injector ring at several locations. A typical photomicrograph of a failed 

tube is shown in Fig. 319 • There are definite indications here that these 

tubes failed because of hot-gas erosion. Significant observations in this 

regard are: 

1. An absence of slag 

2. Erosion in uniform 
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3. Tube splits in center of crown 

4. Melted-in-place tube material OL tube crowns 

5. Evidence of incipient melting throughout remaining tube wall 

6. High-temperature cracks in remaining tube material 

(U) Upon chamber disassembly, the inner-body vent cavity was subjected 

to a leak check by pressurizing the cavity with 5.0-psig helium. Soap 

solution applications in the injector-end hydrogen manifold and exit-end 

manifold revealed that no leakage occurred in these areas. It was observed, 

however, that vent pressure gas was encaping through some of the larger 

tube crown splits in several locations on the assembly. 

(u) Several tube crowns were removed to provide visual access to the back 

sides of the split tubes. Longitudinal cracks about l/2 inch in length 

were observed in the tube walls at the tube-to-body interstices at several 

location*.. Tube samples were removed from the body at these locations. 

Figure 320 shows a cross section through a typical area where cracks were 

found. Further microscopic investigation (Fig. 321) left no doubt that 

the cracks were caused by reverse bending fatigue of rather high amplitude 

(total life was probably on the order of 10 to 10 cycles). 

(u) Calculations indicate that the natural frequency of the structure 

shown in Fig. 320 is in the range of 20,000 to 30,000 cps. 

(U) The sequence of significant events of test 025 is presented in Fi£.322, 

views A through H. Analysis of data, high-frequency instrumentation, and 

film indicated that the fuel lead, C1F ignition, oxidizer priming portions, 

and main propellant ignition appeared to be normal and satisfactory. Thrust 

chamber operation at the time of L0 prime is shown in view A. Transition 

appeared to be normal, based on data analysis; however, the exhaust flame 

showed more or less uniform bright yellow and white exhaust flame streaking 

completely around the chamber (viewB). This streaking has been interpreted 

O 
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Figure 319. Failed Tube in Combustion Zone, Inner Body 
Caused by Hot-Gas Erosion 

ÄliB!lirBk-:;', : 
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Figure 320.  Tube-to-Body Crack Location No. 1 Inner Body 
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Figure 321. Fractured Tube Walls Showing Multiplane Topography 
Typical' of Reverse-Bending Fatigue 
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Figure 322A. Test 025 Mainstage Operation 
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Figure 322B. Test 025 Mainstage Operation 
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to be evidence of tube and injector edge erosion. Predominant yellow and 

vhite streaks (indicating local chamber burning and/or mixture ratio vari- 

ation, View C) more sparsely spaced appeared within a few milliseconds after 

transition and then tended to diminish in brightness (vi?w D). Data show 

that fuel was lost from the flow circuit during or immediately after transi- 

tion to mains^age. 

(U) Green streaks (indicating burning of copper injector strips) appeared 

in the exhaust flame approximately 320 milliseconds into mainatage (view 

E). The high-frequency data do not reveal any unusual operational char- 

acteristics at this time. Internal chamber erosion continued as evidenced 

by bright yellow, white, and green streaking in the exhaust flame until a 

very bright flame appeared in the area from 030 to 090 degrees (view F) 

approximately 1.0 second into mainatage.  It is quite evident, from exami- 

nation of the time plot of events (Fig. 323 ) that major damage existed in 

the chamber at this time. All evidence indicates that erosion progressed 

through the hot-gas tapoff system and into the oxidizer manifold at this 

time. Heavy white streaking appeared in the exhaust flame at other loca- 

tions around the chamber (view G) until external burnthrough of the tapoff 

manifolds occurred approximately 1.3 seconds into mainstage (view H). 

(u) The posttest investigation revealed that failure was the result of 

several interrelated factors. The significant initiating and contributing 

factors to the incident and this interrelationship are shown in Fig. 324. 

The following is a brief discussion of the failure mode sequence. For 

clarity in understanding the causes and effects, this discussion will start 

with the terminal failure and trace the chain of events back to the initiating 

causes. 

(U) Facility damage within the altitude was definitely caused by external 

burnout of the tapoff and oxidizer manifolds. Figure 323 shows a view of 

facility damage. The oxidizer and tapoff manifold damage occurred late 
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Injector Gap 
Cavity 

Irijectcr Strip 
End LO2 Leaks 

Fuel Coolant 
In Injector Gap 

Injector Element 
Configuration 

Propellant 
Combustion 

In Gap 

Combustion Zone 
Tube Splits - 
Loss of Fuel 

Injector Strip 
Burning 

Tapoff System 
Burnout 

L02 and Fuel Manifold 
Burnout - Major 

Hardware Burnout 

Facility 
Damage 

Figure 324. Test 025 Failure Mode Sequence 
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Figure 325- Hioto of Facility Damage Within 
Altitude Capsule 
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in the test. These manifold« burned through externally as a result of 

introduction of the ozidizer into the tapoff system through eroded tapoff 

ports in the injector. Figure 326 shows a sketch of the tapoff port erosion 

path within the injector body. Various stages of tapoff port erosion were 

found, extending from essentially undamaged ports to holes into the oxidizer 

manifold. 

(U) Burning and erosion within the tapoff ports in the injector were caused 

by hot oxidizer-rich gases being pumped into the tapoff ports in certain 

compartments. The hot oxidizer-rich gas was a product of several causes: 

1. Loss of fuel from the flow circuit at transition 

2. Injector strip end and face burnout 

3. Injector closeout ring burnout (secondary) 

(U) Loss of fuc\  from the flow circuit is evidenced by:  (l) higher-than- 

expected bulk fuel temperature rise, (2) lower-than-expected fuel system 

pressure drops (based on assumption of no fuel loss), and (3) low fuel 

pressures in fuel dump system. The fuel that was unaccounted for was lost 

from the flow circuit through tube splits and erosions. Tube splits and 

burnouts were caused by:  (l) injector element configuration and wall gap 

causing combustion hot spots on the chamber walls, and (2) propellent 

combustion in the injector-to-chamber gap and resultant slag (from injector 

and chamber) erosion of tubes. 

(U) The propellent combustion within the injector-to-chamber gap was a 

consequence of several factors. The injector-to-body gap is by nature 

oxidizer-rich. Oxidizer recirculating across the injector face was quite 

evident when hot gas was sampled from this zone during 2.5K segment testing 

and was found to be at a very high mixture ratio (approximately 100:1 o/f). 

Hot-gas circulation in r.he injector-to-chcmber gap cavity is promoted by 

the existence of nonpressure producing regions within the injector-to-chamber 

gap and between the baffle ends and the chamber walls. Figure 327 illustrates 

the gas-flow path into the low-pressure regions and along the baffle end. 

Fuel introduced into this oxidizer-rich region to act as film coolant for 

the chamber body upper rings combined with an additional factor of oxidizer 

(This page is Unclassified) 
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leakage fron »trip-end braze joints provided the necessary elements for 

combustion and erosion within the gap cavity, 

(u) Injector face and strip-end burnout resulted from progression of com- 

bustion and erosion within the injector-to-chamber gap cavity. Loss of 

fuel from the flow circuit also tended to aggravate this condition by driv- 

ing the injector mixture ratio (o/f) high and excessive local circulation 

fco the gap at the tube splits. Likewise, burnout of the injector closeout 

rings was the result of combustion and erosion within the injector-to-cbamber 

gap cavity. 

f 

(u) Oxidizer strip-end leaks and resultant injector and chamber erosion 

were found after testing in areas of the injector that did not sustain 

major damage. A typical area of erosion as a result of oxidizer strip-end 

leakage is shown in Fig. 328. A key cause of the damage appears to be the 

existence of a gap betw »n the injector body and the chamber end ring and 

the resultant flow paths. Without this gap, oxidizer-rich hot gas and/or 

oxidizer from strip leaks could not combine with fuel in an area where it 

is not intended that combustion occur. All indications are that elimina- 

tion of the injector-to-chamber gap and sealing of all strip-end leaks 

would have precluded the type of damage experienced in test 025. Extensive 

segment tests with a smaller gap showed no distress in this area, bearing 

out the analysis. It should be noted that intercompartmental gas flow near 

the injector and gas circulation behind baffles are not present in the 

Demonstrator Module or 20K segment because the baffles are sealed to the 

chamber walls. Accordingly, modifications were made to the No. 2 tube wall 

assembly to fill the gap between injector and chamber. A beryllium-copper 

lip seal was attached to inner and outer body injector end rings, as shown 

on Fig. 3291 such that it prevented combustion gas from filling th$ gap and 

it directed the GEL  from the injector strip-end orifices down over tne strip 

ends, protecting them from erosion. A low temperature vulcanizing silicone 

ablative material was placed in gaps between baffles and bodies to reduce 

circulation as shown on Fig. 329.. To reduce the tube overkeating at the 

injector end, both inner and outer bodies were flame-sprayed with a tungsten- 

zirconia-silica coating to a depth of .010 inch and covering the area from 

injector to 2 inches downstream of injector face. 
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(U) No. 2 Tube-Wall teat Series. Daring the solid-wall and No. 1 

tube-wall ma instage tests, the greater portion of nainstage chamber pres- 

sure was developed within 50 milliseconds. Analysis indicated that a slower 

transition into mainstage was desirable. The sequence was therefore modi- 

fied to achieve a two-stage chamber pressure start transient. Priming of 

the engine oxidizer manifold and transition to the intermediate chamber 

pressure level were achieved by using one-half of the mainstage oxidizer 

flowrate. At that time, the full oxidizer flowrate was sequenced in, and 

the final transition to mainstage was achieved. A series of- oxidizer blow- 

downs was conducted prior to hot firing to verify system operation with 

two stages of flowrates, to obtain additional pressure drop data, and to 

determine priming characteristics at each stage of flowrate. The resul- 

tant start eequence is illustrated in Fig. 330 by comparing the start 

transients from tests 023 and 027* Test 027 utilized the step start 

sequence, whereas the start sequence for test 023 was similar to that 

utilized for the solid-wall chamber. 

(u) Two mainstage tests (027 and 028" were conducted on the No. 2 tube- 

wall assembly. The purpose of the first mainstage test was to check out 

the modified step start sequence and to verify test stand operation. Main- 

stage operation of 280 milliseconds was achieved. Review of the data and 

films indicated that chugging occurred during start and cutoff. A 1900-cps 

tangential mode was observed duiing mainstage. The films also indicated 

that copper erosion occurred, as evidenced by green streaks in the exhaust 

flame. 

(u) To fully ascertain the hardware condition, the chamber was removed 

from tue test stand following test 027 and the outer body was lowered to 

permit access to the combustion zone. Visual inspection revealed that the 

injector was in good condition with the exception of the baffles. Over- 

heating and erosion of the baffle edges was sustained, as shown in Fig. 331. 

An average of four tubes per baffle on the outer body were found to be 

split bebind each of the baffles. The tubes were split up to 3/8 inch in 

wmwL 
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TEST 023: TYPICAL 
START TRANSIENT OF 
SOLID-WALL AND NO. ? 
TUBE-WALL TESTS 

50 MSEC 

TEST 027: MODIFIED 
START SEQUENCE 

300 NSEC 

Figure 330. No. 2 Tube-Wall Modified Start Sequence 
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Figure 33K Posttest 027 Injector Baffle Condition 
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length. The plasma sprey coating -which was applied to the No. 2 chamber { ) 

was found to he locally spalied, both behind baffles and within compartments 

on the outer-body tubes. The coating was in generally excellent condition 

on the inner-body tubes. Figure 332 shows a typical section of inner-body 

tubes and coating condition. Following completion of the inspection, the 

chamber was reassembled and reinstalled on the test stand for further 

testing. 

(C ) Testing was conducted at site level conditions with the No. 2 tube- 

wall chamber. The tube-wall test program was terminated following test 028. 

Test operating conditions for test 028 were: 898 psia chamber pressure, 

mixture ratio of 3*90 (o/f), and mainstage duration of 0.80 second. The 

targeted mainstage duration was 1.0 second; however, the test was terminated 

prematurely by the inner combustor body vibration safety cutoff (VSC) device. 

A 1900-cps combustion oscillation phased in approximately 0.30 second into 

mainstage, apparently tuning with the structural resonance of the inner 

body and causing a rise in vibration level and a VSC cutoff. 

(u) Again, green flame could be seen in the test films. Inspection of 

the combustion zone with inspection periscopes revealed that the baffles 

had sustained erosion of the trailing edges and sides adjacent to the 

combustor bodies. The injector face and tubes within the combustion zone 

were in good condition. 

(u) Posttest Hardware Inspection, Tube-Vail Chamber No. 2. The No. 2 

tube-wall chamber was removed from the test stand and disassembled for 

complete inspection. The injector face was in generally excellent condi- 

tion with no evidence of erosion. A view of the injector face showing two 

compartments is shown in Fig. 333» The baffles sustained overheating and 

erosion on the sides and along the trailing edges. The baffle coolant 

passages were exposed along the sides of two baffles (typically shown in 

Fig.33^)• The coolant passages were exposed on 27 baffles near the trailing 

edge on the inner-body side (typically shown in Fig. 335). The baffles were 

eroded to the coolant passage on the trailing edge (Fig. 333) on nine baffles. 
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r (U) Split tubes were sustained on both the inner and outer bodies behind 

baflies« An average of five split tubes per baffle vat sustained on tbe 

outer body, and an average of four split tubes per baffle was sustained on 

tbe inner body. The tubes located vithin the conpartaents and at the throat 

and nozzle were in generally excellent condition. 

(U) The combustion zone plasma spray coating was found to be epalied and 

thinned more severely on the outer body than on the inner body* The coat- 

ing was atili essentially intact on the inner body (Fig. 336)» Ccpper 

removed from the baffles by erosion was found to be deposited on the inner- 

and outer-body tubes as well as on the injector face (Fig. 336), No other 

damage was sustained by any chamber component. 

(U) The cause of the damage is analyzed in the Combustion Stability 

Analysis section (page 763) and the direction of solution discussed in 

Problem Areas and Solutions (page 777)* Because this combustion oscil- 

lation and damage problem was present at the end of the contract period, 

this concluded the testing effort. 

Analysis of Results 

(U) The aerodynamic spike is an advanced nozzle concept which offers the 

advantage of high performance over the complete range of (sea level to 

vacuum) altitude operation. The goal of the 250K experimental thrust cham- 

ber effort was to demonstrate aeroepike specific impulse, combustion effi- 

ciency, tnd nozzle performance of the concept. In addition, valuable data 

relative to base pressure, shock boundary layer interaction, thrust chamber 

base configurations, and scale effects on base pressure and thrust coefficient 

were attained. 

(ü) Nozzle Performance. Extensive cold-flow and hot-firing programs have 

been conducted to develop empirical and analytical formulations of aero- 

spike aczzle performance. Through these efforts, the nozzle behavior has 

been well characterized. 
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(C) The altitude-compensating process occurs regardless of the nature 

of the gas; however, the degree to which altitude compensation occurs 

does depend upon the nozzle geometry, and to a smaller extent, the nature 

of the working fluid anil the amount of secondary flow used. Typical 

altitude-compensation results are shown in Fig. 337 (Ref.12). This figure 

shows the nozzle efficiency for a cold-flow model with an area ratio of 

48.3 and a length of 30 percent of an equivalent conical nozzle tested 

with air. Data without secondary flow and with optimum secondary flow 

are presented. Maximum nozzle efficiency was approximately 98.3 percent 

at the design pressure ratio of 1400. The altitude-compensating ability 

of the aerospike nozzle is evident even at extremely low pressure ratios. 

i i 

(U) Hie adequacy of nozzle performance techniques and the altitude com- 

pensation of the aerospike were demonstrated during tube-wa.!l and solid- 

wall testing.  The predictions of the 250K tube-wall chamber along with 

the measured values are given in Fig. 338. Altitude compensation is dis- 

cussed in Appendix IX.  It will be noted that altitude compensation is 

obtained, agreement (minor differences ahown are largely due to mixture 

ratio and area ratio variations) between the experimental and measured 

thrust efficiency is achieved, and that experimental values are well 

above those attainable with comparable bell chambers. 

(C) As noted previously, the degree of altitude compensation is affected 

only to a small extent by the nature of the working fluid.  It is therefore 

possible to utilize and evaluate thrust coefficient data from the solid- 

wall thrust chamber. Figure 339 shows the values of the one-dimensional 

optimum C_, as a function of ambient pressure ratio (P /l ) for the solid- 
* c a 

wall thrust chamber, The theoretical calculations also show the relative 

independence of the water film coolant on thrust coefficient (CL,). The 
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difference between the two extremes of thrust coefficient «re Approxi- 

mately 1.0 percent at a pressure ratio *>f 20 and approximately 5.8 percent 

at a pressure ratio of 125* 

(U) The experimentally determined primary nozzle thrust coefficients are 

shown in Fig. 340. This figure shows that the experimental data bracket 

the theoretical calculations. 

(U) Base Pressure Analysis. The high performance levels of the aerodynamic 

spike nozzle are due in part to the base contribution. Considerable effort, 

both theoretical and experimental,. has been expended in understanding the 

separated supersonic flow phenomenon, which is the mechanism of base pres- 

sure. These investigations have led to a comprehensive understanding of 

the base-flow phenomenon. These studies have shown the base pressure has 

two well-defined altitude or ambient pressure regions, generally referred 

to a8 the "open" and "closed" wake regions. The "open" wake is the alti- 

tude region where the base pressure is influenced by the ambient pressure, 

and the "closed" wake region is the altitude region where the base pressure 

is independent of the ambient pressure. When properly introduced, secon- 

dary flow improves the nozzle performance both at high and low pressure 

ratios. This increased performance is directly attributable to an increase 

in base pressure. 

(c) Results of the ambient pressure dependence of base pressures are shown 

in Fig. 341. The data shown in this figure are for the 40K and 250K aero- 

spikes for tests with durations greater than 0.25 sec. It will be noted 

that both the 40K and 250K data show that the open wake base pressure is 

near ambient. The short duration of the 250K test may have slightly lowered 

the base pressure on several tests. 

(u) Since no high pressure ratio tests were conducted on the 250K chamber, 

no experimental verification of the closed wake base pressure was obtained. 
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(ü) Nozzle Pressure Profiles. The altitude-compensating properties of 

the aerospike nozzle are, in part, due to recompression of the expanding 

gases. This recompression phenomenon results in nozzle vail pressures 

that are either above ambient (above the r€compression zone) or near 

ambient (in the recompression zone). Verification of the ability to cal- 

culate the vail pressure is of prime importance because estimates of the 

thrust coefficients are obtained by integrating the calculated vail pressure 

profiles. 

(c) One of the advantages of the solid-wall testing vas the ability to 

experimentally determine the vail pressure profiles. Typical results are 

shovn in Fig. 342 vhich gives the vail pressures vith the chamber operating 

at 900 psia. This pressure rise dovnstream of the shroud is caused by the 

nozzle flow. The agreement between the experimental and calculated data 

provides additional support of the anticipated performance levels that can 

be realized vith the aerospike engine. 

(c) Experimental wll pressure profiles vere measured on the uncooled \_) 

nozzle extension of the 250K tube vail chamber. These results are given 

in Fig. 343 along vith the theoretical results for a chamber pressure of 

600 psia. The agreement betveen the theoretical and the calculated re- 

sults shovs that the calculation model can be used to obtain estimates of 

the inviscid thrust coefficient. 

(u) One additional area associated vith the nozzle pressure profile vas 

the interaction of the recompression shock and the boundary layer. Re- 

compression at lov pressure ratios gives rise to oblique shock waves. 

The interaction of this shock wave with the nozzle boundary layer can 

lead to local separation of the boundary layer if the shock is of suffi- 

cient strength. Local separation of the boundary layer could lead to 

extremely high heat fluxes. Visual posttest investigations of tube-wall 

chambers and thermal measurements on the uncooled nozzle extension have 

shovn that the recompression shock waves are not of sufficient strength 

to cause boundary layer separation. 
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(c) Combustica Performance Analysis. The combustion efficiency obtained 

for L0o Hydrogen Acrospike combustion chamber configurations has been dem- 

onstrated in numerous tests, Many of these tests, i.e., the 2.%  segment, 

were performed specifically to determine combustion efficiency. The re- 

sults have shown that optimized injector configurations produce combustion 

efficiencies above 99 percent at full thrust and in the 97- to 98-percent 

range at throttled conditions. The 2.5K segment designs were employed 

in the 20K segment and 250K designs. The same high c* performance obtained 

in the 2.5K segment was also obtained in the 20K »egment and on the 250K 

tests which were not subject to excessive tube leakage, thereby demonstrating 

that the segment approach can be employed to develop injector performance 

(u) For the final performance verification at the 250K level, a solid- 

wall (water film cooled) and a tube-wall thrust chamber were fabricated. 

The operational characteristics of the solid-wall thrust chamber (i.e., 

large amounts of water film coolant and short-duration i?st) precluded 

determination of the absolute c* efficiency of the 250K injector. Depend- 

ing upon the assumptions concerning the behavior of t^ie water film-coolant, 

efficiencies ranging from 80 to 132 percent were possible. Although it is 

not possible to obtain absolute values of c* efficiency *rom the 250K 

solid-wall testing, it is possible to obtain basic information on the 

calculation methods employed in evaluating the aerospike thrust chambers. 

(U) For example, c* can be calculated i:rom both the measured parameters 

ox i'iowrate and chamber pressure and also from measured values of thrust. 

Because this method involves calculated nozzle losses, agreement between 

c* obtained from thrust and c* obtained from PA is verification that the c  • 
nozzle calculations are reasonably accurate.    Results of this calculation 

with the water effects included are shown in Fig, Jhk^    The data scatter 

about the 45-degree line indicates that the data are consistent and that 

the calculation model employed on the solid-wall  (and tube-wall) thrust 

chamber is valid. 
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(C) In the tube-wall thrust chamber testing, three nainstnge tests, 

capable of providing quantitative c* data, were obtain^. These data 

(Table 85) «how that c* efficiencies of 97.4, 96,2, and 94.9 percent were 

obtained fer tests 023, 027, and 028. The c* efficiency of 97.4 percent 

obtained on test 023 was within 1 percent of the level that would have 

been expected based on the 2 5K segment testing. One adverse factor 

during this test was the limited duration (-0.4 second). In general, 

performance evaluation tests are of longer duration. Experience has shown 

that maximum efficiencies will be achieved after ~ 1 to 2 seconds of thrust 

chamber operation. 

(U) Because of the nature of hardware damage incurred during tests 027 

and 028, it is quite probable that qurted characteristic velocity effi- 

ciencies do jot accurately portrey the injector capability. Combustion 

efficiencies obtained during these tests are lower than values achieved 

during earlier short-duration 250K tests and are generally not in accor- 

dance with values projected from 2.5K and 20K se^aent testing. 

(G) Besides the aforementioned effect of short duration, inspection after 

test 027 indicated numerous tube splits throughout the combustion chamber. 

Inspection after test 028 revealed tube splits plus substantial erosion 

and leakage at baffles. These two conditions are sources of fuel to the 

throat chamber. By injecting fuel tbrougn split tubes or damaged baffle, 

chamber mixture ratio remains constant, but the injector operates at a 

high mixture ratio. Afproxirately 6 percent of the thrust chamber tubes 

were found to have split*. % estimating the total exposed area, it was 

found that these splits could account for up to 6.5 lb/sec of fuel. Sim- 

ilar analysis of the baffles indicated that the 0.77 sq in. of exposed 

baffle coolant area could account for up to 5.5 lb/sec of fuel. 

(C) The manner in which fuel from the tubes and baffles enters into the 

combustion process is unknown. However, several calculations have been 

made to give an indication of the effect that may be expected. The 
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TABLE 85 

(C)  TUBE-WALL THRTTST CHAMBER PERFORMANCE DATA SÜMKAKV 

Test Number 

023 027 028 

Test Duration (90-90JG P )f seconds O.'iO 0.275 0.800 

Specific Impulse, seconds 

Flight System at Test Pressure 343.7 342.2 334.7 

Flight Sygttm at Vacuum 443.6 435.1 425.8 

Specific Impulse Efficiency 

Flight System at Vacuum (Based 
01 Shifting Equilibrium) 

0.9548 0.9340 0.9156 

Combustion Efficiency (Based on 
Shifting Equilibrium) 

0.9743 0.9623 0.9493 

Nozzle Efficiency 

Flight System at Vacuum (Based 
on Shifting Equilibrium) 

0.9615 0.9502 0.950« 

Ambient Pressure*, psia 12.30 12.20 12.30 

Injector End Pressure*, psia 608.8 824.7 897.9 

Nozzle Stagnation Pressure, psia 605.9 821.2 894.1 

Overall Engine Mixture Ratio*, o/f 4.720 4.852 5.277 

Injector or Primary Mixture Ratio*, o/f 4.930 3.017 5.884 

Measured Thrust*, pounds 76140 96611 109251 

Total Oxidizer Flowrate*, lb/sec 185.72 238.41 278.15 

Total Fuel Flowrate*, lb/sec 62.26 100.91 106.67 

Fuel Dump Flowrate*, lb/sec 22.91 51.78 51.76 

Centerbody Flowrate*, lb/sec 1.68 1.61 5.43 

Total Coolant Flowrate*, lb/sec 60.58 99.30 102.85 

Oxidizer Injection Temperature*, R 232,8 215.0 J212.2 

Fuel Injection Temperature*, R 469.6 381.9 416.5 

Cooli»tt Inlet Temperature*, R 100.3 105.3 JO3.O 

Oxidizer Injection Pressure*, psia 640.0 890.5 995.8 

Fuel Injection Pi ensure*, psia 766.8 975.5 1C42.3 

Coolant Inlet Pressire*, psie 1611.6 2080.1 2171.2 

Oxidizer Injector Pressure Drop*, psi 31.2 65.8 97.9 

Fuel Injector Pressure Drop*, psi 158.0 150.8 144.4 
) 

Geometric Threat Area*, in." 87.570 81.515 81.895 

Nozzle Area Ratio 72.06 77.40 77.04 

♦Mensured Values 

O 

750 



  . ■■iii.mmiiwjiwL.i mmmtmmmmmmmmm ■' iw-muuii " ■ " »■""-■■ »-.HJJJ■i.wimi.. II.HU 
PI» IW IHM—Wl'" T^-rr—-  - 

•-•   : ■■- -^»Rg»    v 
♦ ..." * > 

extreme case would be where only fuel injected through the injector con- 

tributes to performance. In this case, subtracting the flow through 

damaged areas would increase injection mixture rstio and decrease total 

flcvrate. Based on this extreme assumption, the characteristic velocity 

efficiencies would be 100 to 105 percent for tests 027 and 028, respectively. 

A more realistic apprc. ch, based on previous segment experience, is to as- 

sume that the fuel from the tubes and baffles is 50 percent effective in 

the combustion process. In this case, the combustion efficiencies would 

be 97.6 and 98.6 percent for tests 027 and 028, respectively. These latter 

values not only appear consistent with the expected performance levol of 

the injector but also indicate the slight improvements in performance that 

would be expected ot the longer-duration test, 

(u) Based on a review of the hardware and analysis of test data, it still 

appears that the current injector design will provide high values of char- 

acteristic velocity. 

(U) General Performance Evaluation. Performance data for tests 023, 027, 

and 028 of the tube-wall thrust chamber are given in Table 85« D.»ta are 

presented for:  (l) the as-tested system, (2) the flight system at site 

conditions, and (5) the flight system at vacuum operation. Specific im- 

pulse efficiencies are referenced to engine mixture ratio at tans  condi- 

tions. The equation.; and .-> ■ cedures used to evaluate the performance and 

definition of term4; are given in Appendix V. 

(C) Despite the adverse effect? of short duration, the nozzle performance 

and combustion efficiency achieved during test 023 fulfilled the specific 

impulse objectives of the Demonstrator Nodule operation (r]    > 95 percent 

at throttled conditions). The specific impulse achieved at site conditions 

was over 343 seconds, and a comparable value for vacuum operation is 444 

seconds. 
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(u) Performance values reflect total flow through the chamber. Tube 

splits were known to be present during runs 027 and 028. These tube upliis 

inject substantial quantities of fuel into the combustor. Therefore, data 

on these tests are not an accurate presentation of ultimate injector or 

total (l ) performance. By estimating the performance penalty associated 

with this tube and baffle damage, the ultimate performance prediction? of 

the Demonstrator Module can again be verified. 

(u) In the segment testing (from the 2.5K to the 20K leve.), it was re- 

peatedly demonstrated that high combustion efficiencies vvre achievable 

vith /"p/H., propellants is an aerospike combustion chamber. This high 

combustion efficiency was verified by test 023 on the 2;>0K i a rust chamber. 

\ii)    It vas also shown that the anticipated nozzle efficiencies (C-) were 

obtained for the 250K thrust chambers when operating at lew »ressure reties. 

Kith these da+a, a high degree of confidence in the reliability of the cel- 

culational procedures used in estimating the altitude-dependent thrust 

coefficient is obtained. 

(C) Figure 345 presents predicted specific impulse vs pressure ratio for 

the 250K tube-wall thrust chamber based on c* levels obtained on tue 25GK 

program supplemented by the 2.5K segment program. From this figure it will 

be noted that performance levels are consistent with the expected and pre- 

viously quoted performance levels. A general conclusion of the 250K tube- 

wall chamber is that achievement of tie specific impulse performance indi- 

cated in Fig. 345 is feasible on the 250K tube-wall chamber and that only 

the operational problems prevented the attainment of this level. 

(U) Side Loads. A discussion of the thrust-measuring system is presented 

in the Facility Description section. The equations for the six components 

of force (three forces, three moments) were established from a diagram of 

the test stand (Fig. 298 ). It was thus possible to compute the sis force 

J 
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components as a function of ran time. Load cell forces were recorded on f/ 

the data-acquisition system, and the results were automatically printed 

out as plots of load cell force vs run time. 

(U) One of the key items evaluated during this test series was the value 

of side loads. These loads were monitored during the start and cutoff 

transients, as well as during ma inatage. For high nozzle area ratio bell 

chambers, the phenomenon of high side loads has influenced the chamber 

structure and development. 

(C) It is significant to note that the side loads and moments obtained 

on the tube-wall chamber during the start transient, and. also during 

steady-state operation, were very lew. The three principal load compon- 

ents during the start transient of test 028 had the following values 

(in pounds): 

Main Thrust 109,251 

Peak Transient Vertical bide Load     557 (J 

Peak Transient Horizontal Side Load    92 

(U) These load values are typical of the tube-wall tests. 

(U) Side load forces were exceptionally small. Based upon the data ob- 

tained during the test series, it is expected that excessive side loads 

will not be a prob, em with this chamber. 

(C) Throat Gap. A sensitive potentiometer was adapted to a bracket assem- 

bly to infer throat gap change during a test by measuring the relative 

radial displacement change between the inner and outer bodies at the throat 

plane. Figure 346 is a plot of throat gap change on test 028 which was 

conducted at a 900-psi chamber pressure. The measured throat gap change 

of 0.022 is in very good agreement with the predicted throat gap change 
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of C.020 to 0.025 at a 900-psi chamber pressure. These values of throat 

gap change are not directly applicable to the Demonstrator Module because 

of the difference in backup structures and the fact that the baffles attach 

to the chamber walls in the Demonstrator Module. The fact that the measured 

throat gap change agreed well vith predicted values reaffirms the predicted 

throat gap control of the Demonstrator Module. 

(c) Heat Transfer. The 250K chamber tubes, which were released early 

in the program, are designed for a peak heat flux of 50 Bta/in. -sec. The 

2.5K solid-wall tests indicated that the heat flex in the throat was approx- 
2 

imately 56 Btu/in. -sec at a 1500-psi chamber pressure with a wall tempera- 

ture of 1600 F. As a result, an analysis was made to determine the actual 

operating characteristics of the throat and chamber, Selected parametric 

results are shown in Fig. 347 through 349 . Figure 347 shows the effect 

of coolant flowrate on the gas wall temperature of the outer-body throat 

at the 900-psia chamber pressure operating point. The outer-body throat 

was chosen as a critical test point, because theoretically, it is tb« 

hottest region in the chamber having higher theoretical wall temperatures 

than \ther the inner-body throat or the combustor. A curvature enhance- 

ment of 1.15 was chosen as being a somewhat conservative estimate of the 

value occurring near the aerodynamic area ratio, this being theoretically 

more severe the.,- the geometric area ratio which has a higher curvature 

enhancement. Similar parametric analyses at other chamber pressure operat- 

ing points were also conducted, 

conducted. 

O 

(c) The effect of curvature enhancement on the theoretical operation of 

the tubes is evident by comparing Fig. 348 (0 curvature ■ 1.5) with Fig. 

347 (0 curvature ~ 1.15). It can be seen that the coolant requirements 

can be reduced by up to 25 percent if the curvature enhancement is increased 

from 1.15 to i.5. 
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(C) The predicted hydrogen discbarge temperature fron the outer body is 

shown in Fig. 349 for various coolant flowrate? and chamber pressures. 

Also shown in Fig.349 are the experimental data points. The theoretical 

predictions agree extremely well with the experimental points. The appar- 

ent discrepancy of test 025 data can be fully accounted for if 20 lb/sec 

were lost from the coolant passages early in mainstage. It was determined 

from the test 025 failure analysis that 20 lb/sec hydrogen was indeed lost 

from the coolant circuit during transition, 

(C) Hot-Gas Tapoff. The No. 1 injector unit was designed to evaluate 

hot-gas tapoff. This unit was equipped with tapoff ports on each baffle 

and a hot-gas manifold. The outlet of this manifold could be orificed to 

govern the amount of tapoff flow, During each test, sufficient gases were 

tapped from the chamber to fill the manifold. On three tests, tapoff gases 

were flowed through the manifold. Hot-gas flow was approximately 1.5 per- 

cent of the total flow through the chamber. Each tapoff test was of 

relatively short mainstage duration (100 to 300 milliseconds). The maxi- 

mum tapoff temperature measured during these tests was 800 F. Extrapola- 

tion of this transient trace indicated that hot-&as temperatures were 

comparable with values achieved during 2.5K testing. 

(c) Ignition and Start Characteristics. Fourteen hot-firing tests and 

five ignitions were conducted during the series of 250K tests. The thrust 

chambers were started over a range of mainstage chamber pressures from 

353 to 1290 psia. Smooth transition and ignition were obtained in all 

cases, indicating adaptability of the thrust chamber to a variety of engine 

start conditions. Figures 350 and 351 represent stares to 540- and 1290- 

psia chamber pressures, respectively. Both of these traces are for tests 

conducted with the film-cooled, solid-wall thrust chamber. 

(C) The chamber pressure trace for the No, 1 tube-wal? chamber was again 

smooth on all tests. A step-start sequence was successfully utilized for 
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( the No. 2 tube-wall test series to reduce the rate of chamber pressure 

rise and avoid possible excessive tube heat flux conditions during the 

start transient. The modified start sequence (Fig. 352) lengthened the 

tradition to mainttage from approximately 30 to 500 milliseconds. 

(U) Hypergol ignition of the annular chamber was satisfa« tory over the 

entire range of operating conditions as evidenced by test films and test 
i 
j pressure data. The films shoved that all compartments were repeatedly 

ignited. The test records show that C1F, was expelled in approximately 

200 milliseconds, and that the amount of hypergol was adequate to establish 

I a good ignition flame. 
i 
j 

j (U) Based upon the test data accumulated, it is concluded that satisfactory 

prime and ignition of the 250K aercspike has been demonstrated. 

(U) Hot-gas ignition was not accomplished. The No. 1 injector (which 

provided hot-gas ignition capabilities) was irreparably damaged on test 
i     / 

( 025. Hot-gas ignition feasibility was demonstrated during the 2.5K segment 

program. 
I 

j 

(u) Combustion Stability Analysis. Thrust chamber dynamic performance 

was evaluated by analysis of high-frequency-response pressure transducers, 

accelerometers, high-speed fastax framing films, and streak photography. 

TM first test on the solid-wall thrust chamber assembly ««ployed flush- 

mounted,  high-frequency-response chamber pressure transducers.    Failure 

and burnout of these instruments necessitated their removal and no further 

flush-mounted chamber pressure measurements were made during the test 

1 series. Recess-mounted chamber pressure measurements were made tor all 

! tube-wall teats. 

(c) Two pulse gun tests at chamber pressures of 353 and 1289 psia ware 

conducted and resulted in no instability being induced. The first test 
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used a 15-grain charge to burst a 7500-psi burst diaphragm, and although 

an instantaneous luminosity change was observed locally in the fastai 

film, no indication of disturbance was observed on accelerometers or feed 

system pressure transducers (Fig. 353). In the 1289-psi chamber pressure 

test, a 40-grain charge used to burst a 20,000-psi burst diaphragm produced 

similar results. 

(C) Analysis of all test data revealed a tendency for the system to oscil- 

late in two frequency IT ages:  (l) 200 to 400 cps during transition and 

cutoff and in mainstage at the lower chamber pressure levels, and (2) 1800 

to 200u cps during mainstage on some tests. Sonic traces from the last 

tube-wall chamber tests (027 and 028) illustrated both of these frequencies 

(Pig. 354). 

(U) The first mode of oscillation (200 to 400 cps) has been analyzed to 

be the common chug mode and correlates extremely well with an analytical 

model developed on the NASA SDI program. Minor modifications to the feed 

system impedance will eliminate this mode of oscillation at the low chamber 

pressure operating condition, 

(U) Analysis of the intermediate frequency mode (1800 to 2000 cps) re- 

vealed no correlation with the predicted fundamental modes of acoustic 

instability or structurally coupled modes of oscillation. 

(u) Assuming a thrust chamber gas product acoustic velocity cf 5500 ft/sec, 

the computed fundamental modc3 are: 

First Tangential ~230 cps 

Baffle Compartment Tangential ~4700 cps 

Baffle Compartmental Radial -16,000 cps 

Longitudinal ~5f>00 cps 
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Instrument 

Oxidizer Torus 
Manifold Pressure 

Test 027 
(Mains tage) 

J^el Inlet 
Pressure 

Fu*l Injection 
Pressure 

Fuel Injection 
Pressure 

14.0 psi rms/div 

7.5 psi rms/div 

Test 028 
(ignition Stage) 

7.5 psi rms/div     M p8i J^£ 

7.5 psi rms/div 

Test 028 
(Buildup to 
Mainstage) 

10.1 psi rms/div 

10.7 psi rms/div 

10.7 psi rms/div 

10.8 psi rms/div 

W«ur, 354A. Sonics fcr Tube-Wall Aerospike Cha-ber 
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Manifold Pressure 

Fuel Inlet 
Pressure 

Fuel Injection 
Pressure 

Fuel Injection 
Pressure 

■DHL 

Test 028 
(Cutoff - 800 Milli- 
seconds to Cutoff - 
450 Milliseconds) 

5.1 psi rms/div 

6.3 psi rms/div 

6.3 psi rms/div 

L^J 
6.3 pai rms/div 

Test 028 
(Cutoff - 450 Milli- 
seconds to Pc Decay) 

11.3 psi rms/div 

4.4 psi rms/div 

4.4 psi rms/div 

4.4 psi rms/div 

Figure 354B. Sonics for Tube^all Aerospike Chamber 
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Figure 354C. Sonica for Tube-Wall Aeroapike Chamber 
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Instrument 
Teat 028 

(Cutoff - 800 Milli- 
seconds to Cutoff - 
450 Milliseconds) 

Test 028 
(Cutoff - 450 Milli- 
seconds to P Decay) 

c 

VSC, Outer Body 

VSC, Inner Body 

5.8 g rms/div 

5.8 g rms/div 

19.3 g rms/div 

19.3 g rms/div 

Accelerometer, Axial 
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©IMiiraM, 
4.0 g rms/div 11.0 g rms/div 

Figure 354D. Sonios for Tube-tfall Aerospike Chamber 
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(c) No consistent phase relations among chamber pressure transducers or 

feed system transducers were observed. Accelerometer recordings indicated 

that in the 1800-cps range, cuter-body accelerations were greater than 

inner-body accelerations, while the reverse was true when the oscillation 

frequency approached 2000 cps. Calculation of all theoretical fluid feed 

system resonances yielded no modes in the 1800- to 2000-cps range. 

(U) High-speed fastaz framing camera film review showed ti rotating, flash- 

ing luminescence in the primary nozzle flow field in both solid-wall and 

tube-wall tests. 

(U) To identify the oscillation mode further, a streak camera was employed 

in test 028. The film moved in the direction of gas flow and the plane of 

view was 115.5 inches. The image recorded was 3A incn °y 9 feet in length, 

and the image position on the nozzle exit was 26 inches fr«is the downstream 

end of the nozzle extension. Figure 355 illustrates the installation. A 

section of the streak photograph recorded during test 028 is shown in Fig. 356. 

(C) Examination of the photograph reveals two dynamic patterns. The first 

is a series of bright lines parallel to the edge of the fi lm, which appear 

and disappear at the rate of 2000 times per second. These streaks are 

radiation of cepper molecules, which indicates a dislodging of copper from 

the baffles at a frequency of 2000 cps. 

(c; A second pattern, apparent from the streak film strip, is the presence 

of dark lines with a period of l/220 second. This correlates well with a 

combustion wave traveling at 5500 ft/sec. The distance between waves, 

however, is much less than the expected period and suggests a series of 

combustion waves traveling around the chamber. At a fixed point in space, 

nine waves traveling around the complete annular chamber would yield an 

apparent cyclic ratio of approximately 2000 cps. 

I C 
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(C) Review of stability data obtained on the same injector pattern on 

the 20K and 2.5K segments shoved that all 2.5K data were stable with no 

oscillation tendency in the 2000-cpe range when tested over a vide range 

of chamber pressure and mixture ratio. The 20E data review, however, re- 

vealed an oscillation at 1800 to 2000 cps, apparent in the early portion 

of mainstage on almost all tests. Phase analysis of feed system pressure 

measurements showed that the mode was not the first transverse in the 20K. 

The wave character was indicative of a feed system-coupled "buzz-type" 

oscillation. Because injector and thrust chamber feed system on the 20K 

is quite similar to the 250K, it can be conjectured that both combustion 

systems exhibit a similar mode. 

(c) The two proposed modes of the 1800- to 2000-cps oscillation, therefore, 

are. 

1. Higher harmonics (~ninth) annular acoustic mode 

2. Feed system-combustion process coupled oscillation (buzz). Be- 

cause both the solid-wall and tube-wall chambers exhibit d the \,_7 

same mode, it is hypothesized that if it is a feed system-coupled 

phenomenon, the oxidizer feed system, rather than the feed system, 

is more likely the coupling system. 

(c) The higher-order annular mode is not likely to occur in a demonstrator 

engine system because of the presence of longer baffles than were employed 

in the ?h«se I hardware (4.5 vs 3 inches). In addition, the Phase I bard- 

ware permitted a conmunication between baffle compartments in the critical 

combustion ss^ie area through the presence of a gap between the baffle pnd 

chamber wall. This gap, which permits an annular gas flow path, is elimi- 

nated in the demonstrator because the baffles are sealed to both inner and 

outer thrust chamber body walls. 

(u) "Buzz-type" oscillation i-odes have been present in various experimental 

thrust chambers. The solution to these problems has generally been achieved 
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o with sligh; alteration to food system dynamical behavior and/or modification 

of the coabustion zone sensitive tine lag. 

Problem Areaa and Solotiona 

(ü) The design and fabrication of a "firet-of-a-kind" chamber usually en- 

tail» problem« peculiar to the apecific chamber. Several such problems 

vere encountered during fabrication of the 250K chamber». 

(U) The criginal chamber concept utilized injector baffles that consisted 

of an inner core of high-temperature, high-strength material with cooled 

copper facing. Development difficulties precluded the use of this design 

for the 250K injectors and drilled copper baffles vere substituted. Fab- 

rication problems of the high-strength core baffle vere overcome in tine 

to be used successfully on the 20K segment, however. 

(U) Other problems encountered during fabrication which required corrective 

action included the following items: 

r 
v.. 

1. The inner-body forging (vendor supplied) consisted of welded 

pieces which contained welds with slag and porosity. It was 

necessary to machine away the weld which would be under tubes 

on the final chamber and apply new weld. 

2. Thermochromiatic check of the first tube-wall chamber after furnace 

braze indicated what complete braze adhesion of the tubes had not 

been attained. Addition of more chamber alloy grooves resulted 

in complete tube braze adhesion. 

3. Tie bolts were added to the inner-body, end ring to reduce the 

load carried by the tube-to-end ring braze joi^t to ensure struc- 

tural integrity. 

4. A few tubes were plugged on the first chamber because of runoff of 

braze alloy during furnace bras*. Stopoff applied to the ends of 

the tubes effectively eliminated tube plugging during the braze cycle. 

(This page is Unclassified) 



(U) The solid-wall chamber utilized water-film-cooled throat sections 

fabricated by veld depositing copper on the chamber body. Fabrication 

of the outer-body throat was accomplished satisfactorily; however, copper 

welding of the inner body resulted in weM cracking. Attempts at veld 

repairing the throat and installing a c<w r ring wer« likewise unsuccess- 

ful. Consequently, the copper throat of the inner body was s»moved and the 

profile we? achieved by nickel veld buildup. The problem with depositing 

copper on the inner body was that the veld deposition tended, thermally, 

to expand away from the body, resulting in cracking. This problem was 

not encountered en the outer throat becauae veld expansion tended to be 

constrained by the body since the veld was deposited on the ID of the 

chamber. 

(U) Many potential problems concerned with testing (such as chamber pres- 

sure overshoot and water flovrate control) were anticipated and solved 

prior to delivery of the hardware to the test site. Other problems became 

evident during testing, and corrective action was taken as each problem 

was defined. 

(U) It was noted during iael blovdovns and during the first test that a 

vacuum was drawn on the inner-body, tube-to-backup vent cavity while fuel 

was flowing through the tubes. The pressure in the cavity spiked upon 

cessation of fuel flow. Analysis of this problem revealed that air in 

the backup structure cavity was liquefied by cold hydrogen flowing through 

the tubes. Liquefaction of air created a vacuum which drew more air into 

the cavity. Ambient purges through the tubes following cessation of cold 

hydrogen flow evaporated the liquefied air faster than the vents were 

capable of relieving the pressure. The problem was solved by inerting 

the inner-body vents with gaseous hydrogen and manifolding the vents 

Appendix IV). 

(c) Following the first tube-wall t*»st, routine inspection revealed that 

liquid wab standing in the chamber. A sample of the liquid was found to 

O 

o 
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l__./ consist of hydrofluoric and hydrochloric acids with a pfi of 1.%. The 

chamber *ae flushed vith water and thoroughly purged until a dew point 

check indicated that the chamber was dry. Analysis of the problem indi- 

cated tout CIF waa flaah frozen to the inner walls of the hypergol t-bes. 

These tubes pass through the fuel manifold. The fuel temperature at 

ignition is approximately 100 R, whereas GIF freezes at 355 R. Neither 

gaseous oxidizer propelling the CIF. nor fuel surrounding the hypergol 

tube reached a temperature high enough to melt or vaporize the frozen 

C1F„ during maf.nstage. Acid waa formed when CIF vapors combined with 

water from melted frost after the chamber warmed to ambient following 

«hutdown. Posttest securing procedures were modified to ensure that the 

CIF. system was warmed and purged prior to securing the chamber. It 

should be noted that no chamber damage resulted from acid contamination. 

(C) Pressure spikes were observed to occur in the liquid oxygen manifold 

in the priming phase during solid-wall chamber testing. These spikes 

increased with an increase in chamber pressure. At high flowrates, the 

chamber was pretsurized with hydrogen during fuel lead faster than the 

nitrogen purge could pressurize the oxygen manifold. Consequently, hydro- 

gen, and possibly CIF., backflowed into the oxygen manifold where it reacted 

with the initial oxidizer flow. The oxidizer purge capacity was increased 

prior to tube-wall testing to provide adequate manifold purge. The start 

sequence was also changed prior to testing the No. 2 tube-wall chamber, as 

described in Appendix VIII. 

(U) A major ?njector failure was experienced on the first tube-wall test 

series which resulted in facility and hardware damage and is described 

in detail in Tube-Wall Test Series (page 694). The cause was ascribed 

to gas circulation in the gap between injector and bedy and also to the 

pressure of combustion oscillations driving hot gas through this gap. 

These oscillations were identified later in the second tube-wall test 

series. Gas circulation in the gap was solved by installation of a lip 
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aaal and ablative material in the gaps aa described on page 723» Sub- 

sequent testing on his and the NASA Advanced Engine Aerospike Program 

shewed thif solution to be effective. 

iß)    The second tube-wall test series was terminated by damage to baffles 

and tubes resulting from combustion oscillations in start and m&instage. 

Although an analysis provided much information on the mode of oscillation 

(page 763). there was insufficient time on this contract to take corrective 

action« Subsequent to this contract, however, progress was made toward 

solution to this problem on the NASA Advanced Engine Aerospike Program. 

Modifications were made to the L02 feed passages immediately upstream of 

the injector face and to the baffles to improve compartmentation. These 

modifications attenuated the oscillations and reduced damage such that 

desired duration tests (7 seconds) were conducted. 

O 

•  O 

o 
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o SEGMENT STRUCTURAL CTAUUTIGN 

Objectives and Requirements 

(ü) The requirements of this subtask were as follows. The 2GK segments 

were to be as light weight as practicable, simulating the structural 

characteristics of the Demonstrator Nodule thrust chamber (such as the 

ability to maintain throat dimensions) a&d combustion chamber weight. 

The tube material for the 20K segment was to be the optimum, selected 

from the 2.5K material evaluation test series. The objectives of the 

20K test series were to evaluate chamber cooling and structures and to 

verify performance over the throttling and mixture ratio rang«. 

(u) The objective was to select a segment approach which would allow 

simulation of the chamber structure and loads important to maintaining 

throat dimensions and the cooling, sealing, and performance factors 

associated with this structure. 

(u) The three-compartment segment approach provides close simulation of 

the maximum tube-wall thermal stress which occurs in the throat region, 

maximum coolant bulk temperature rise in the high heat flux area of the 

throat and combustion chamber, and a close approximation of pressure loads 

i that will occur in the 250K module. 
i 

(ü) Structural integrity was to be demonstrated by two means. Strain 

gage measurements were to be compared with predicted values to determine 

the validity of the analytic model. Secondly, the throat gap was to be 

monitored to detenuine if plastic deformation was taking place in the 

cantilever section of the nozzle. 

nra 
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(tf) Heat transfer was to be checked by comparing the total heat flux of 

the 2QK segment with the scaled values observed in the life cycle tests 

of the 2.5K nickel tube-wall segment. Visual observations were to eval- 

uate local heat transfer effects. 

(u) Testing of the 20K segment over a range of chamber pressures and 

mixture ratios was tc be conducted to check the throttling performance 

results obtained froa 2«5K tests. Specifically, the test program would 

provide answers concerning the following baffle questions: 

1. Can the baffles be cooled properly? 

2. Will the baffles present a wake problem for the downstream 

tube bundle? 

3. Will the baffles significantly effect performance? 

Summary of Work Accomplished (. ) 

(c) Two 2GK tube-wall segments were fabricated and tested for a total 

of 18 successful tests. During these tests, key structural and heat trans- 

fer parameters of the 250K demonstrator module were matched. Chamber pres- 

sures ranged from 600 to 1550 psi and mixture ratios from 2.7 to 6.0. The 

lightweight structure evaluation test program demonstrated a combination 

of hardware compatibility, throat gap dimensional stability, heat transfer 

capability, and high-level of performance at all conditions. 

(u) The first assembly, tested 13 times, used a paralled fuel circuit 

feeding the injector and tube bundle separately (nonregenerative). The 

paralled fuel circuit was used to gain greater control over the operating 

conditions. 
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( ) Following the thirteenth tost» the first assembly was found to have cos- 

vex bulges in the tube bundle. The bulges were caused by hydrogen.leak- 

age from the back, side of tubes where they were brazed to the throat 

support beam. 

(u) With Air Force approval, the second 20K unit was tested during an 

in-house research program to investigate transients. Data from the five 

testa conducted during this effort are also presented. 

(u) The 20K program demonstrated the feasibility of the demonstrator 

module cooling circuit, performance, structural integrity, and regenerative 

operation. Evaluation of the tubes to the backup structure bonding was 

inconclusive, because an interference problem in final assembly of the 

hardware precluded the necessary pressure required to attain a good bond. 

(u) Strain gages on the backup structure and baffle bolts verified the 

calculated stresses in the lightweight structural design. These measure- 

ments confirmed the design analysis to a high degree. Excellent agree- 

ment exists between calculated and measured stresses in the baffle bolts, 

and the vertical and horizontal .ribs of the backup structure.' The stress 

levels in certain areas indicated potential weight reductions could be 

achieved. 

(u) The throat gap measurements between tests indicated good dimensional 

stability and showed no signs of plastic yielding. 

(u) The scaled bulk heat transfer data of the 2.5K nickel tube-wall com- 

pared closely with the 20K data. This demonstrated the scalability of 

the heat transfer data. The visual monitoring of the tube bundle baffles 

and injector throughout the tests showed no signs of erosion and/or over- 

heating on the baffles, the tube bundle downstream of the baffles, and 

the injector. 

Als page is Unclassified) 
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(C) The 20K Performance test demonstrated c* efficiency greater than 98 

percent« The segment was operated from 600- to 1550-psia chamber pressure 

and 2a? to 6.0 mixture ratio. These results are consistent with previous 

2.5K testing and recent 250K full-acaXe thrust chamber data. This result 

verified the validity of segment testing and the ability to scale perform- 

ance. Because the 20K segment utilized baffles, the 20K performance fur- 

ther substantiates the predicted performance for the 250K demonstrator 

module design. 

(u) Tests demonstrated that the regenerative configuration does not ex- 

hibit problems, either heat transfer or otherwise, boil during transition 

and extended mainstage. The 47-second extended mainstage test showed that 

this hardware does come very near to equilibrium in 2 seconds, thus con- 

firming tbat steady-state conditions were reached in the earlier 2-second 

mainstage tests. 

(u) All objectives of the 2QK segment lightweight structural evaluation 

were achieved. The program demonstrated the advantage of gathering data 

for a final design with segments. The results validated earlier predic- 

tions and provided advanced information for the 250K demonstrator module 

design. 

Description of Hardware and Fabrication 

(c) Design Description. The 20K segment thrust chamber was designed to 

provide advanced structural, heat transfer, performance, and fabrication 

data for a lightweight demonstrator module chamber design. The segment 

is a three-compartment rectangular assembly which includes two subsonic 

struts or baffles but does not include the inner-body spike or the ex- 

tended outer-body shroud. The regenerative coolant passages are formed 
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of Nickel 200 tabes which are brazed together and subsequently adhesive 

bonded to a titanium backup structure (Fig. 357)« 

(u) The three-compartment segment approach, without the spike or extended 

body shroud, allowed the use of a symmetrical combustion chamber; thus, 

one tube design and one tooling design were satisfactory for both the 

inner and outer bodies. This concept further provides close simulation 

of the maximum coolant bulk temperature rise in the high heat flux area 

of the throat an', combustion chamber, and a close approximation of the 

pressure loads which occur in the 250K module. 

(u) The segment design does n'jt realize complete structural simulation 

of a 360-degree annular combustion chamber, but the rectangular as opposed 

to a curved segment resulted in design simplification at little loss of 

structural or heat transfer simulation,, The three compartments with the 

two subsonic struts represent the shortest segment length required for 

continuous beam simulation. 

(C) The design details of the Nickel 200 tubes selected for the 20K seg- 

ment are identical to those of the 2.5K chamber. The injector design in- 

corporates triplet orifice strips that have dimensions identical to the 

strips used during the 2.5K chamber tests. 

(c) The segment design includes the following features: 

1. A straight chamber length including three combustion zone com- 

partments, the center compartment duplicating a compartment of 

the demonstrator module. 

2. A symmetrical combustion chamber convergent nozzle, throat and 

expansion nozzle with a divergent half-angle of 13 degrees to 

an area ratio of 3.3* 
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Figure 357A. Section Through Chamber at Structural Baffle, 20K 
Demonstration Segment 
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COOLANT 
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Figure 357B. Section Through Chamber Between Structural Baffles, 20K 
Demonstrator Segment 
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3* Two combustioa baffles are utilised. In addition to providing 

u stabilising influence to the combustion process, the baffles 

are designed to protect the structural tie-bolts from the com- 

bustion environment and to transfer the chamber coolant from 

the inner body to the outer body. The baffles ore regeneratively 

cooled by diverting 25 percent of the coolant from the crossover 

circuit through passages within the copper shell which surrounds 

the baffle body. A parametric heat transfer study for the baffle 

geometry at the anticipated hot-firing conditions was conducted. 

ü?he temperature distribution on the hot-gas side of the 20K baf- 

fle is shown in Fig. 353. 

4. Copper end plates, although not a key component in the structural 

demonstration were necessary for successful segment operation. 

The end plate design is cooled with water in the area of the com- i 

bust!on zone upstream of the converging section and with 200 F 

hydrogen from the start of the converging section to the chamber 

exit. The hydrogen-cooled passages contain swirlers. A compari- 

son of water as a coolwt compared to 200R hydrogen with and 

without swirlers is shown in Fig.359 for a 0.070-inch-thick copper 

wall. If the side plates were water-cooled, swirlers would not be 

used because they do not appear to greatly enhance the heat trans- 

fer to a fluid undergoing nucleate boiling while having the dis- 

advantage of greatly increasing the coolant pressure drop. 

The disadvantage of water is that little warning is given when 

the cooling system becomes marginal, and a burnout can occur as 

soon as the burnout heat flux is exceeded either because of a 

chamber pressure spike at ignition or because of a lower water 

pressure for a particular run. The test stand where the engine 

is to be fired has a maximum water pressure capability of 2000 

psia (tank). Although the wall temperature is higher at water 
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Figure 358.    20K Chamber Segment Maximum Baffle Temperati\re 
Distribution 
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Figure   359»   Hydrogen Mass Velocity Requirements vs Gas Vail 
Temperature  (0.070-Inch Copper Wall) 
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o pressures, higher heat fluxes can be handled because of the greater 

subcooling (higher saturation temperature). For a water velocity 
/ /  2 

of 250 ft/sec, a heat flux of 50 Btu/in. -sec can be* accommodated 

with a water static pressure of 700 psi. While this is sufficient 

to sustain normal engine operation, any local flux increase or 

coolant decrease will cause a heat transfer failure in täe throat; 

thus, a margin of safety must be applied to the heat flux. 

II ( 

5. 

Hydrogen without swirlers has the same cooling capability as water. 

However, the hydrogen velocity is Mach No.= 0.50 for a pressure of 

2300 psia, and choked flow would occur if the pressure dropped much 

lower. The use of swirlers will result in a curvature enhancement 

expected to exceed 1.5« Th*§ permits the hydrogen to cool as well 

or better than water with the available hydrogen pressures occurring' 

in the side plate cooling passages. 

To compensate for the different maximum bolt load between the 20K 

segment and the 250K demonstrator thrust chamber caused by the 

different shroud geometry (85,500 and 126,000 pounds respectively), 

a 1.0-inch-diameter bolt was selected for +he 20K segment vs a 

1.125-inch-diameter bolt for the 250K engine. The 1.0-iuch-diaaeter 

bolt produced nearly the same stress and strain level in the 20K 

segment as the larger bolt developes on the 250K design. 

Age-hardened INC0 718 material was selected as the bolt material 

because of its good ductility and fatigue properties at cryogenic 

temperatures. The bolt is designed with a reduced shank and a 

5/32-inch-diameter torque g&gc ILGV? rfovn the bolt axis. Deflec- 

tion measurements will be used to accurately apply the required 

bolt preload. Strain gages attached to the bolt shank were used 

to determine the maximum normal and shear stress levels occurring 

in the bolt during hot firing. The structural backup for the 

! ( 
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combustion zone was designed to be fabricated fro« tiUaiom 

forgings which were nachined to an "egg crate" atructur and 

then adhesively bonded tc the tube-wall structures, 

6. Baffle seats which are an integral part of the tube-wall assem- 

blies provide the propellant manifolding, as well as the structural 

bearing and sealing surfaces. 

7. The tube geometry selected was the same as that utilized on the 

2.5K thrust chamber and the material selected was Nickel 200. 

The tube side wall subassembly sequence was divided into two 

steps. The baffle seat and the tubes that terminate at the baf- 

fle seat were initially brazed as a subassembly. This permitted 

flow and leak tests to be completed on these assemblies. Sub- 

sequent to completion of the baffle seat assemblies, the remain- 

ing tubes and the baffle seat assemblies, the remaining tubes and 

the baffle seat assemblies were brazed to form the tubular 

structure. 

8. The regenerative coolant flow path which passes upward through 

the inner wall and diverts to the outer wall through the baffle 

passages, down the outer wall, then into the injector was selected 

to duplicate the demonstrator module (Fig* 36o). 

(u) Fabrication. Figure 361 is an exploded perspective drawing showing 

details of the 20K segment with the major components indicated. These 

are: 

Baffle 

Baffle Seat 

Tube-Wall Braze Assembly 

T'lt'ur un» Structure 
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Figure 360. 20K Segment Flow Schematic 
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End Plate 

f Injector 

Injector Seal Ring 

Two segments were built. A description of the component parts with details 

of their fabrication follows. 

(c) Tabes. Tubes were made of Nickel 200 material with a nominal 

wall thickness of 0.014 inch which was reduced to 0.012 inch in the throat 

region during the tapering process. Tube fabrication represented no depar- 

ture from the conventional established method of forming rocket engine 

tubes. That is, starting with a round tube of uniform wall thickness, with 

a circumference equal to the perimeter of the final formed tube, a straight 

section of tube is reduced in diameter to the threat diameter of the final 

formed tube. The tapered region on each side of this section form the con- 

vergent and divergent section of the final formed tube. This is then pre- 

formed by bending to the combustion chamber geometry and finally the preform 

( ) tube is placed in a die and sized to the required width. Drawing on the 

experience gained during the fabrication of the 2.5K tubes, these tubes 

were fabricated without difficulty and were of excellent quality. Each 

tube was subjected to a flow calibration process which was a measure of 

the quality of the formed tube as well as a means of determining its flow 

characteristics fox final positioning in the tube-wall braze assembly. 

All processes and materials used for any aspects of the tube fabrication 

were rigorously controlled to ensure compatibility with the nickel material. 

(U) End Plate Assemblies. Again drawing on the experience gained 

with the 2.5K tubular segment,, a similar design was developed for use on 

the 20K. It consists of an OHIO copper body with deep drilled coolant 

( 
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passages. Two distinct coolant circuits are provided; one for the com- 

bustion zone and one for the throat region. The one for the combustion 

sone employs fourteen l/4-inch-diameter coolant passages spaced 0.355 inch 

apart. These are joined together by two 0.750-inch-diameter cross-drilled 

passages which on one side introduce the coolant from a  1-inch-diameter 

supply tube and on the other side collect and discharge the coolant through 

another 1-inch-diameter tube. Direction of flow may be from either side. 

The coolant circuit for the throat region is composed of fourteen 0.156- 

inch-diameter holes 0.220 inch apart and like the holes for the combustion 

sone, maintain a wall thickness of 0.070 inch with the hot-gas wall, Swirlero 

are provided in each of these holes to take advantage of the curvature effect 

on the cooling capability of the hydrogen coolant. As with the combustion 

zone circuit, these coolant passages are joined together by cross-drilled 

holes providing the inlet and outlet for the coolant through 3/4-inch- 

diameter tubes. The open ends of all drilled passages are closed by brazed 

in place plugs. 

(u) Figure362 shows the detail components. The four end plate assemblies 

required were furnace brazed with HB0170-065 (62Cu-35Av-3Ni) braze alloy. 

They were fabricated using conventional machining techniques as well as 

conventional brazing processes and posed no significant problems during 

fabrication. All four units were successfully proof-pressure tested with- 

out leakage after only one braze cycle. 

(u) Baffle Seat Assemblies. The baffle seats were fabricated as 

separate braze assemblies consisting of 26 tubes and an Inconel 718 body 

and cover plate. Figure 363 shows the component details, and Fig.564 shows 

the completed braze assembly. The body contains a milled passage for 

diverting the coolant flow around the structural bolts where it is 
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joined with the balance of the coolant flow for introduction into the 

baffle on the up-pass side. Th  serves the reverse purpose on the down- 

pass side of the thrust chamber. Fabrication as a separate detail rather 

than as an integral part of the tube-wall assembly permitted verification 

of flow characteristics) finishing of sealing surfaces without risking 

damage to the chamber tubes, and assurance of the quality of the baffle 

seal prior to inclusion in the tube-wall braze assembly. 

(u) Furnace brazing of the subject assembly was accomplished with a 50- 

percent gold/25-percent nickel braze alloy and at a brazing temperature 

of 2070 ±lö F  Selection of this brazing alloy was based on the need for 

a material that would not remelt during subsequent brazing of the baffle 

seats into the tube-wall assemblies. 

(U) The furnace braze tooling concept selected was originally utilized 

in furnace brazing advanced design thrust chamber segment hardware. It 

vas designed to apply a uniformly distributed dead weight load of approxi- 

mately 3 psi on the components during the brazing cycle. Details of the 

brazing fabrication of the twelve assemblies required for the program are 

presented in Table 86, 

(ll) As shown in the table» the first two units were used subsequent to 

rejection, for evaluating methods of repair of post furnace braze leakage, 

exit end misalignment, and tube deformation. Tests were conducted to 

determine if localized repair could be accomplished utilizing the Plasma 

Arc and TIG processes with ?0Au-25Pd-25Ni braze alloy. The large mass 

difference between the nickel tubes and INGO 713 body components was 

found to be a significant restriction upon the ability to achieve satis- 

factory repairs without subjecting the tubes to damage from overheating. 

As a result; re-furnace brazing was selected as the repair method for 

joint leakage. 

I 798 
! ifS«Wf?Rl!l!ifnrH/« 

( ) 

(This page Is unclassified) 



o 

I  r 
00 

a 

CM    *s   4\    * 

* 

9  I 

J   3 3 *    Ä Ä 
■+>    -P -P 

9 & 

I*I   i-r   PH i u n n « « c S 
e a> * CO «3 

KN E9 
cd 

09 3 
i o o Si o O 
«p 
■H     © 

O 
o 
* 
•H 

« « t) 4) 
fl g a s 
5 & £ £ » ä * ä 

CM CM •H CM CM 

CM KN in vo e» O    O    iH    CM 
*H     i-H     ,-1 

799 



(ü) Cold straightening was applied successfully to the correction of 

t'xit end tube misalignment. The use of a hydraulic press and suitable 

tooling resulted in satisfactory realignment of tubes with no effect on 

tube flow characteristics or tube-to-tube braze joints. 

(I)) A freeze-expansion forming technique was developed to repair deformed 

tubes on the finished baffle seat assemblies. Water was placed inside the 

deformed tube and frozen by immersing the assembly in liquid nitrogen. 

Expansion of the water upon freezing produced sufficient force to expand 

the tube and remove the concavity. A final forming operation was used 

to correct for overexpansion of the tube and restore the original config- 

uration. 

(v) Tube Vail Assemblies. The tube wall assembly consists of the 

injector end and exit end manifolds, two baffle seat assemblies, and the 

balance of the tubes required to form a contoured wall. Figure 365 shows 

these components during r^sembly prior to furnace brazing, Figure 366 

shows a completed braze assembly with the tooling partially removed. Fig- 

ures 367 and 368 show the assembled unit alloyed prior to its second braze 

cycle; 

(v)    The four required units were brazed utilizing the same fixturing con- 

cept that was applied to the baffle seat assemblies. Two furnace braze 

cycles were applied to each tube wall to obtain a leaktight structure prior 

to brazing the tube wails in the final chamber segment assembly. The first 

cycle was brazed with 90Ag-10Pd alloy at 1975 ±10 F, followed by a second 

cycle at 1805 ±10 F using 82Au-l&Ni alloy. 

(U) Results of the furnace braze cycles are shown in Table 87. 

Plugged tubes were evident on unit No« 3 and 4 following first cycle brazing, 

The  plugging was located at the exit end of both units, and was a result of 
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1XE32-3/30/67-C3B 

Figaro 5*>7- 20K Tube Wall Subassembly Complete 
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Figure 368.  20K Tube Wall Subassembly, Structure Side 
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the br&ge alloy flowing into the tube ends or the inadvertent application 

of braze alloy paste in the tubes during preparation for brazing. The 

absence of tube plugging on the preceding units indicated possible omission 

of the required braze stopoff application. The tubes were unplugged by 

abrasive blasting (S. S. White abrasive unit). This operation was accost- 
i 

plished with no evidence of tube damage, and subsequent testing verified 

acceptable flow characteristics of these tubes. 

(u) Thrust Chamber Braze Assembly. The thrust chamber braze assembly 

consisted of two contoured tube-wall assemblies, two copper end plates and 

the injector seal ring. Figure 369 shows this unit after furnace brazing. 

(u) A 50Au-50Cu braze alloy was selected based on laboratory evaluation 

testa conducted in conjunction with the fabrication of the 2.5K chamber 

segment. Braze fixturing consisted of a flat base plate with meens for 

locating and fixing one end of the chamber assembly and applying a con- 

|        etant load of approximately 5 psi normal to the copper end plate at the 

opposite end of the assembly. 

) * 

(u) During the assembly and preparation for brazing of the first unit$ 

several excessive joint gaps were observed« Shims vere fabricated and 

installed to bring the gaps within normal brazing tolerances. However, 
I 
j        during the brazing process, the shims moved out of position resulting in 

open joints in the shimmed area» 

(u) The tube-to-end plate braze joint gaps observed during the assembly 

of the first unit were a result of the tube-wall width being undersize, 

predominantly in the throat area. This condition was also evident in 
-1 

units 2 and 3. 
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(C) The tube-to-end plat« braze  joint gaps observed during the ssyeabiy i_J>    \ 

of the first unit were a result of the tube-wall *idth belüg undersiae* 

predominantly in the throat area, fhi*  ccnditiou «as alecs evident is 

unit No. 2 and 3. Correction of this condition involved deveiopaamt of 

a torch brazing procedure for fitting ÖEBC copper shim and Nickel 200 

coolant tubes in each corner to prov.de coolant to the throat area adjacent 

to the end plates. 

(#) Baffle Assembly. The baffle assembly consists of 13 components; 

&n Inconei 718 core,, an OFHC copper coolant panel, a manifold eloseout, 

and 10 brazo sleeves connecting the manifolding to vhe copper panel (Fig. 370). 

(C) Fabrication o* the copper panel was initiated by deep-hole drilling 

0.156-inch-diameter holes 14 inches long in flat OFBC copper plates milled 

to final width and thickness. These holes were packed with nickel powder, 

and the plate was formed around a radiua block which also provided edge 

restraint to aid in preventing the holes from collapsing during forming. 

A final-finish machining was required to provide proper tolerances fcr 

brazing to the Inconei 718 core. 

(u) The baffle core, fabricated from Inconei 718, provides the manifold 

and distribution system folding the copper panel anil bolt cavities. The 

machining of this component was accomplished using conventional techniques 

with no noteworthy problems. Assembly of the core and panel are fcseom- 

plished by breze GBES sleeves at the interface to ensure against leakage. 

(u) A total of four of thes^ assemblies were furnace brazed using BBOI7O- 

065 (62Cu-35Afc-3Ni) braze alloy. The braze fabrication history for these 

units is presented in Table 88. 
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(u) The first two assemblies exhibited leak; $e at the type 347 stainless- 

steel aleeve-to-OFBC copper sheel braze joints, vhich were sealed after 

subjecting these units to a second furnace cycle using HBÖ170-065 braze 

alloy. Leakage in these Joints was attributed to excessive gap in the 

adjacent copper shell-to-Inconel 718 body joint (Fig.370), which resulted 

in braze alloy starvation of the sleevc-to-shell joints. 

(c) Preparation of the third and fourth units was modified to include 

the preplacement of 0.002-inch-thick braze alloy sheet in the sleeve-to- 

shell joints, which eliminated the starvation and subsequent leakage in 

these joints. Subsequent to braze and leak check, the manifold closeout 

was installed using TIG fusion welding. A hydrostatic pressure test of 

3750 psig was used to verify structural integrity of the final assembly. 

(" 

(u) Tube-Vail Support Structure. The tube-wall support structures 

were machined from titanium 6AL4V forgings to provide a light-weight 

structure simulating the corfiguration anticipated <n the 250K demonstrator 

module. Material removal producing the required contours and deep pockets 

with relatively thin webs (Fig.371 and 372) was accomplished on a numeri- 

cally controlled milling machine. No problems were encountered during 

fabrication. However, it was determined that the time required using this 

technique would be excessive for a 250K demonstrator module shell, and 

that other techniques such as electrical discharge or electrical capaci- 

tance machining would probably be more applicable. 

(U)  Thrust Chamber Adhesive Bonding Process. The design of the 2GK 

structural system provides for support of the tube bundle within the com- 

partment areas between the baffles and end plates by using an adhesive 

bond joint made with an -poxy Nitrile adhesive. The properties of this 

material are controlled by the thickness of application and the load applied 

during the oven-curing cycle. 
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(u) Thickness of application was date mined after the titanium side vail 

structure and the tube-wall assembly had been cleaned by gaging the clear- 

ances between the side wall structure and the tube-wall surfaces. To 

accomplish this, a verifilm gaging material was applied to the surfaces 

(Fig.373 and 37*). The chamber was installed in the bonding fixture then 

heated in an oven to 250 F. The components were then disassembled, the 

thickness of the verifilm measured, and the film thickness for the adhe- 

sive determined at all areas of the bond joint. The thicknesses measured 

were from tube crowns to structure; to compensate for additional adhesive 

req'ürad to fill tube interstices, epoxy nitrile adhesives were applied 

having a thickness 10 to 13 percent greater than the verifilm values. The 

thrust chamber was installed in the bonding tooling, tnd  an equivalent of 

25 lb/sq in. was applied through a pressure bag system. Adhesives curing 

was accomplished at a temperature of 250 F for 4 hours. 

(U) Assembly» Final Machining and Pressure Test. The design of the 

20K segment requires a series of assembly and match machining operations 

in order to obtain the dimensional tolerance limits. Upon completion of 

the bonding process, the end plate backup structures were assembled to 

the chamber. These structures support the copper end plates during the 

firing sequence and provide for the loads created by segmenting. 

(u) The thrust chamber loads resulting from chamber pressure are carried 

by baffle bolts which attach \o  a bolt seat and cap assemblies. The baf- 

fle bolt seat and cap assemblies provide a means of troasmitting the load 

from the one titanium backup structure through the adhesive bond joints 

and baffle without allowing leakage from the combustion zone. To accom- 

plish this, a tube is welded to the baffle bolt seal or cap, passed through 

the titanium structure, adhesive bond joint and internally welded to the 

baffle seats of the tube-wall assembly (Fig.373 sho^s the assembly perspec- 

tive). Thus, leakages to the adhesive joints are prevented. The torque 
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loßria to the bolt seat or cap resulting from bolt installation is trans- 
it 

ferred to the titanium structure through pins which are installed into 

match drilled holes. 

\r<)    The baffles were installed into the thrust chamber assembly, and the 

bolts were installed and torqued to a predetermined elongation value. Each 

bolt ve,6  calibrated to obtain a stress-strain curve, and the bolts were 

preloaded on assembly to 65K psi. These loads deflected the backup struc- 

ture to the desired locations. The final machining for injector seal ring 

and mounting holes was ucomplished (Fig.375). Upon completion of all 

machining and assembly, the thrust chamber assemblies were hydro-tested 

to 3180 psig and then cleaned for final assembly with the injector (Fig.376). 

(c) Injector. The 20K injector a^embly consists of a machined and 

welded CRES 347 body and 18 OFBC copper injection strips. The strips are 

arranged on the face of the injector to produce three compartments of six 

strips each when the injector is assembled to the 20K combustor assembly 

(Fig.377). 

(U) The fabrication sequence was established sucL that critical feed 

passages and weldments could be proof-pressure tested without fabrication 

of costly tooling. Pressure test was conducted after welding of the oxi- 

dizer manifold and the oxidizer and fuel feed slots prior to EDM and broach 

for the injector strips. 

(u) The latter operations as well as fabrication and installation of the 
l 

injector strip were accomplished using techniques identical to those de- 
i 

scribed tor those items of the 25M  injector. 
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Figure 377. 20K Injector Unit No. 2 Baffle Recess Erosion 
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Testing 

(G) Test Pias. To provide meaningful cooling data, it was necessary for 

the 20K segment to simulate peak operating temperatures expected for the 

Demonstrator design and to demonstrate the adequacy of the coolant circuitry. 

By comparing results of the 20K segment tests with previous 2.5K segment 

results, the scalability of available heat transfer data was also eval- 

uated. To demonstrate the structural integrity of the Demonstrator concept, 

it vas necessary for the 2ÖK segment to be operated over a range of chamber 

pressures up to the nominal design point, 1500 psi. In this manner, peak 

locaing conditions of the structure will be evaluated and direct comparisons 

between analytical predictions and test data can be achieved. The third 

objective was to achieve performance data over a throttling range. The 

test program was designed to achieve these performance data concurrent with 

the heat transfer and structural objectives. 

(c) A test plan was 3et up to achieve these objectives within the capa- 

bilities of the available test facility. The first portion of the test 

program provided performance data at throttled conditions, verified heat 

transfer and structural predictions, and demonstrated the adequacy of the 

coolant circuit design. This portion of the testing was conducted at 

chamber pressures between 600 and 1070 psia. During this series of tests, 

coolant flowrates wers adjusted so that wall temperatures would correspond 

r*uth values predicted for the demonstrator Module. Fuel injection tempera- 

tures were maintained at ambient to correspond with values expected on the 

full-scale chamber configuration. Limitations in facility inlet pressure 

capabilities precluded operating in this same mode at higher chamber pres- 

sure values without exceeding hardware design conditions, 

(c) To proceed to l'jOO-psa chamber pressures and maintain design wall 

temperatures within the tubular chamber, it was necessary to reduce chamber 

I    \ 
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mixture ratio and use lover temperature hydrogen to the injector, Tests 

327 and 328 were conducted under these conditions. On test 328, a steady- 

state chamber pressure value of 1540 psi was achieved with a peak value of 

1645 psi during the start transients. Achievement of these chamber pres- 

sures completed the evaluation of the chamber structural characteristics. 

Test of 20K unit No. 1 was then concluded. 

(u) A subsequent research program effort resulted in a five-test series 

with 20K unit No. 2. The tests provided some data relative to the 20K 

segment operation with a fully regenerative-cooled chamber. 

(u) Test Conduct. A series of 11 mainstage and 2 ignition tests were 

conducted on the 20K tube-wall segment (Table 89)* During this test series, 

both the tube-wall temperature and tub-o hydraulic stress of the Demonstrator 

Module were matched (Table 90). 

(U) Ignition (tests 316 and 326) was accomplished with 15/85 TEAB hypergol 

and igniter GO2. A concentric tube igniter system was incorporated in each 

compartment. Igniter GOX was introduced through the center tube element 

with the hypergol propelled by GH2, being introduced through the annulus 

of the concentric tube assembly. 

(c) Tests 317 through 319 were successful mainstage tests at chamber pres- 

sures of 600 psi and varying duration. During test 320, stainless-steel 

erosion was noted for several milliseconds. The hardware was subsequently 

removed and inspected (Fig. 378)• The erosion was caused by cither a leaky 

capped-off instrumentation port or excessive volume in the port. As a 

result, fuel cooling from the injector was added in the baffle area. Special 

inserts were put in the ports, and tubular seals placed between the baffle 

and injector to prevent cross flow. Subsequently, two successful 600-psi 

chamber pressure tests (321 and 322) were made. 
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TABLE   90 

(C)    20K/250K PRIMARY SIMULATION PARAMETERS 

Parameters 
250K 

Results 
20K 

Results 

Structural 

Chamber Pressure, psia 300 to 1500 600 to 1645 

Heat Transfer (Throat) 

Tube Temperature (T ), F 1520 1560 

Tube Wall AT, F 820 730 

Coolant Temperature CO» R 550 560 

Tube Hydraulic Stress (<7^.d) i psi 3330 4100 

Combustion Mixture Ratio 5 to 7 2.8 to 6.2 

o 
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Figure 378. 20K Thrust Chamber Braze Assembly, 
Gao at Tube-to-End Plate Joint 
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(c) Tests 323, 324, and 525 were successfully conducted at chamber pres- 

sures of 885» 955» and 1070 psia. It was noted that following test 525» 

the braze alloy between L0 injector strips showed indications of over- 

heating. This condition exist-d in limited areas of diagonally opposite 

corners of each injector compartment. Braze alloy flow was also noticed 

on the outer body tubes adjacent to both baffles in the throat region. 

Prior to test 526, the injector fuel feed system was modified to condition 

the fuel. Test 526 was a satisfactory ignition test, which verified igni- 

tion for tests using cold gaseous hydrogen. 

(c) Tests 527 and 528 were run at chamber pressures of 1175 and 1540 psia. 

These tests demonstrated that the lightweight structure could withstand 

maximum pressure stresses apparently without plastic deformation. 

(C) Related Program. The second tube-wall chamber was used to conduct 

one transition and four mainstage tests on a related program. With a 

similar injector and fully regenerative cooling. Chamber pressures were 

600, 900, and 1125 psi; mixture ratio varied from 5 to 6. The last test 

was an extended duration test with 47.25 seconds of mainstage at 1155-psi 

chamber pressure. No hardware damage was experienced. 

(u) *Posttest Hardware Inspection and Analysis. Just Prior to cutoff 

on test 328, leakage was noted from the titanium backup structure. This 

leak was at the location where shimming had previously been required 

(R-6557-5)• Local heating had melted the braze holding this shim in 

place and created a hot-gas leak path. The leak from this crack eroded 

a hole in the titanium backup structure (Fig.579). 

(u) In addition, the tube bundle was found to have a convex bulge in 

several places as a result of pressure buildup between the tube bundle 

and backup structure. The 20K thrust chamber was disassembled to deter- 

mine the cause of the convex bulges (Fig.580). These bulges were found 
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to be caused by cold gas leaking between the tuot» wall and the titanium 

backup structure. The source of leakage was located. Approximately 70 

tubes were leaking at their brazed joint to a fabrication support beam 

near the nozzle exit of the chamber. This support beam is unique to the 

20K and not pertinent to the 250K Demonstrator design. 

(u) Disassembly of the chamber also indicated that an effectively zero 

bond joint existed on both the uppas and downpass rides. Dimensional 

checks revealed that the bond joint had not failed, but rather that hom- 

ing had not been achieved during the initial assembly. Several factors 

indicate that this was caused by mechanical interference between the 

titanium structure and the brazed coolant circuit during final assembly: 

1. The measured posttest thicknesses of the adhesive were all 

larger than the gap determined by preassembly verifilm 

measurements. 

2. A casting resin, which was used subsequent to the bonding 

process, was found to be distributed on the adhesive film and 

on the baffle seats. 

Neither of these events could have occurred if the parts were properly 

asseubled because previous assemblies of the components had verified 

critical dimensions. Thus it is apparent that mechanical interference 

occurred during the final assembly. 

(u) In spite of the mechanical interference, there were two small areas 

in the chamber where a successful adhesive bond was achieved. At these 

locations, the pressure bags used during the adhesive curing process 

created sufficient force to achieve contact between the nickel tubes, the 

adhesive, and the titanium backup structure. The fact that a good bond 
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was achieved under adverse conditions at these locations is a pooitive 

indication that if the unit had beta assembled as intended the surface 

would have had a good bond. 

0 

Analysis of Results 

(ü) Structural Weight Evaluation. One of the objectives cf the 20K tube 

vail segment program is to demonstrate the feasibility and practicality of 

utilizing a light-weight structure adhesively bonded to the tube bundle. 

(u) Portions of the 20K segment have been weighed, and an analysis made 

to determine what the weight of a full-scale 250K thrust chamber would be 

if the 20K actual weight were scaled up to a complete body. The injector 

was not included in the evaluation because of the wide differences in this 

workhorse-type injector and that of the Demonstrator Module Chamber. It 

has been necessary to delete portions of the 20K end plates and end fittings 

that would not exist in a full-scale model. In addition, comparison has 

been made (Table 91) to a 250K chamber (titanium shell) that has a short 

inner body nozzle section. 

(C) TABLE 91 

COMPARISON OF 20K AND 250K THRUST CHAMBERS 

Item Description 

Thrust Chamber, pounds 
Weight 

Differential, 
pounds 20K (Scaled) 25ÜK 

1 

2 

3 
4 

5 

Fuel Manifold and 
lie turn Tube 

Baffle Seat and 
Tubes 

Injector Rings 

Structural Backup 

Structural Tie 

Totals 

163 

210 

289 

785 

390 

1837 

00 

185 

130 

585 

_402 

1333 

103 

25 

159 

200 

504 
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{C)    Table 91 indicates that if the applicable portions of the 20K segment 

vere scaled up to a complete 250K thrust chamber (less the inner body nozzle), 

the assembly would weigh 504 pounds more than a comparable 250K demonstrator 

thrust chamber. 

(C) Of the 504 pounds, 103 pounds difference is associated with the tvo 

exit end manifolds which, for the 20K, vere designed as a facility item 

and have a safety factor twice as large as vould be required; therefore, 

51.5 pounds could be reasonable expected to be deleted from the difference. 

(C) The 25 pounds difference associated vith the baffle seat and tubes is 

associated with the difference in tube-wall thickness; 0.0146 inch in the 

20E, and 0.008 inch in the demonstrator. It is expected that the weight« 

would be exactly comparable vith the same-size tubes. The 13-pound dif- 

ference in the structural ties is accounted for by the smaller-size bolts 

used in the segment, the smaller size being used to produce the same deflec- 

tion as on the Demonstrator Module vith the shorter shroud. 

(u) The injector rings vere not pertinent to the structural simulation 

and vere not designed for minimum veight. For a full-scale body, the 

injector rings vould be designed exactly as the demonstrator and vould 

veigh the same. 

(u) One-hundred and one pounds of the structural backup veight difference 

can be accounted for by the extra material employed in the 20K for injector 

mounting. The rib/pocket design of the titanium structure was not minimized 

for reasons of economy and ease of fabrication. It is conservatively esti- 

mated that another 20 pounds could be deleted from the structure. 

(C) Recapitulation of the veight difference vould then proceed as shown 

iu  Table 92. 
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(c) 

TABLE 92 

RECAPITULATION OF WEIGHT DIFFERENCE: 

20K and 250K THKUST CHAMBERS 

Item Description 

Thrust Chamber, pounds 
Weight 

Differential! 
pounds 20K (Scaled) 250K 

1 

2 

3 

4 

5 

Fuel Manifold and 
Return Tube 

Baffle Seat and 
Tubes 

Injector Rings 

Structural Backup 

Structural Ties 

Total Difference 

111 .5 

185 

13C 

654 

403 

60 

185 

130 

585 

403 

51.5 

69 

120.5 
i 

(C) This analysis therefore predicts that scaling the applicable portions 

of the 20K segment to a 250K thrust chamber would result in a veight within 

120.5 pounds of the demonstrator thrust chamber. This is considered good 

correlation for a comparison between a segment design and a full-circumference 

design. 

(U) Structural Analysis. To verify the calculated stresses acting on the 

light-weight backup structures on the 20K structural segment and the 250K 

demonstrator design, strain gages were installed on the 20K segment prior 

to the test series. Four strain gages were installed on each of two ut*jc- 

tural baffle bolts. These gages indicated both the total stress level and 

the amount of induced moments in the bolts. Additional strain gages were 

installed on the horizontal and vertical ribs of the titanium backup struc- 

ture. The location of these gages was selected to provide data on load 

distribution paths, maximum stresses, and resultant moments. 
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((j) The conclusions reached from evaluation of strain gage data are: 

1. The 20K Demonstrator segment light-weight backup structure and 

baffle bolts are structurally adequate and react as analytically- 

predicted. 

2. Excellent agreement existed between calculated and measured 

stresses at the baffle bolts. 

3. Stresses measured at the vertical and horizontal ribs of the 

backwall structures indicated good agreement with calculated 

stresses. 

4. Stress levels in some areas indicated potential weight reductions 

could be achieved. 

ü 

(c) During the series of 20E hot-firing tests, a range of chamber pres- 

sures from 600 to >1500 psi were achieved. The baffle bolt stresses were 

measured on each cf tae tests. Results indicated excellent agreement be- 

tween the measured and calculated bolt load (Fig.381). It should be noted 

that this figure represents the lower bolt. A large majority of the chamber 

loads are carried by this bolt. Stress values for the upper bolt are 16 

percent less. 

(u) As indicated in Fig.382, the bolt load is largely comprised of a pre- 

load imposed during assembly of the unit. This preload is set so that 

during peak operating conditions, the external load will not cause separa- 

tion of the baffle from the baffle seat. As external loads are increased 

to the maxiiLum operating conditions, the bolt load rises to a value above 

the initial preload condition, /his value and the slope of the curve were 

calculated prior to the twfc series. Excellent agreement can be seen be- 

tween the calculated bolt loads and measured values. 
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INJECTOR END 
(FORWARD ♦) 

^wC= UPPER BOLT 
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(AFT») 
•STRAIN GAGE LOCATIONS ON BOLT SHANK 

PRESSURE CHAMBER - 15^0 PSI 

MAX;MM MEASURED 
STRESS 

CALCULATED STRESS 
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Figure 381. 20K Segment Strain G; ge Results, Baffle Bolts 
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(u) Fourteen strain ga^es were placed on the titanium structure to eval- 

uate load paths, moments, and maximum strains. Selected readings of these 

strain gages were taken on each test. Thus, throughout the test series, 

several readings of each strain gage location were accomplished. 

(c) Strain gage data for the horizontal ribs of the hackwall structure 

were recorded at a chamber pressure of 1065 psi. Extrapolating these data, 

a maximum horizontal web stress of 32,300 psi was obtained for P = 1540 
c 

psi at the bolt head side of the segment (Fig.383). This compares with 

the calculated value of 32,100 psi. Figure 384 shows the stress levels 

acting on the backup structure vertical ribs at the backside of the seg- 

ment. A maximum vertical rib stress of 42,000 psi v*s measured at the 

backside of the segment. A comparison of the measured and calculated 

stress distributions at P - 1540 psi is given. The comparison between 

maximum strain levels achieved during this test series and material strength 

capabilities definitely indicates the potential for further chamber weight 

-reductions. 

(u) Based on limit loads, the minimum ultimate factors of safety for various 

structural components are as follows: 

Component 

Baffle Bolts 

Horizontal Titanium Beams 

Vertical Titanium Beams 

Backwall Plate 

Ultimate Factor of Safety 

1.46 

3.76 

2.90 

1.46 

As can be seen from the analysis for ultimate factors of safety, the verical 

and horizontal beam thickress could be optimized but would require a more 

difficult machine operation. 
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ULTIMATE TENSILE STRENGTH » 130,000 PSI 
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Figure 383» 20K Segment Strain Gage Results Horizontal Ribs 
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(U) The throat gap was monitored throughout the test series by taking 

measurements with a hall-type gage inserted into the gap. The results 

are shown in Fig. 385. These measurements indicate that the backup struc- 

ture showed no signs of plastic yielding and therefore was quite predict- 

able. Even after the hardware was partially disassembled and reassembled, 

the throat gap returned to its original position. The small variation seen 

in the last two sets of measurements was shown by posttest inspection to 

be indicative of separation taking place between the tube bundle and backup 

structure. 

C) 

(u) An analysis of the 20K structural segment was conducted to determine 

the manner in which throat area would change as a function of external 

loads (chamber pressure). The loads, stresses, and deflections of the 

20K segment structure were modeled for solution using the Rocketdyne Space 

Frame Analysis computer program. The thrust chamber backup structure was 

depicted as a three-dimensional space grid work of oearn-like members and 

rigid bodies (Fig. 386). Chamber pressure loads were simulated by applying 

equivalent forces and moments at each intersection of the members (nodal 

points). Individual members and rigiJ bodies were assembled into an equiv- 

alent structure by utilizing the stiffness method (i.e., nodal equilibrium). 

The nodal displacements were then computed and individual member reactions 

determined. 

(c) The analytical stress predictions discussed above were rhown to be in 

good agreement with the measured values. The same analysis predicted throat 

deflections which result in approximately 1-percent throat area increases 

per 100-psi chamber pressure when nominal assumptions are used. The major 

portion of the change (90 percent) in area is a direct result of throat 

expansion due to cantilevered nozzle loads; the small remaining portion 

of the change in area is due to bending of the horizontal support beams. 

(€) It should be noted that this increase in throat area is favorable to 

performance of a full-scale engine. At full thrust conditions, the Demonstrator 
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MoJnle would operate at the deaigo area ratio. AB the chamber is throttled, 

throat crea would decrease, and the expansion area ratio of the thrust chamber 

would he increased accordingly. Based on the analysis of the 20K structural 

segment, the area ratio of the full-scale chamber would be increased approxi- 

mately 12 percent at the full-throttled condition. 

fp)    Performance. During the 20K segment test series, performance values 

were obtained over a wide range of chamber pressures. The performance 

values shown in Table 93 indicate that a high level of combustion efficiency 

was achieved throughout the test seri?«  Performance calculations were 

based on the methods similar to those described in Appendix I. 

(C) The tests most indicative of performance levels were 320, 322, 324, 

323, 327, and 328. These tests were of sufficient duration for all mea- 

surement to be stabilized and accurate performance calculations to be per- 

formed. Results from shorter tests are presented for reference only. 

During these tests, an average combustion efficiency greater taan 99 per- 

cent was achieved. This combustion efficiency compare» faborably with, 

and may be slightly higher than, both results from previous 2.5K segment 

tests and recent tests conducted with the 250K full-scale thrust chamber. 

(u) The high level of performance? achieved during these tests again verifies 

the validity of segment testing and the ability to scale performance values 

from the 2.5K to 20K to 250K configurations. Because the 20K segment utilizes 

baffles, the 20K performance values also provide another important step in 

»abutantiating the predicted values for the 230K Demonstrator design. In 

accordance with previous analytical predictions, the subsonic baffles were 

found to have no adverse effect on the combustion efficiency achieved by 

the segment. Instead the baffles may have contributed a turbulence, which 

promotes mixing and a resultant higher combustion efficiency. 
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(ü) Despite the very high performance of this hardware, the usual combus- 

tion instability which accoapani.es high performance was not present in any 

apparent detrimental form 1600 to 1900 cps oscillation. 

(c) The high level of combustion efficiency, as veil as stability, vas 

observed over the entire throttled range. Chamber pressure was varied 

from 600 to 1550 psia and mixture ratios from 2.7 to 6,0. 

(U) The fine correlation between flowrates and injector pressure drops 

(Fig- 387) is indicative of the good measurements obtained on these tests. 

In addition, heat fluxes correlated well with chamber pressure and mixture 

ratio (Pig. 388). 

(c) Examination of the performance data indicated a slightly larger throat 

deflection than nominally predicted* This could be explained by deviations 

between the as-fabricated and as-designed hardware. The estimated throat 

deflection from the slope of the characteristic velocity (c*) efficiency 

curve (Fig. 389) was used to determine the throat deflection« This assump- 

tion is expected to be a conservative estimate of the throat deflection, 

since past experience with segments has shown the c* efficiency to incense 

slightly with chamber pressure. 

(C) During the regenerative testing, a modified injector was used which 

had the fuel film coolant increased from 12.7 to 23.5 percent. This 

apparently decreased the c* efficiency approximately 2 percent and the 

total heat flux to the coolant 20 percent (Fig. 389 and 390. This modifi- 

cation was being considered for the 250K chamber to alleviate tube over- 

heating in the upper combustion chamber. 
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( ) (c) Stability. The high-frequency pressure measurements in tho LOX mani- 

fold and accelerometers mounted on the injector were analyzed for insta- 

bility. The pressure measurements shoved two predominate frequencies >l600 

to 2000 and 1000 to 13C0 cps. These same frequencies were evident in the 

accelerometers. Harmonics of the 1100 and l600 cps appeared to be present 

in the accelerometers but not in the L0 pressures. It appears that th«ae 

two frequencies were coupled between the chamber hot gases and the U)    fuel 

injection pressures. However, the coupling mechanism is not yet understood. 

The observed frequencies and magnitudes of the pressure measurements are 

shown in Table 94. 

(u) Cooling. The cooling circuit on the 20K segment simulates the concept 

aeU'ctci for the 250K Demonstrator Module (Fig« 560). The fuel first passes 

upward through the inner body. At the injector end, the total fuel crosses 

through tue baffle. A portion of the fuel is used to cool the baffle; the 

remainder is routed through the upper portion of the baffle and recombined 

( with the coolant flow at the inlet to the outer body. This parallel system 

in the baffle allows for minimizing circuit pressure drops and coolant pas- 

sage sizes. The outer body is then cooled by a downward pass, from which 

the coolant is routed back towards the injector to be fed into the combustion 

chamber. For the 2ÖK segment, an optional dump system is also provided for 

the fuel after it completes the flow circuit. This allowed greater flexi- 

bility in controlling test parameters. 

(u) One of the primary objectives of the 20K segment series was to verify 

the integrity of this coolant circuit and its ability to adequately cool 

the chamber. Of special interest was the ability to balance flow between 

baffled compartments and through the parallel flow passages in the baffled 

structure. In addition, bulk heat transfer measurements of the coolant 

were taken throughout the test series to compare heat transfer results from 

the 2CK segment to previous measurements taken on the 2.5K solid wall and 

849 



i 3 

u 

a» 
fa 
9 
09 
09 

°£ m 

3 -P 
a M 

V0 .* 00 vo i-< mcM CM JT «* <«    KSON ao * «nr» 
i   • 

a» « 0 tr .* 0\0 r» GO«** -# o CM rH   m^* VÖH © vO 
04 V •<-» r-e i-( rH rH rH t^ • 

i *< «* in 
e a> as 

■p * CM N 
i -o 0) 

^J   9 04 
0 4» O 
<5>  -H 

*"Z. 
§4 
o 
o 
"p 
o 

vO © •H o © mo o 
$ © 

o o in©   © © 
Sin a» 09 5? m I^CM in „* o CM CM    Jf  # 1  CM 

* 04 i-H rH rH rH rH sr 

a» 
W 
4 

■P 
09   09 
a o« O o O o O © 
•H   O o o o o in o 
.2 r» r* r^ r^ vO 00 
*     * FH I-» t-4 rH 1-^ »H 

i                             >» a © o o © m   in© © an in 
-P   O e o o m o o in o in © r-  r^m in CM 

©A CM 
o r» 

a a ■p -p -P o -p -P o 00  rH ao rH   aovo -P CM 
«   0) t-* r-i rH  rH r^  i-l      r4  i-4 rH rH ^\ 
a 0 o o in o © © 

it § s CM 
VO s s in 

o 
o u FH <H rH rH rH CM 
Ü* 
£ 

'     « 00 
h o^^ • 
9 -H «:H o tn in O in CM ©          CM in 00 

-P -P \ • • i • » »             • • 
^ in .* o vO in in vO          vO in CM 

c 

X in 

M aT in 

TI   BO  -H © in 
CM 

§ o 
rH 

in g £    8 in © 

td  ao  ao VO v0 in vO vO 00 ON             © rH in 
A v a rH •H rH t-* 

°* VO 

•P    * 
00   O ao ON O rH CM sn HT       m r^ 00 
a) sr. rH rH CM CM CM CM CM          CM CM CM 
H m m m in in m m       m m m 

I 
> 

J3 

•H 
> 
•H 
*P 

O   0) 
-p 

09   © 
-d a 
o 
•H 0) 
(4 09 
« -H ae 
to a> 
a ja 
•H  -p 
hi  o 
0 
-d   09 

09 
09 a» 
* ri 9 0 

rH 9 
0 > ao 

0 
M O 
0 0 
C   O 

I   o 
o ja 
-p fc 

i 
X u 
0   V 
0)   N 
04 -H 

"0 
rH «H 
0 M 
0   O 
•H 

( ) 

0 



zzzzzzzz, •rizjs&m, aaBjggasass^ 

c 

c 

V„ ' tubular ccnfigurations. Careful visual inspection of the hardware was 

made throughout the test series to determine whether there were any indi- 

cations of local overheating. 

(c) Bulk temperature readings from the 20K tests were compared with the 

2.5K results by scaling the surface areas of the two segments and adjusting 

all tests to a mixture ratio of 6. The comparison of the scaled 2.5K test 

data and the results of the 20K segment are shown in Fig. 388« The results 

clearly indicate the scalability of the earlier segment data and verify 

previous extrapolated and analytical predictions for the 20K segment. 

(u) Observations of the cooling circuit and baffles during the test series 

indicated successful operation of the cooling circuit. Pressure drops in 

the circuit were consistent throughout the test series (Fig„39i). No local 

overheating existed, and the coolant distribution was satisfactory. The 

condition of the baffles was excellent, and no adverse effects of the baffle 

wake on the heat transfer were noted. 

(c) In addition to coolant temperature evaluations, two temperature mea- 

surements were made on the injector L02 strips (Fig. 392). These measure- 

ments were taken to evaluate the effect of circulation between the injector 

and chamber wall. The results (Table 95) trom the tests indicate that the 

temperature near the injector perimeter decreases with increasing chamber 

pressure. A maximum temperature of 1000 F was experienced at a chamber pres- 

sure of 655 psia. Because the last two tests listed were conducted at re- 

duced mixture ratios and lower hydrogen injection temperature, it is not 

clear whether the former or latter parameter had the'predominant effect. 

Problem Areas and -Solutions 

(u) During the calibration blowdowns, pressure was noted in the vent ports 

provided through the titanium backup structure. The hardware was subsequently 
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TABLE 95 

(C) 20K L0_ STRIP TEMPERATURE DATA 

Test 
No. 

Chamber 
Pressure, 

paia 

Hydrogen 
Injection 

Temperature, 
P 

Temperature,, 
F    l 

TemperatureQ, 
P    d 

322 655 100 1000 300 

323 885 50 535 270 

324 935 70 670 350 

325 1070 87 330 210 

327 1174 -283 215 -50 

328 1539 -282 345 -50 
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(   ) removed from the test stand and additional vent ports added to prevent 

excesaive pressure buildup between the titanium backup structure and the 

tube bundle. The next few tests showed the condition to be corrected. 

(u) Stainless-steel erosion was noted for several milliseconds during the 

fifth test. Removal and inspection of the hardware revealed minor erosion 

between injector and baffle (Fig. 393)» one baffle only. The cause is attri- 

buted to either a hot-gas leak at a capped-off chamber pressure boss or an 

excessive volume in the chamber pressure pickup ports of the hardware. The 

hardware damage was minor and was not repaired. Special inserts were incor- 

porated in the instrumentation ports to decrease the port cavity volume, 

tubular seals were installed between the baffle pud injector to prevent 

cross flow, and film-coolant holes drilled in the injector (Fig.392). 

(u) Posttest inspection of the hardware showed an almost complete lack of 

bonding (Fig.39^). It was evident that this was a result of inadequate 

assembly of the parts to the predetermined position. No check was made 

\ j following the bonding process to determine the final fitup or effectiveness 

of the bond. A means of checking the bond effectiveness will have to be 

devised for future chambers. 
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o APPBJDIX I 

00 PERFORMANCE CALCULATION TECHNIQUE FOB THE 

ABP FILM-COOLED SEGMENT TESTS 

o 

(u)The method for calculating the characteristic velocity is obtained from 
energy balances. A schematic of the film-cooled segment is presented in 
the following sketch. 

Film Coolant 

Injector 

i 
I 
Film Coolant 

(U)Assuming that no heat is transferred to the chamber walls, and no chemical 
reaction occurs between the two gases, the energy balance between the injec- 
tor gases and the film coolant can be written as: 

o 

*F % (TF - V ■ *inj S   (Tinj " Tinj - 1> 

where: 

w« * fuel film-coolant flowrate 

Cp = fuel film-coolant heat capacity 
*F 

T„ m initial film-coolant temperature 
Fi 

TF -m final film-coolant temperature 

w 

(1) 

propellant flowrate through injector 

heat capacity of combustion gases at injector end 



T. .   - adiabatic combustion temperature at injector end mixture 
J     ratio 

Tini-1 * final temperature of injector gases after mixing vith 
J"    film coolant 

(ü) Defining T as the equilibrium temperature of the mixture, Tp and Tinj m 1 

can be written in terms of temperature differences, AT, from TB. Thus7 

TpsT.-AT2 (2) 

Tinj-1=VAT1 (3) 

Since 

substituting into Eq. 1, results in the following equation: 

S % K * A t2 - V . win. C,       (,ta. - TB ♦ _5_L A fJ 
inj 

(5) 

which reduces to 

or 

*F Sp <Tm " V " -inj ^. <Tinj " Tm> 

Tinj a f. + w^V- <Tm " V (7) 
1DJ  inj 

(U) The ideal gas flow equation for constant specific heat ratio, y, and 
molecular weight, M, in terms of stagnation pressure and temperature can 
be written as 

w * PA 

Characteristic velocity is given by the equation: 

c* . -^- (9) 

860 
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0 

and substituting Eq. 8 into 9» the well-known equation is obtained. 

For the injector, Eq. 10 can be written as: 

« RT     ^   lv V- 1 
c*. . = H^ C*^) (ID 

(U) Combining Eq. 11 and 7 will give IJC* in terms of TB. Equation 10 can be 
rewritten for the total flow as: 

2_±_1 

FT-1) (») 
where the subscripts refer to the total flow, T« can then be written as 

(U) If complete mixing has occurred, then T « TT. However, for the actual 
case, Tip is an effective temperature which can be written as: 

/Vx/Tinj-1 + (i-x>y^" 

where X is a weighting fraction because 

T. " x Tinj - l 
+ <J " x> 3P <«) 
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(ü) Equations 14 and 15 are obtained as follows. Consider the case where 
the combustion products fro« the injector and the fuel film coolant have 
achieved their final temperatures, Tinj . i and Tp, respectively. For 
each of these fluids, we may write a characteristic velocity expression: 

P 
o Al* c* = -^A- (16) 

1   vl 

and 

where: 

c* « characteristic velocity corresponding to the injector flow 

P ~ nozzle throat stagnation pressure 

A^ = aerodynamic throat area occupied by the injector flow 

w- « injector flowrate 

ci = characteristic velocity correspond!ig to the film-coolant flow 

A m aerodynamic throat area occupied by the film coolant 

Wg « film coolant flowrate 

g  = 32.174 lb-ft/lbf~sec2 

Now 

*1 Cl + *2 C2 s Po Al g + Po A2 g = Po A g ^18^ 

where: A = aerodynamic throat area of the nozzle. 

Equation 18 must hold since the injector flow and film-coolant flow are 
being exhausted through a nozzle of area A under the influence of a pres- 
sure P0. 

hj\ We rewrite Eq. 18 in the following form 

*1 Cl + *2 °2 * *T Cf ^19^ 
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where: 

v., = total flowrate through the nozzle 

c* = characteristic velocity corresponding to the flowrate w-, 

(ü) Dividing Eq. 19 by w„, and utilizing the fact that the characteristic 
velocity is proportional to the square root of the combustion temper 
divided by the molecular weight yields 

x sin x F* ft 

temperature 

(20) 

where 

X,  = mass fraction of injector flow 

X9 = mass fraction of film-coolant flow 

T- = effective temperature that results from mixing of the two 
flows 

M  ~ effective molecular weight that results from mixing of the 
two flows 

(U) Define an average value for T. .  . and T„ by the following expression 

and 

T.    . M 

inj - 1 "  M. .  . J        inj - 1 

~   V! 

(21) 

(22) 

then Eq. 20 becomes 

xi v*inj.; ♦ (i - x) >j% - V*T (23) 

o 
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(U) Using the equilibrium temperature of the mixture, set up a heat balance 
to obtain 

<*■ " Ti-j - 1> V . *taj ■ <TF " TM) \ *F <2*> 

Let 

Tm " N Tinj . i + (1 - N) Tp (25) 

where 

N = a number less than one that expresses the contribution of 
T.    . and T« to T mj - 1    F    m 

(U) Substituting Eq. 25 in Eq. 24, it is possible to show that N has the 
explicit form 

N * (26) 

,    F ^F 1 + •: *—— w  . C_ 
mj P. . 

For an ideal gas 

S M - £f (27) 
where: 

R = universal gas constant 

v «B specific heat ratio 

(U) Since the specific heat ratio for the combustion products is approximately- 
equal to the film-coolant specific heat ratio, the following equation may 
be written: 

CP rF 
°p, .   _= "F ~—: mi - 1      ini - 1 inj - 1     inj 

Substituting Eq. 28 into Eq. 26 yields 

W.  .   ,      /W. 

(28) 

ln.i -J.      / *n.i - ! \ 
M. . ,   IM. . , I   v. . . 

Win,j - 1  ,  «F       /wTl yinj-l + yF 

Mi„.i - 1      *       ["> 
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vhere: 

M s: an effective molecular weight for the mixture of injector 
gases and film coolant 

yinj-l 
= mole fraction of injector gas 

i j 
yF B mole fraction of film coo Lant 

o 

r 

But 

^inj - 1 + »F " l (3°) 

by definition of mole fraction, thus 

N = ^inj - 1 <»> 

Therefore, by using Eq. 25 

\ - yinj . i Ti„j . i + (» - yinj - i> TP <32> 

(u) It can be seen that Tm is equal to Tf if the final film coolant temperature 
Tp and the final injector gat» temperature, Tj^j _ i are equal. If TiKj . x 
is not equal to Tp, it can be seen from an examination of Eq. 14 and 15 
that Tm is greater than Tj. Therefore, substituting Tm for TT into Eq. 13 
will result in a minimum value of Tm. Thus, making the substitution 

*r + l 

-0,82tli (Vli)1-'1 (33) 
m  C T    RTg   y      2 ' K!>V 

Tin]  can be calculated by combining Eq. 33 and 7, which then can be sub- 
stituted into Eq. 12 to obtain injector characteristic velocity. Then 
17 ^ can be calculated from the definition by the following equation: 

c* 

inj  v inj theoretical 
v. . ■ w—■»  (»> 

(U) Calculations of qc# |nj can be simplified by introducing ?fe*T» 
a character- 

istic Velocity efficiency defined by the following equation: 

c*t 
Vr " <?r™ —- - (35) 

E theoretical 
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where the subscript (E theoretical) refers to the equilibrium value at 
the mixture ratio (ME) given by 

MB -  ^  (36) 

2 inj   n2 fills 

Therefore, Eq. 35 can be written as 

V71 

% 
T \ theo yE theo  f7? + l\ yE theo + l 

« 7      *E theo *T *T        <>       2    ;    thefl l - y£ theo 

* v   i    ; (37) 

with the same assumption es before that T_ = T , Eq. 19 can bo written as 

yE  theo + l 

2 U   v      v L 3 *E tneo " 

VW   T
E theo „    *V yT      rVtiao-Li) 

^ theo yE theo V    2 

C-V) (38) 
(U) For 10-percent film coolant (the maximum film coolant flowrate during the 

2.5K test) added to an injector mixture ratio of 7.0 at 1900-psia chamber 
pressure, the average molecular weight and specific heat ratio, for no 
chemical reaction between the film coolant and injector gases differ from 
that for chemical equilibrium by less than l/2 percent. Therefore, the y 
ratios and M ratios can be ignored, and Eq. 20 can be rewritten as 

2 
Tm = VT  TE theo (39) 
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\. J 
Further simplification of calculations can be made by assuming that the 
molecular weight and variations caused by combustion inefficiencies can 
be neglected. Thus, Tj # . . can be written as: 

c  1 n j 

c inj  V inj theo 

(ü) It should be pointed out that corrections made to 1fyc«T were the same as 
that for no film coclaot where the heat losses were greater than that for 
the film-cooled tests. I^<J value of the correction factor for heat loss, 
ft- is given by the equation: 

C*T * C*T ■€ft-uped %L * (u) 

where r\  is the correction factor for all other losses, ffct **■ calculated 
to be 1.008 without film coolant and will be 'ess for the Film-cooled cham- 
ber. However, the anticipated variations in the 71. will only affect c*™ 
slightly and can be neglected in Eq. 41. 

(U) The technique described above is used in practice as follows. First, 
calculate the characteristic velocity efficiency using the injector flow 
and film-coolant flow, i.e., 

r* = 

P A c 
c t 

V (42) 

where 

c*  = total characteri jtic velocity 

P   ■ chamber pressure 

A.  = geometric throat area 

g  = '52.174 lb-ft/lbf-sec2 

w-,  « sum of injector propellert flow plus film-coolant flow 

t)  = influence coefficient to account for stagnation pressure loss, 
nczzle throat thermal shrinkage, stagnation pressure loss due 
to friction, and heat loss to coolant water 

Next, it is observed that the adiabatic fla&e temperature is a unique 
value for ft given chamber pressure and mixture ratio so that the theoretical 
adiabatic combustion temperature is known and the following expression 
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may be used to ob taut &  temperature corresponding to the entire gas 
mixture 

| TT " < WT 
n2c*T I'*) 

n 

where 

TL      = temperature corresponding to entire gas mixture 

(TL.JPQ)  = theoretical temperature corresponding i;o entire gas 
T    mixture 

o 
rT *    -    characteristic velocity efficiency calculated from the 

C T      results of Eq. 42 

(U) An enthalpy balance between the injector end and nozzle entrance portion 
of the thrust chamber where the fuel film coolant was injected was made 
which yielded the following expression 

J     inj - 1 

wbere 

T. .  , = combustion temperature ut injector end 

w„ =    fuel film-coolant flowrate 

T„      = temperature of film coolant 

CL      = constant pressure heat capacity of film coolant 

w. .  ,    propellant flowrate through injector 

Cp      = constant pressure heat capacity of combustion products 
inj-1    at injector mixture ratio 

(ü) Finally, since characteristic velocity efficiency is a function of the 
combustion temperature only for constant molecular weight and specific 
heat of combustion products, the injector chc**c.::teristic velocity effi- 
ciency is given by 
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O T 
v    - (T inVl (45) e

 inj  ^THEO'. . 

c 

where 

(TTHE0)    S Theoretical injector end temperature for the operating 
inj    chamber pressure and mixture ratio 

869 



\ i 

HOT-GAS fAPOPF CALCULATIONS 

(U) Since the pressure ratio across the gas tapoff exit orifice was always 
greater than two, flow through the orifice was sonic and the flowrate could 
be determined by  use of the following expression: 

/       (t + D/(k -1) 
k(~-r) g M 

*-S*V k + 1   HE ~ V 

wnere  C- = discharge coefficient (l.O) 

P ~ pressure upstream of orifice (psia) 

A = orifice area (in. ) 

y - specific heat ratio 

M - molecular weight 

B - universal gas constant (1345 ft-lbf/lbm-R) 

T = temperature (R)                                            A~\ 

w = gas tapoff oxidizer flowrate (ibm/sec) 

wf - gas tapoff fuel flowrate (ibm/sec) 

w = total gas tapoff flowrate (lbm/sec) 

MH = ga« tapoff mixture ratio 

g * dimensional constant (32.2 Ibm-ft/lbt'-sec ) 

(U) For a fuel-rich gas, the adiabatic combustion temperature is a 
unique function of the mixture ratio. The relationship between combustion 
temperature and mixture ratio for the oxygen-hydrogen system is presented 
in Fig. 395. No difficulty is experienced in using these data over a wide 
range of tapoff pressures because, at low mixture ratios, combustion tem- 
perature is nearly independent of the system pressure. Specific heat ratio 
was taken from Fig* 395 ? end average molecular weight vas then obtained 
from Fig, 396 , for the mixture ratio determined from Fig. 395 , using toe 
measured tapoff temperature. These va]ues were used ir« Eq. 1 to calculate 
total tapoff flowrate. This flowrate was decomposed into oxidizer »ad 
fuel flowrate by use of the expressions: 

.'■"■'■:■' O 
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MR     • 
o     MR + 1 (2) 

and 

w- = w - w (3) 

c 

0 
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APPENDIX  III 

i —— 

HEAT TRANSFER DATA REDUCTION FOR 
WATER-COOLED SEGMENTS 

(Ü)   The heat transfer data output includes the water flowrate and 
overall bulk temperature rise for each transverse water coolant 
passage.   The water flowrates are measured with a turbine flowmeter 
and the bulk temperature rises are obtained with chromel-alumel 
thermopiles installed to measure the inlet and outlet temperature 
difference directly. 

(U)   The heat transfer rate into each water passage is given in terms 
of the water flowrate, the water specific heat (Cp; = 1 Btu/lbm-F), and 
the water bulk temperature rise by: 

q = w C   ATB      . (l) 

(U)   The average chamber heat flux in the region of the coolant passage 
is obtained by associating a one-dimensional gas-side heat transfer 
area with each passage and dividing the heat transfer rate into the 
passage by the appropriate area: 

q/A = —J—£ (2) 

(U)   An average gas-side heat transfer coefficient is obtained for each 
passage using the relation: 

h   * q/A 

(T      - T    ) - £ q/A aw       we'     k * 

(U)   The coolant side wall temperature is taken to be 30 F above the 
saturation temperature of the coolant.   The use of this value assumes 
the coolant side to be in the nucleate boiling regime»   The water 
velocities utilized with this chamber are sometimes high enough, 
particularly for the low chamber pressure runs, to suppress nucleate 
boiling.   In this case, the assumed coolant side wall temperature will 
be in error.   This simplifying assumption can result in up to 7 
percent error in the calculated gas-side film coefficient in the low 
heat flux regions of the chamber. 
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i 1 

(■!') The actual combustion temperature is obtained from the ideal 
combustion temperature corresponding to 100 percent combustion 
efficiency by: 

Tc = Tc ideal *CZ <4> 

(U)   The adiabatic wall temperature used in Eq. 3 is obtained from the 
actual combustion temperature by the relation: 

2 

(5) 

(U)   The difference between Taw and Tc is negligible in the combustor 
where the Mach number is low, and reaches a maximum of about 2 
percent nea** the nozzle exit. 

(U)   Although the coolant passage geometry is highly two-dimensional, 
a one-dimensional relation (Eq. 3) will yield correct heat transfer 
coefficients if the proper value of the wall thickness or "reach11 x is 
used.   In reducing these data, the arithmetic average between the 
maximum and minimum "reaches" for each passage is used in Eq. 3 
It is estimated that this introduces up to 3 percent error in the cal- 
culated gas-side film coefficient. 

(U)  During short-duration tests (3 to 5 seconds), the high heat sink 
capacity of the copper block in the region behind the coolant passages 
prevents the chamber from entirely reaching steady-sUte operation. 
Äs a result, a slight amount of heat leaks past the coolant passage 
into the copper backup structure.   The amount of leakage depends on 
the coolant passage spacing and the local heat flux.    For the small 
spacings and high heat transfer rates of the ADP segment, a two- 
dimensiona? analysis of the amount of heat leakage should be less than 
1 percent in the throat region and less than 3 percent in the lower heat 
flux*regions of the combustion zone. 

Local average Stanton numbers: 

roo     oo    p 

and both length and hydraulic diameter Reynolds numbers are computed 
to provide further correlation of the data.   Frozen expansion gas 
product specific heat and viocostiy values corresponding to ideal 
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o 
chamber conditions are used« A 3 percent change in the characteristic 
velocity efficiency results in only a 1 percent change in the combustion 
product specific heat. 

In addition, the heat transfer data correlating parameter 

NST X (1W2/3 (7) 

is computed.   Through the modified Reynold1 s analogy 

NST X (NpR)2/3 = CF/2 (8) 

for flow over a flat plate, this parameter is equal to the local skin 
friction coefficient divided by two and, hence, provides a direct 
indication of local boundary-layer development. 

NOMMCLATTEE » 

Symbols Parameter Shits 
; 

A area in.2 

i 
skin friction coefficient — 

Cp specific heat at constant pressure Btu/lbm-R 

M Mach number — 

Prandtl number 

Staton number 

— 

T 
r 

temperature R 
1 

V velocity ft/sec 

k 

gas-side heat transfer coefficient Btu/in. -sec-R 

wall thermal conductivity Btu-in./in. -sec-R 

1       q 
heat flowrate Btu/sec 

I 
w 

t 
coolant flowrate lbm/sec 

X wall thickness inches 

I        y specific heat ratio — 

p density lbm/ft3 

1        \* characteristic velocity efficiency — 

87<> 

\ 

i 

iMJ 
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'v,.. Subscripts 

B bulk 

av adiabatic vail 

c combustion 

vc wall coolant 
m flud free-stream conditions 

O 

( ) 
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APPENDIX IV 

TJHE-TO-BODY CAVITY V£NT PROVISION 

(U) The inner and outer combustor bodies are provided with tube-to-body 

cavity vents to relieve pressure buildup caused by fuel leakage into tbe 

cavities. Pressure in the body cavities would put the tube-to-body braze 

joints in tension. Overpressurization would result in the tubes being 

pushed away from the backup structure. 

(u) The vent ports of the inner body were directed overboard to prevent 

accumulation of fuel within the chamber cavity in the event of fuel leakage 
I 

into the vent cavity. The outer-body vents were open to atmosphere. Pres- 
j 

sures in the inner- and outer-body cavities were monitored to detect fuel 

leakage. 
i 

i 
(U) It was noted that a vacuum was created in the vent cavities during 

fuel blowdowns and during the fuel lead portion of the first mainstage test. 

The pressure in the inner-body vent cavity would suddenly rise upon cessa- 

tion of fuel flow during blowdowns and at transition to mainstage during 

the first test. 
t 
I 

(u) It was determined that a vacuum was being drawn in the cavities by 

liquefaction of air in the cavity by the very cold hydrogen flowing in 
I 

the tubes. The vacuum within the cavity drew more air into the cavity. 

Upon transition to mainstage, or cessation of fuel flow, the liquid air 

was vaporized at a faster rate than the vent ports were capable of reliev- 

ing the pressure. The problem was solved by the pre-inerting of the inner- 

body vent cavity with gaseous hydrogen which could not be liquefied. 

(U) The inner-body vents were plumbed into a common manifold (Fig. 397) 
i 

which was vented to atmosphere through a check valve. The purpose of the 

i 
1 1 
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Figure 397.    Tube Vent Technique 
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check valve was to prevent entry of air into the vent cavity because of 

contraction of the inerting hydrogen in the cavity during fuel lead. 

*    ) 

(u) The outer-body vents were plumbed individually overboard. The tube- 

to-body cavity was inerted with helium supplied by a "K" bottle. The 

helium purge was continuous throughout the test. 

(U) Fuel blowdowns conducted after incorporating the described purging 

techniques proved that the chamber vent cavity pressure spikes caused by 

liquefaction of the gas in the cavity had been eliminated. 

O 

«11 
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APPENDIX V 

SYSTBM PERFORMANCE SAMPLE CALCULATIONS 

(u) Sample calculations for teat 023, demonstrating the methods used to cal- 

culate system performance and the techriqucs used to translate ths system 

performance results into an equivalent flight system, are presented. 

(C) Flight system data were obtained by adjusting the as-tested system data 

to account for heat which was lost in the coolant which was dumped over- 

board through the fuel dump system. Corrections were also made to account 

for nitrogen dilution cf the oxygen. The flight system engine mixture 

ratio was obtained by assuming that the secondary gase;* were at a mixture 

ratio which corresponds to I960 R gas generator products of combustion. 

A variable property method of characteristics solution of the nozzle flow 

field was used to obtain the analytical prediction of primary nozrle geo- 

metric efficiency. Primary nozzle drag efficiency was obtained by bound- 

ary layer analysis. Primary nozzle kinetics efficiency was obtained by 

stream tube analysis used in conjunction with experimentally verified 

chemical combustion rate constants. The specific impulse efficiency ./as 

referenced to shifting equilibrium for liquid oxygen and liquid hydrogen 

at the engine mixture ratio. 

METHOD OF CALCULATING SYSTEM PERFORMANCE 

(c) Step 1. The aerodynamic throat area (A*) is calculated using 

measure'1 values of the throat area and analytic \l  values of poten- 

tial flow and boundary layer discharge coefficients. 

A* " (At^Cd ^C<L ) - (87.57)(0.9990)(0.9974) « 87.254 in.2 

pf  13) 
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(c)    Step 2.    Nozzle  area ratio  (c),  base  area ratio  (c, )♦   and combustion 

chamber contraction ratio (c ) are calculated using the aerodynamic 

throat area and measured values from the test hardware. 

C       «    (A )/(A*) = (6287.6)/(67.25^) = 72.06 

ch      -    (AbV(A*) = (1897 8)/(87.234) = 21.75 

€       *=    (Aj/(a*) * (590.3)/{87.25/0 = 6.765 c c 

(c)    Step 3*    The nozzle stagnation pressure  (P ) was calculated froji 
c 

measured injection end pressure and a theoretical correction factor. 

pc =  (Cg,/(p/pc)     p/pc " *ty. %)      y-i.« 
P    =    (608.8)/(l.0048) = 605.9 psia c 

(C)    Steps 4-8.    Prinary mixture ratio (MR ) ar I primary flowrate (w ) 

account for all propellants at the nozzle throat.    Engine mixture 

ratio (MR ) and total flowrate (w) account for all propellant flow. 

T is the secondary-to-primary flow ratio. 

(*otC) (185.72) MR 

(wf tc' " 'Vf dump 

w    * (w ),     + (w.)   - - (w>), p      v o'tc f tc      x f'dump 

(22.91) = 223.39 lb/sec 

y   *   I50.5G)- (22.91)    * /l-930 

(185.72) + (60.58) - 

MR 
o'tc 

(to.38) ffiEl - (22,91)- '-720 

l*f>tc + (*f >gg - (^f }dump 

v - (* ) + (*f      ) " (223.39) + (1.68) = 225*07 lb/sec 

T _ (*> - <V        (225.07) = (223.39) _ 0 

(w ) V P7 
(223.39) 

.007520 
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(c)    Step 9»    The values ^iven are theoretical shifting equilibrium data 

for the conditions within the brackets. 

c* (MR , P ,  T1   .) * 7931 ft/sec theo x    p'    c'     wj' 

c* (MB , P ,   **"*) = 7830 f t/s-c theo x    e'    c'   temp7 

F theo mj' 

vac 
"F theo C ir    (MB .  P  .   C,   ™) - 1.9080 

tank, 
tenpJ 

(C)    Steps 10-11.    The delivered specific impulse (i ) of the test hard- 

ware  is calculated from the measured values of thrust and total 

flowrate.    The specific impulse efficiency (TL  ) is the ratio of 

delivered specific impulse to ideal specific impulse for liquid 

oxygen/liquid hydrogen at the engine mixture ratio and the tested 

pressure ratio. 

IB « (*)/(*) - (76,140)/(225.07) - 338.3 flsfe 

 (I.) («c)  

*■" K»o [*v v JSJKs to hi. v ». J5]) 
(338.3)(32.1? I 
(7830)(1.55] 75515) 

0.8960 

(c) Step 12. The primary characteristic velocity (c*) is calculated 

by two methods. The first method uses the definition of characteristic 

velocity, and the second uses overall performance reduced by predicted 

nozzle performance. P and P. are the measured values of ambient and 
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base pressure,   respectively.    17 ,  77,   and n   are   i.he analytical predic- 
tions of  the primary nozzle  geometric,  drag,   and kinetics efficiencies, 
respectively.    Primary nozzle geometric efficiency is greater than 1.0 
because  the effects of ambient pressure are not accounted for.    The 
nitrogen dilution correction factor (rjn *) is obtained from theoretical 

F 
theriuochcniical drta for the measured percentage of nitrogen in the  liquid 
oxygen. 

c*[Pc] - (Pc)(A*)(«c)/(* ) = (605.3)(87.2?4)(32.174)/(223.39) - 7614 
• ft/sec 

|(F) + (Pa)(Ao) - (Pb)(S,J  (gc) 

223.39)(0.9976) 
){76l40f + (12.30)(6287.6) - (l2.37)(l897.8 

" (1•9293) 1(1.3058) + To.9683) + (0.9970) - 2 

= 7653 ft/sec 

(G)    Steps 13-14.    Combustion efficiency (77 #) and overall nozzle effici- 
ency (C, ) are calculated referenced to both tank and injector inlet 
conditions. 

V tpc3p ■ (••P,J>/("\to.[lV PC Ti'nj]) ■ (76l*)/(793l) - 0,9600 

V Pole ■  WM**^^' PC ££]) * <*")/(78J0) = 0.9724 

V Mp = (c*[F])/(c*theo|MEp, Pc, TtJ) - (7653)/(793l) - 0.9649 

V [F]e =  (c*[F])/(c*theo[MIle> Pc,  2J]) -   <7653)/(7830) = 0,977* 

     (F) (gJ (76l40)(32.i;4)   

\ " (c*[Pc]) (*)(CP XofV PC »• TL|" (7614)(225.07)(1.5602) 
=   0.9162 

 jf) («c* (-fcU0j(32.174) 
le = (c*[Pc]) (*)(Cr £.[».• V™' 23)" (76^)(225.07(1.5515) 

=    0.9213 
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( c)    Step 15.    The primary nozzle thrust coefficient (C_ ) is calculated 

by adjusting the measured thrust to vacuum,  removing the base thrust con- 

tribution,  and adjusting back to the  tested pressure ratio. 

C. 
|(F) ♦ (PB)(A.) . (Pb(Vi<«c>     0.)|(0-(S)1 

FP " <♦,) (C*[PJ) " <V 

.  ((76140) ♦ (12.30X6887.6) - (l2.37)(1897.f) 1(32.174) 
(223.39M7614; 

(12.30) {(72.06)^ (21.7?|     m   ukm 

(c)    Step l6.    The primary intrinsic inviscid   thrust coefficient 

(Cp      .   .) is calculated by correcting the primary nozzle thrust coeffici- mv 
int 

ent for drag and kinetic losses. 

(V    inv « <%> " «V Zo [*T *c>  <> TLj]> 

i(%) ♦ (\) - 2} (1^2). (1.4378) - (1,9293) 

((0.9683) + (0.9970) - 2} (0.9976) = 1.5050 

(C)    Step 17»    The primary nozzle velocity coefficient (C ) is a measure 

of the nozzle's altitude-compensation capability. 

Cv =(CPp inv)/(CF tt. ["p' Pc< ™' <nj] )• (l-5050)/(l.5602) 

« 0.9646 

EQl-YLfiNT FLIGJfT SYSTEM 

(C)   Assumptions 

1. No dump cooling 

2. Thrust chamber tapoff at I960 R 

3. No nitrogen dilution of the oxidizer 



_ _ _     ____     __ ■Rwmwpww 
piljjm.U 1 HII|JIIWI1 MIL.IPW" 

k.    Same P , P , MR , P , 7, P. , Tj  , Tl..  and t?. aa the as-tested 
c' a*  p' a'  ' b* g' d'     k 

conditions 

(C)  Step 1 „ A fuel flowrate or cooling jacket fl■ rate is assumed, and 

the corresponding fuel injection temperature ib obtained from theoretical 

heat transfer calculations. 

w' (assumed) =38.3 lb/sec 

Tf . = 640*H 

(O)  Step 2. The base or secondary flow is assumed to be combustion cham- 

ber tapoff gases extracted at i960 R. This assumption results in an engine 

mixture ratio which corresponded to a flight system, A tapoff mixture 

ratio (MR, f) for i960 R gases and the assumed fuel injection temperature 

are obtained from theoretical ihermocbemical propellant data. 

MBt» = 0.747 

fa) Step 3» Engine mixture ratio (MR f) is calculated using test values 

of primary mixture ratio and secondary flow ratio. 

(mp)(i » m'to) + (T)(MR'to)(i + HRP) 
Mil       ~ ' * T~~r~       '"" 

e 
jp_ to '     %      to' 
(1 + «l

t0) + (r)(i + mj 

. (k.^)U t 0-747) + (0.0C752)(0.747)(1 * 4.93) _ ,      fi 
(1 + 0.747) + (0.0O752)(l + 4-93) ~ 

(C ;    Step 4.    Theoretical shifting equilibrium data are tabulate.!. 

c*theo|"V PC TL]] ■ 7975 ft'/8ec 

cVo[*:. pc S3= 78l° :'/stc 

[»V  PC   '• T[nj] * X-9551 r    vac 
F theo   I'-p*   *c 
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(c) Steps 5 Thro'igh 7. Flight system combustion efficiency is calculated 

by correcting the test combustion efficiency for nitrogen dilution effects. 

Flight system characteristic velocity is calculated using the corrected 

combustion efficiency. 

V l?c\ s  (V [Fc]p)/(??2) = (°-9600)/(0.9970) = 0.9629 

c* [P ]' = (17 # [P •] ) (c*   \m , P , TfM\ c    v 'c*  c p' \ theo [ p*  c?  iT3j j / 

= (0,9629)(7975) - 7679 ft/sec 

n # [p ]* = (c* [P ]•)/(«*«  r».p . +ankl 1 'c*  c e  v    c " \   theo ^ *  c tempi I 

- (7679)/(7810) - 0.9832 

(C) Steps 8 Through 10. Primary flowrate (w *), total flowrate (wf), and 

fuel flowrate {wf') are calculated using the computed characteristic veloc- 

ity and engine mixture ratio and the test value of secondary flow ratio. 

The fuel flowrate is then compared with the assumed fuel flowrate of step I. 

If they üT'i  not equal, a further iteration is made. 

V = ('cK^Hle)/*«*^]1) « ($05.9)(e7.254)(*52.174)/(7679) 

= 221.51 lb sec 

w' - (w f)(l + T) - (221.51 )(U0.00752) = 223.18 lb sec 

wf
f = (*!)/(l + MR ') = (223.18)/(l t 4.82f)) = 38.31 lb/toc 
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(c)    Step 11.    Flight system primary thrust is calculated by adjusting 

the measured thrust for the higher fuel injection temperature, 

F 
P 

_ (76140) + (l2.30)(6287.6) - (l2.37)(l897.8)(l.933l) m 

(1.9293)(0.9976) 

(12.30) {(6287-6) - (1897.8)} = 76576 lbf 

(c) Steps 12 Through 14. Primary thrust coefficient (C„ f), primaiy in- 

viscid, intrinsic thrust coefficient, and primary nozzle velocity coeffic- 

ient are calculated in the same manner as the "as-tested" system (see 

steps 15 through 17 of "as-tested" 'system.). 

p c        P 

%• S ■ v - (s ;;;,K- p
c. «. TI J) «V + <v - * 

= (1.4484) - (1.9331) ((0.9683) + (0.9970) - 2] = 1.5159 

V ■ <V; lnntv/(Cp£o [»p. PC ». Cj]) = (1.5159)7(1.561,) 

= 0.9708 
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(C; Step 15. Total flight system thrust is calculated by summing the 

calculated primary thrust and the measured base thrust. 

P» « (F^) + (Vh)(\)  - (Pa)(Ab) = (76576) + (12.37)(1897.8) - 

(12.30)(1897.8) = 76709 Ibf 

(C) Steps 16 and 17. The delivered specific impulse (l ) is calculated 

from the measured values of thrust and total flowrate. The specific 

impulse efficiency (tj, ) is the ratio of delivered specific impulse to 

ideal specific impulse for liquid oxygen/liquid hydrogen at the engine 

mixture ratio and the tested pressure ratio. 

I' - (F')/(w») s (76709)/(233.18) = 343.7   *y 8 lbm/sec 

= (?^.7)(?2.m) _ 
(7810)(1.5535) ,y   * 

(c) Step 18.    The overall nozzle efficiencies are calculated. 

(F') (gj 
Ct' " p"(-fre3')(*')(cF£0[»p,Fe.».^]) 

(7679)(223.18K1.56H)       u;WJ5 
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(F>) (gc) o 
(c*CPc]')(*')(cp^0[*.,Pc,Hl(£J]) 

_ T.,.(7.6ZP.9i(32.l74)— 
(7679)(223a8)(1.5535)       Ü-!W7U 
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APPENDIX VI 

INSTRUMENTV'ION NOMENCLATURE 

(U) The Aerospike chamber is divided into zones for instrumentation pur- 

poses. These zones are shown in Fig. 398. The zones are numbered con- 

secutively through the chamber, starting with the chamber inlet and 

progressing along the flow path of the particular media. 

(U) Angular direction is defined in degrees clockwise of an index looking 

from forward to aft down the axial centerline of the chamber. The index 

is defined as the 12 o'clock position of the chamber when installed on 

the test stand. 

(?J) The following is an example of the use of the system: 

where:  i. Component (major component only) 

C = thrust chamber 
6 - gas generator 
L = line 
I = igniter 

ii« Fluid Media Instrumented 

0 = oxidizer 
F = fuel 
G = main combustion gas 
N = inert gas 
T * tapoff gas 
1 = igniter fluid 
Z ■ other 
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Figure 398. Solid-Vfall and Tubular Thrust 
Chamber Boss Nomenclature 
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,-^ iii. Zone of instrumentation in a given media starting vith 1 
at the component inlet and assigning subsequent numbers 
to zones along the path of flow. 

iv. Component 

This is used only when additional clarification may be 
required such as on CG3 and CG4 bosses. 

i - inner confiustor body 
0 = outer combustor body 

v. Angular location of boss in degrees from 0 degree reference 
line. 

vi. Type of Boss 

B = bomb or pulse 
P - pressure 
T = temperature (resistance bulb or thermocouple) 
D = Plbotocon 
C = solid-state flow or pressure transducer 
- - purge (no letter designation) 
S - seal vent 
A = accelerometer 

vii. Axial distance in zone or number of path in parallel paths. 

In the example, the 2 denotes 2 Inches below the injector 
face. 

Combustion gas instrument tion will have the following 
designation: 

CGI - Ports in injector face 
CG2 - Injector end ports in chamber wall 
CG5 -X Combustion zone ports other than injector 

end, where 0<X<6 
CG4 -X Nozzle ports, where X is the axial distance 

from the injector face 
CG5 Baseplate ports 
CT1 (and subs)   Tapoff manifold ports 
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APPENDIX VII 

FLOWRATE CALCUIATION METHODS 

(ü) The fuel and oxidizer flow schematic of the ADP tube-wall thrust 

chamber is shown in Fig. 399. From this figure, it can be seen that the 

oxidizer-flow system contains a turbine-type flowmeter in series with a 

cavitating venturi for the measurement of the oxidizer flowrates. The 

turbine flowmeter is the primary measuring device. The main purpose of 

the cavitating venturi is to limit the oxidizer flowrate to the steady- 

state value. Calculations of the flow through a turbine flowmeter are 

based on industrial standardized techniques. T'.:e oxidizer cavitating 

venturi flowrates can be calculated by: 

w = KA >/2g P AP 

where 

2 
A = nozzle throat area, ft 

P   = oxidizer density, lbm/ft^ 

AP = differential pressure between the inlet and vapor pressure 
of the fluid, lb/ft2 

lbm/ft 
g = mass conversion factor u.— o 

Ibf/sec 

(V) K is a flow coefficient defined as: 

CD 
K = 

where C~ is the nozzle discharge coefficient and A is the nozzle inlet 

area. Flowrates based on the cavitating venturi were compared to those 

measured by the turbine flowmeter as a check. 
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Figure 399. Flov Diagram, Tube-Vail Thrust Chamber 
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(u)  In the fuel aystero, a combination of liquid turbine type and both 

subsonic Venturis and critical Venturis and orifices is employed to eval- 

uate the fuel flovrates. Fuel flow into the hardware is composed of both 

a liquid and gaseous component. The liquid phase is metered by a flow- 

meter, and gas phase is metered by a subsonic venturi. Flow into vhe com- 

bustion chamber is obtained by the difference between the total fuel flow 

and the measured dump flowrate. The dump flowrates are obtained with the 

jee of c sonic nozzle sad a sonic orifice. Supplemental gaseous hydrogen 

ir  introduced into the base region of the thrust chamber through a sonic 

venturi-  m addition, a sonic nozzle is Installed in the main /uei line 

".[/Stream of the hardware inlet. The main function of tSiis nozzle is to 

serve as JS flow-limiting device; hovever, it dees act as a check on the 

saain fuel flow. 
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APPENDIX VIII 

CHAMBER START SEQUENCE 

(u) The detailed chamber start and cutoff sequences for the solid vail 

and tube vail are shown in Fig. 400 through 405. The start sequence for 

the No. 2 tube-wall chamber was modified to incorporate a step start to 

extend the start transient duration. The fir&t stage of oxidizer flowrate 

is controlled by a cavitating venturi located in parallel with the main 

oxidizer valve but in series with the main oxidizer cavitating venturi. 

The first step flowrate was controlled by the first cavitating venturi. 

The second step was achieved by opening the main facility oxidizer valve 

to bypass the first venturi. 

(u) Purges are locked up on the oxidizer, fuel, C1F , and hot-gas tapoff 

systems which are checked off at transition to mainstage and come "on" 

automatically at chamber pressure decay. 

OXIDIZER SYSTEM 

(U) The facility oxidizer system schematic is shown in Fig. 399. A cavitat- 

ing venturi is located at the oxidizer main valve inlet. The purpose of the 

venturi is to limit oxidizer flowrate during transition to minimize chamber 

pressure overshoot. 

(U) A dump valve is incorporated into the system to provide a means of 

emptying the oxidizer ducting between the main valve and the chamber oxi- 

dizer manifold. Purges are located at the chamber manifold to expel oxi- 

dizer out the dump lines. A test is started with the dump valve closed. 
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HJEL SYSTEM 

'(u) The facility fuel System schematic is shown in Fig. 399. A gaseous 

hydrogen servocontrolled system provides fuel at any predetermined tem- 

perature at the chamber inlet. The total fuel flow to the chamber is 

controlled by means of a sonic venturi located at the chamber inlet. Ex- 

cess fuel coolant flow is used in the chamber tubes. After making the 

coolant circuit, the fuel flow is split to the injector and dump systems 

in parallel paths. Part of the dump fuel is used as secondary base flow 

fluid. 

IGNITION SYSTEM 

(U) Chlorine trifluoride is used as the normal hypergol ignition source. 

Each of the 40 combustion compartments contains one igniter tube. The 

tube paoseF through the fuel manifold and terminates at a recessed position 

behind the face of a fuel strip. 

(U) Hypergol is supplied to each igniter tube through a manifold system 

from one primary charge plenum. A 100-cu in. slug of C1F in the primary 

plenum is pressurized by GO tapped off of the high-pressure L0 line. 

Figure 403 shows the ignition system schematic. 

(u) Ignition it established with main fuel and C1F_, and is sustained 

with GO and fuel until introduction of LO into the chamber. 
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APPENDIX IX 

ALTITUDE COMPENSATION 

(U) A major advantage of the aerodynamic spike nozzle concept is its 

ability to produce near-optimum performance over a vide altitude or 

pressure ratio range, This ability of the nozzle expansion process to 

adjust continuously to the prevailing ambient pressure is known as alti- 

tude compensation. In the aerodynamic spike nozzle, altitude compensation 

takes place both on the nozzle wall and in the base region. 

(U) The flow model representing the aerodynamic phenomena which govern 

aerospike nozzle behavior is shown in Fig. 404. During operation at high- 

pressure ratios (chamber pressure-to-ambient pressure), the characteristics 

of the primary flow field upstream of the base, shown as region 1 in 

Fig. 404y are determined only the throat and contour geometry. In region 

2, the flow expands around the lower lip of the model and detaches, form- 

ing a free shear layer which separates the external flow from a region 

of subsonic recirculating gases in the base. The inner free-jet boundary 

is not affected by ambient pressure waves from the outer-jet boundary, 

and thus is independent of pressure ratio. The flow along the inner-jet 

boundary and its adjacent shear layer impinges on the centerline where 

it reattaches and recompresscs through a trailing rhock. This condition 

is referred to as closed-wake flow, and the base pressure is constant 

and higher than ambient so that a positive thrust acting on the base is 

developed. Ambient pressure effects are not felt on the nozzle contour 

or base. The basic mechanism governing the base pressure in this regime 

is flow reattachment. 

(U) When a small amount of secondary flow is introduced into the base 

(at a constant ambient pressure) and the base pressure increases, the 

inner free-jet boundary of the primary stream still impinges on the 

centerline; however, the angle of impingement becomes shallower as the 
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bate pressure increases. Higher base pressures result because the 

secondary flow modifies the shear layer characteristics, i.e., increases 

the viscous entrainment region between the primary and secondary flow 

regions. The modification of the shear layer is accompanied by a change 

in the flow in the reattachment region (region 4) resulting in increased 

base pressure 

(U) As the pressure ratio decreases, the nature of the flow field 

changes considerably. The intersection of the envelope shock and the 

inner free-jet boundary moves upstream toward the reattachment point 

as the pressure ratio decreases. When the reattachment point is reached, 

the wake starts to open. When the wake opens, the base pressure no longer 

remains constant (at a constant secondary flowrate), but increases 

with increasing embient pressure (decreasing pressure ratios). Further 

decreases in pressure ratio will cause the envelope shock to impinge 

finally on the nozzle contour (Fig. 404), causing recompression of the 

primary flow. The recompression phenomenon yields increased wall pres- 

sures at high ambient pressures, eliminating overexpansion losses common 

to conventional high-area-ratio nozzles operating at low altitudes» 

Thus, recompression compensates for the ambient condition, and is largely 

responsible for the altitude-compensating feature of the aerospike nozzle. 

The wall pressures due to recompression can be considerably higher than 

ambient or base pressures. Conventional bell nozzles cannot experience 

recompression since the primary flow field is internal to the nozzle 

hardware. 

(U) The aerospike nozzle exhibits a performance advantage over a con- 

ventional nozzle since the recompression phenomenon results in good low- 

altitude performance for a high-area-ratio nozzle without compromising 

desigi. point performance. 
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