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FOREWORD

This program was conducted by the Rocketdyne Divialon of Rockwell
International for NASA-Lowis-Research Center under Contract NAS3=-21941
during the period July 1979 to Novembar 1980, Mr, Dean Schecr..was the
NASA Projoct Manager. Mr, Harold Diem was the Rocketdyne Prngram
Manager, and Mr. James Shoji was the Project Engineer.

The work presented in this report represents the concerted effort and
expertise of many tembers of the Rocketdyne orgauization. Cortributions
of major significance were made by the following personnel:

P. Chen -~ Engine Cycle Balance Analysis, Parametric Engine
Performanice Analysis, and Off-Design Engine Balance
Analysis

D, P. Lim = Boundary Layer and Heat Transfer Analysis

C. A, Laren -~ Heat Transfer Analysis

A. P. Swift -~ Engine Design

N. Djordjenic - Engine Cycle Balance Analysis

W. H. Geniec . - Thrust Chamber Performance Analysis

D. F, Carson - Engine Weight Analysis

R, B, Furst - Pump Analysis

F. C. O'Hern =~ Off-Design Pump Analysis

L. H. Russell - Engine Complexity Rating

J. L. Boynton - Turbine Analysis

M. Jensen =~ Turbine Analysis’

V. W. Jaqua -~ Injector Performance and Design

J. Q. Weber ~ Thereotical Propellant Performance and Properties
W. R. Bissell - Turbopump Trends

PRECEDING page BLANK Not (hED

A




TABLE OF CONTENTS

Sumry L] L] L] . * * . . L] . L]
Tntroduction .+ + « « « v«
Discuas ion ' ' ’ ’ . 0 ’ . ) *
Propellant Properties and Performance
Thrust Chambey Cooling Analysis . e
Analysis Cuidelines « .+ . .+ o+
Thrust Chamber Geometry « o« o+ o

e ® ® © & @& o =

Combust ion Chamher .
Nozzle Contour . .+
Gas-8ide Transfor Poofficient Diqtrlhutinn
Radiation Cooling Analysis e e e e s
Regenerative Cooling Analysis . e e e

Coolant-Side Heat Tranafer Cocfflecient . . . « .

e ® @ * ® @ ®© o

. .

e @ ® ® ®* ® & ~ e o

*
.
*
*
.
.
.
.
L]
.
.
.

e ®© o ® ® @ a2 @ e« e o e

e ®€ ® ® ® ®« ® ®» ® ® o o

e ®© ® o ®w ® @ ®w ® ® = - e

Influence of Combustion Chamber Length and Contraction Ratio

Coolant Circuit Selection . .« «+ «+
Detailed Regenerative - Cooling Analysis
Creep Analysis . . . .+ «+ «+ +
Parametric Data . e
Cooling Limits . .+ .
Film Cooling Analysis .

. . .

. Performance Loss . .
Analysis Results ,
Cooling Limits . . . .+ «+ .

Extended Thrust Chamber Cooling .

Engine System Conceptual and Parametric Analy

Engine Configuration Matrix . . . .

Pump and Pump Drive Analysis . . . .
Pump Type .+ « « o & o o« +« o s
Pump and Turbine Limits . . . .+ .+ =
Electric Component Data P
Fuel Cell Data . e e e . .
Tank-Mounted Pump-Fed Directly-Powered Pumps
Engine Cycle/Configuration Parametries . . .
Engine Cycle/Configuration Schematics . .
Delivered Engine Performance , . . .
Regenerative/Radiation-Cooled Engines .
Film/Radiation-Cooled Engines . . .
Pump~Fed Engine Cycle Analysis . . .
Direct-Expander Cycle Limits . . .
Turboalternator Expander Cycle Limits
Fuel-Cell Powered Cycle Limits . .

Tank-Mounted Pump Expander Cycle Limits .
Turboalternator Expander with Accumulator Cycle
Staged Combustion Cycle Limits . . . . .
Gas Cenerator Cycle Limits . "« + + + o+ o+ « «
Pressure-Fed Engine Cycle Analysis . . .« . .+ «+ +
Pump-Fed Engine Cycle Performance Summary T

.
L]
.
*
*
.
.
.

¢ o o e o

e o o o o

-

.
e o & o o o e
e o o © o ¢ o & © o o o
e o © o o o e o o o

.
.
*
.
.
.
.
. .
.
.

e @ ® o o o o & » © & o v o

¢« o o e o

L]
.
’
.
.
.
.
.
.
L}
.
.
3
.
.
.
.
»

> e o » o e
.
.

e o o » ® e ® e
o e o =

e o o o o
e o o » o e

g—o.'..
s [te o e+ s o
[
3
i
(a2
1]

PRECEDING PAGE BLANK NOT FILMED

A

g v ¢ g rem s v v et . we

L
L
.
.
.
.
.
t

e o @€ « o & ® &4 s @ ® & ° e » e v e e s s o & e+ o o o o o o e

e ®© ®© & @ e ® ® & * ° a »

e o » o & o

-

« o o o

¢ o o .

e o & ® o ®w ®» e & o o e + @& e o e & & o » o s s o o

o & o o o o o

.

e 4 o o .

. ® e v

¢ ¢ e * e o e = e o s = e s e s s 2 o

e o o e o+ o o o

105
106
106
107
108
115

vii




Engine Cycle/Configuration Bvaluation .
10,/1, Eagtne Cyelo/Configuration . . .
LO2/Hydracarbon Fngine Cvelo/Configuration
l)OHi)m Point Thrust 0 . . . . ' ’ .

Ingine Systom Preliminary Destpn . . ,

wtdellnos and Assumptions . ., , , ,

Pagtine System Dostgn , , , , . o0
LO,/M, Expandor Cycle Engine , o , ,

NosTgn Point Operating Charactertstics ,
Off-Destpn Operating Charactortisties o e
ingine Operation and Control . .o
FngIne Layout , ., , ., . e e
Engine Mass Properties . , ., . .

L0,/CH, Fxpander Cycle Engine . , ,
edfpn Point Oporating Characteristics

Of f=Design Operating Characteristics

Engine Operation and Control . . .

Engine Layout ., . ., , . . .

Engilne Mass Properties , , , .

Component/Subassembly Design . , . . .

Thrust Chamber Desfgn ., . . . .
Coolant Passage Design . . . .,
LO,/H, Thrust Chamber . . ., , ., .
LO,/Cfl, Thrust Chamber. . . .
Mechanical Design e v e
Injector Design . . . ., . . PN
Element Design . . , , ., ¢ e
Mechanical Design . ., , . , . . .
Turbomachinery Design . . ., ., . . .
Design Point Operating Characteristics .
Hydrogen Turbopump - LO,/H, Engine. .
Oxygen Tubropump - LO,/f Engine . .
Methane Turbopump - La /éﬂ4 Engine. .,
Oxygen Turbopump - LO,,;CH Engine . .,
Off-Design Operating Characteristics. .
Mechanical Design , . . . . o
Hydrogen and Methane Turbopumps . ,
Oxygen Turbopumps, . ., ., , .,
Valve Design . . ., . , ., . . .
Parametric Engine Data . . . o e
Engine Performance . . , ., ., . .
Engine Dimensions . , , , . .
Engine Welghts ., ., ., , . . . .
Technology Assessment. ., , , . .
Engine System. ., . ., , , ., , .
Turbopumps. ., . ., , ., . . . .
Thrust Chamber . ., ., . | . ., .
Injector/Ignitor. . . , , ., . .

* ¢ o o o

e + «

e * o o -

e s e .

e & +

» ® o o

* @ o e & o & o

* @ © o o o °o o e

® ® o o o e & a

e o o o

* o » = e =

e o o e

115
118
125
125
133
133
134
134
134
134
134
134
135
142
142
142
142
142
142
145
149

154
154
159
159
164
164
164
164
169
169
169
169
169
177
180
180
182
182
183
186
187
188
189
189
190
190
191

vifl




Conclusions

. * . . . .

Nomenclature List . » o+

Reforencos,
Appendix A:
Appendix B
Appendix C:
Appendix D:
Appendix 1
Appondix I
Appindix G

* * L] . .

Propellant Performanee Data

*

t

Propellant Proporty Data .

Eapine Cyelo Balance Summarien
Parametric Vaplne Parformaned

.

’

Parametric Eagine Dimensdons.
Pavametrie Fnpgine Welght .

Moty ihutton Lint

A

« ® @ o

e ®» ® ® ® = °

e ® ® & o

.« % ® ®

e o ® ®» o

e @ @ e o

192
194
197
A-1
B-1
-1
D-1
Be-1
r-1
-1




FIGURE KO,

l
2
3
4
5

6

10
11
12
13
14

15
16

ILLUSTRATTONS

DESCRIPTION
Task I Data Plot Format

Candidate Thrust Chamber Cooling Methods
Combustiea Chambes Injector~to-Throat Lemgth
Combugtion Chamber Contraction Ratio

Typienl Comhustion Chamber Contour Comparison
[F = 4448N (1000 1b)]

Nondimensional Nozzle Wall Contour (c=400,
90%L) '

Axial Variation in Wall Temperature with Chamber
Pressure for L02/H2 at 4448 N (1000 1b) Thrust
Axial Variation of Wall Temperature with Thrust
for 1.02/!!2 at 344.7 N/cm2 (500 psia) Chamber
Pressure

Radiation Nozzle Attach Area Ratio Variation
with Chamber Pressure and .Thrust for L02/H2
Radiation Nozzle Attach Area Ratio Variation
with Chamber Pressure and Thrust for L02/CH4
Radiation Nozzle Attach Area Ratio Variation
with Chamber Pressure and Thrust for L02/RP-1
Radiation Nozzle Attach Area Ratio Variation
with Propellant [Thrust = 4448 N (1000 1b)]
Variation of Heat Absorbed with Combustion
Chamber Length and Contraction Ratio

Variation of Coolant Pressure Drop with
Combustion Chamber Lehgth and Contraction

Ratio

Typical Regenerative Cooling Circuit

Parameters for the 02/H2 Low Thrust Combustor
MR = 6, F = 4448 N (1000 1b_), Pc = 689.5 N/cn’
{1000 psia)

PRECEDING PAGE BLANK NOT FiLMED

PAGE
10
12
13
14
16

18

19

20

21

22

24

27

30
34

xi




17

18

10

o
co

Paramoters for the O /H Low Thrust Twe-Pasn

Nozzlo MR = A, F o 4448 N (1000 lhf, Pe = 689,56

N/cm (1000 psia), v = 8 to 200

Parameters for the 0 /CH Low Thruat Combustor,
MR = 3,7, F = 4448 N (1000 1bh ) Pe = 344,758
N/rm (500 psla)

Parametors fey the 0 /cn Low Thrust Two-Pass
No;ylonburioa Flow, F - 4&48 N (1000 lbf) Po e
3447 N/cm (500 psta), v = 8 to 200
Parametors for 0 »/RP=1 Low Thrust Combustor
F= 13344,6 N (3000 lhf). Pc w 344,74 N/Lm
(500 psia), ¢ = Inj to 8

Hydrogen Heat Flux vs (Tw-Tsat)

0 /H Low Thrust Fombuator, FalK lb

4448 2 N, Pc = 689,48 N/cm y MR = 6, L(w) = 8,
cz = 6,97 in = 17,704 em, €(e) = 3,62

Regenerative-Cooled Thrust Chamber - Combustor

Maximum Creep (Manimum Chamber Prese-ire Limit)
102/H2 Combustor Coolant Heat Input

L02/H2 Nozzle Heat Input

LOQ/CH4 Combustor Coolant Heat Input

LOZ/C“A Nozzle Heat Input

LO,/H, Co: “:1stor Coolant Pressure Drop

Lo;/H: Nozzie Coolant Pressure Drop

LOZ/C!;4 Combustor Coolant Pressure Drop
L02/CH4 Nozzle Coolant Pressure Drop

Regenerative-Cooled Thrust Chamber Cooling Limits

Using Table 2 Guidelines

Equations for Computing Maldistribution and
Transpiration Cooling Performance Loss
LOQ/RP~1 Film Coolant Performance lLoss

35

i

37

38

40
4)

43

44
45
46
47
49
S0
51
52

53

56

xit




35
36
37

18

19

40

43

44

45

46

47

48

L02/CH4 Film Cooling Porformance Loas

L02/H2 Film Cooling Perfarmance Loss

LOQICH“ Film Coolod Thrust Chamher Maximum

~all Temperature Variation with Chamber Preasure
and Thruat

LOZ/CHé Film-Coolod Thruat Chamber Wall and

Film Tomperature Axial Distribution - A448 N
(1000 1,) Thruat and 69 N/en” (100 pota)
Chamber Pressure

L02/H2 Film-Cooled Thrust Chamber Maximum Wall
Temperature Variation with Chamber Pressure and
Thrust (10 percent 1s loss)

L02/H2 Film-Cooled Thrust Chamber Maximum Wall
Temperature Variation with Chamber Pressure and
Thrust (3 percent Is loss)

L0,/H, Film-Cooled Thrust Chamber Results
Lo;/R;-l Film-Cooled Thrust Chamber Maximum
Wall Temperature Variation with Chamber Pressure
and Thrust (10 percent Is loss)

Film-Cooled Thrust Chamber Cooling Limits for
L0,/1, and L0,/RP=1 (1644°K (2500°F) Maximum
Wall Temperature)

L02/H2 Film-Cooled Thrust Chamber Cooling Limits
LOZ/RP-I Regenerative~Cooled Thrust Chamber Cool-
ing Limits

LOZIRP-I Combustor Heat Input (with Gas-

Side Carbon Layer)

10,/RP-1 Combustor Coolant Pressure Drop (with
Ga;-Side Carbon Layer)

LOZ/RP-I Nozzle Heat Input (with Gas-Side Carbon
Layer)

61

63

65
66

67

68

71

72

73

74

s1iii




49

51

=1
o

53

54

55

56

57
58
59
60
61
62
63
64

65

66

10,/RP-1 Nozzle Coolant Prenmure Drap (with
Gas~8ide Carbon layar)

L02/CH4 Regenerative-Caoled Thrust Chamber
Cooling Limits ~ - Origlnal and Extonded
L02/H2 Rogenerative=Cooled Thruat Chamber
Cooling Limita - -~ Original and Fxtended
ngina Syatem Concopts to ba Studied (02/H2.
Oa/RP-l, 02/CH4 Propellanta)

AC Generator Wolght and Maximum Spoed Variation
with Output Powor

Induction Motor Weight and Maximum Spoed
Variation with Power

Fuel Cell System Weight Variation with Output
Power

Propellant Line Configuration for Tank-Mounted
Pump-Fed Directly Powered-Pumps

Expander-Cycle Engine Schematic
Turboalternator-Expander Schematic

02/H2 Fuel Cell/Motor-Driven Pump
Staged-Combustion Engine Schematic

Cas Generator Cycle Engine Schematic
Conventional Pressure-Fed Engine Schematic
Parallel Pressurized Feed Tank Schematic
L02/H2 Regeneratively-Cooled Thrust Chamber
Delivered Specific Impulse Variation with
Chamber Pressure and Thrust

L02/CHa Regeneratively-Cooled Thrust Chamber
Delivered Specific Impulse Variation with
Chamber Pressure and Thrust
Regeneratively-Cool~d Gas Cenerator Cycle Engine
Performance (Thrust - 4448.2 Newtons ~r 1000 lbf)

23

75

76

77

79

83

84

86

87

89

90

91

922

93

94

95
96

97

98

xlv

B SU .




67

q8

09

70

71

72

73

74

75

76

77

78

79

L02/1{2 M 1m~-Cooled Thrust Chamber Deljivered
Speeific Impulse Variation with Chambor
Pressure and Thruat

10,/RP~1 Film-Cealed Thrust Chamher Delivered
fpeacifie Tmpulse Variation with Chamher Pressure
and Thruat

Rogonerative=Cooling and Cyele Limits for L02/H2
Enginoen

Regonerative-Cooling and Cyele Limits for 10,/CH,
Fngines

Pressurc~Fed LOZ/H2 Engine Woight (Thrust =
4448,2 N or 1000 lbf)

Relative Payload Capability-Low Temperature
Pressurant (L02/H2 at 4448,2 N oxr 1000 1bf)
Relative Payload Capability-Heated Pressurant
(L0, /H, at 4448.2 N or 1000 1bg)

LOZ/H2 Regeneratively-Cooled Pump-Fed Engine
Delivered Specific Impulse (Cooling and Cycle
Limits Superimposecd)

LOZ/CH4 Regeneratively=Cooled Pump-Fed Engine
Delivered Specific Impulse (Cooling and Cycle
Limits Superimposed)

LOZ/II2 Engine Cycle Configuration Comparison at
4448,2 Newtons (1000 1bf) Thrust
L02/Hydrocatbon Engine Cycle/Configuration
Comparison at 4448.2 Newtons (1000 1bf) Thrust
L02/H2 Direct Expander Cycle Delivered Specific
Impulse - - Design Thrust (on cycle 1imit) and
4-to-1 Throttled Condition

L02/034~Direct Expander Cycle Delivered Specific
Impulse - - Design Thrust (on cycle limit) and 4-
to-1 Throttled Condition

100

10}

103

104

112

113

114

116

117

123

129

131

132




80
81

83

84

85

86

87
88

89
90

91

93

94

95

96
97

98
99

LOZ/“2 Engine Design Point Flow Schematie 136
Parformance Loss Breakdown far 2224,1 N (500 1bf) 137
Thrust, LOZ/H2 Ixpandar Cycle Fngine

2224,1 N (500 1h() LOQ/H2 Expander Cyela Engine 138,139
L02/CH6 Engine Donign Point Flow Schomatie 149
Porformmen Loas Breakdewn for 2224.1 N (500 1bf) 146
Thyunt, LOZICHA Fxpander Cyele Englao

2224,1 N (500 1hf) LQQ/CII4 Expandey Cyele 147,148
Enging

2024,1 N (500 Ibf) Thrunt L02/Ha Fngine 150
Combust.ion Chambor

2224,1 N (500 lbf) Thrust LOz/l!2 Thrust Chamber 151
2224,1 N (500 1bg) Thrust Lo, /CH, Engine 152

Combust fon Chamber
2224.1 N (500 lbf) Thrust LOZ/CHA Thrust Chamber 153
L02/H2 Engine - Combustor Coolant Channel Dimen- 155

gions

Loziﬂ2 Engine - Combustor Temperature Distribu- 156
tion

LOZ/H2 Engine - Fixed Nozzle Tube Dimensions 157
LOZ/H2 Engine - Fixed Nozzle Temperature Dis- 158
tribution

L02/CH4 Engine - Combustor Crolant Channel 160
Dimensions

L02/CH4 Engine - Combustor Temperature Distri- 161
bution

Lozlcna Engine - Fixed Nozzle Tube Dimensions 162
LOZICH4 Engine - Fixed Nozzle Temperature Dis- 163
tribution

Engine Injectnr Design 166,167
Hydrogen and Meths e Turbopump Design 168

uvi




100
101
102
103
104

Oxygen Turbopump Design

Non-Cavitating Off-Dealgn Pump Characteristica
0ff-Deaiyn Cavitating Performance

Typieal Main Oxidizor Valve (MOV) Dentign
Typical Turbine Bypans Valva (TBV) Dogign

170
178
179
184
185

xvidi

P




TABLES

TABLE
NQ, DESCRIPTION
1 Preliminary Engine Deainn SUMmMarTY,s o o ¢ v e v
2 Thrust Chamber Study Guidelines o+ « ¢ ¢ o e w00
3 Regenerative-Cooling Circuit Comparisen, o« » ¢« ¢ ¢ 0 ¢
b Aummary of Detailed Regenarative-Cooling Annlysie Cages o+
5 Phyaienl Thermal BarplerA o o 0 e v oeoe w0
6 Fagine Configuration Matelde ¢ o o 0 v 0w
7 Assumad Cantrifugal Tump Limita and Guidelinaa o 0 0 e
f Anaumad Turbloe Limite and Cuddedines o 0 0 0 0 e e
9 (nn Gemorator Cycle Denign Pointa (L=40011) o o 0 0 e
10 Valve Soquenee Operatioens for Parnllel Small Tank Concapt. .
11 pProprure~rFod Fngline AalyRin « o e e e e e .
12 Tndividual Compencnt Complexity « » o v 0o e e v
13 10, /1, Enpino Cyelo/Cenfiguration Comparison at 4448,2 Nowtonn
¢ ’ (1000 1b ) Thrunt. . . . ' ) . » . D . f '
14 Loziuz Eagino Cyela/Con{iguration Rating Comparison at 4hh8.,2
Nowtons (1000].b =) Thtuut . . . . . . 0 . . .
15 Lozlﬂz Cycle/Canfiguru&iom Rating Comparison at 2224,1 Nuwtons
(500 1b ) Thruﬂt)c . . . . . . . . . . . )
16 L02/H2 Cyele/Configuration Rating Comparison at 2224,1 Newtons
(500 ib ) Thrust . ’ . . . . . . . ’ . ) .
17 LOZIHydrocarbon Engine Cycle/Configuration Comparison at 4448,2
Newtons (1000 1b.) Thrust . o o o v o & o0 f
18 L0, /Hydrocarbon Engine Eyc;e/Configurution Rating Comparison at
“ 4448.2 Newtons (1000 1bo) Thrust. . . o« o+
19 LO.,/H2 Engine Ferformance Chardcteristics Design Point, °.
< 6.0 . . . . . . . . L] L] » . . L] . . .
20 L0,/H, Engine Mass Properties « o o o e oeoe bttt
21 MofienEt of Incrtia and Center of Cravity About Gimbal Axis
(LO /H E“giﬂe) . . . . . . . . . . . . .
22 LOQICHa Engine Performar.e Characteristics Design Point, O/F =
307 . . » L) . L] . . . . . . L] . . . .
23 L0./CH, Engine Mass properties, « o o+ o o ottt
24 Lot Thrust Engine Injector « .« o o+ v * ° A
25 pump Design Point Hydrogen Turbopump - LOZ/H2 Engine . .
26 Turbine Design Point Hydrogen Turbopump - 10./H, Pngine . .
27 pump Design Point Oxygen Turbopump - L02/H Eng%ne e e v e
28 Turbine Design Point Oxygen Turbopump -~ LO,/H, Engine . .+
29 Pump Design Point Methane Turbopump - LOZI%H “Engine . .+
30 Turbine Design Point Methane Turbopump - LO, CH, Engine «
31 pump Design Point Oxygen Turbopump - LOZ/CH, Engine. + o
32 Turbine Design Point Oxygen Turbopump - LOZ)CH4 Engine. .

PRECEDING PAGE BLANK NOT FILMED

e ® ® = ®w ®w w e = = < =

L]

4

109
111
119-121

122

135
140

141

143
144
164
171
171
172
172
173
174
178
176

xix




SUMMARY

Over the ﬁpqcified range of thrust level (444,8 N or 100 1lbf to 13345 N or

3000 1bf) and chamber pressure (13,8 N/em” or 20 psin to 689.5 N/em® or 1000 peia)

the thrust chamber cooling limitas were entablished for regnerative/radiation mnd
f1lm / radiation cooling using specificd analysis guldelines, For regonerative/
radiation=-cooled thrust chambars, the maximum chambor pressure nt a glven
thrust was limited primarily by the maximum coolant Mach number and the
matorial wall temperaturce lLimit, The minimum chamber presaure was limited by
two-phasa heat tranafor., The 1.0y/Hp regencrative/radiation=-cooled thruat
chamber previded ¢he larpest chamber prossure vorsus thruat operational
cnvelope. Using the apecified analysis guidelines, 109 /RP~1 regenerative/
radtatlon cooiing was found unfeaslble; however, with a gan-side earbon layer
(physical thermal barrier), a feasible operational regime was achicved. An
extended thrust chamber cooling capablillty analysis was also performed using
physical thermal barriers and more optimistic analysis guldelines,

The LOp/Hy and LOp/RP-1 film/radiation-cooled thrust chambers werc limited to
low chamber pressures, and LO,/CH, film/radiation-cooled thrust chambers werc
not feasible. These thrust chambers were limited by the maximum material
temperature limit and the film-cooled performance loss limit of 107,

The resuLts‘of thrust chamber heat transfer analysis were used to perform the
initial engine cycle/configuration matrix screening. For the resulting engine
cycle/configuration matrix, the engine cycle limits were determined by per-

forming individual cycle balances. The fuel-cell-powered cycle engine achieved .

the maximum study chamber pressure over the entire thrust range. The other
pump-fed engines achieved cycle limits below the thrust chamber cooling limits
for most of the thrust range. Therefore, for the most part, the engine cycle
1imited the maximum achievable chamber pressure at a given thrust level. 1In
addition, parametric thrust chamber performance and engine weight were generated
for a 400-to-1 area ratio nozzle,

To select the two engine cycle/configurations for the preliminary engine
design, the candidate engine cycle/configurations were rated according to the
maximum achievable chamber pressure, delivered specific impulse, engine

weight, and configuration complexity. For the LOy/Hy engines, the direct
expander cycle engine achieved the highest overall rating. For the LOg/Hydro-
carbon engines, the LOp/CH, direct expander cycle engine obtained the highest
overall rating. Therefore, these two engine configurations were recommended
and approved for preliminary engine design. NASA-LeRC selected a degign thrust
of 2224.1 N (500 1bf) for the preliminary designs.

The design chamber pressures for these two engines were established through an
iteration of engine cycle balances and detailed pump, turbine, and thrust
chamber heat transfer analyses. A summary of the pertinent pre.iminary design
point engine data is presented for the LO3/Hy and L0,/CH, engines in Table 1,
The LO2/Hp engine resulted in a higher design chamber pressure and, therefore,
had slightly smoller dimensions. However, the LOy/CH, engine achieved a

lighter engine due to smaller pumps. The LOy/Hp engine attained a significantly
higher gpecific impulse (approximately 297% higher) due to the lighter-molecular-
weight propellant and the higher desipgn chamber pressure. Engine cycle balances
were performed at the design point (nominal mixture ratic) and at *+10%/mixture
off~design conditions.

e e e s k™



TABLE 1,

FRELIMINARY ENGINE DESTGN SUMMARY

PROPELLANT COMBINAT ION
THRUST , N (1bf)

CYCLE

COOL ING

CHAMBER PRESSURE ,
N/cmé (PSIA)

MIXTURE RATIO

AREA RATIO
- NOZZLE EXTENSION
- FIXED NOZZLE

SPECIFIC IMPULSE, N-sec/
kg (LBF-SEC/LBM)

WEIGHT, kg (LBM)

RETRACTED ENGINE LENGTH,
cm (INCHES)

TOTAL ENGINE. (EXTENDERY).,
LENGTH, cm (INCHES)

MAXIMUM ENGINE DIAMETER,

cm (INCHES)

L0y /M,
500
DIRECT EXPANDER
REGENERAT IVE /RAD IATION
328.9 (477)

400
200
4564.5 (465.45)

28.46 (62.75)
56.2 (22.13)

91.9 (36.19)

42.29 (16.65)

L0,/CH,
500
DIRECT EXPANDER
REGENERAT IVE /RADIAT ION
307.5 (446)

3.7
400
200
3543 (361.29)

25.8 (56.87)
56.6 (22.28)

94.1 (37.06)

43.7 (17.22)
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Engino design drawings woere proparod for both engines, and pump and injector
component drawings wore prepared to 1llustrate preliminary component designs,

Updated parametric ongine performance, engine dimensiona, and engine weiphts
ware gonerated for the atudy thrust, chamber preassure, and nozzle area ratlo
ranga, The L02/H2 ongines of far a 30% delivered mpocifle Impulae Inerease
with a slight engine welght penalty as compared to the 102/CH, engines, For
the same thrust, chambor pressure, and area ratio, the engine length and diam-
etar woro osrentially tho name for the two propellant combinations., Tho
parametriec eagine performance data for LO9/Hy enginos tndicated a aignificant
performance gain with high arca ratio mozzles,

Enpind technolopy advancement required and those which could lead to further
eugine parformance, weipht, and size improvement are presented and discussed.




TNTRODUCTION

An analytical atudy was performed to evaluate thrust chamber cooling, engine
cyeles, and praliminary engine doslpna for low~thrust chemical rucket engines

for orbit-tranafer vehicles, T™is evaluation was condueted for oxvpen/hyvdrogen
(LOZIHZ).nxygnn/methnno (LOg/CHy), and oxypen/Ri~1 (LOZ/RP~1) englnen with thrust
lovels from 444.8 N (100 pounds) to 19345 N (3000 pounds) and chamber Prousuces
from 13.8 N/emé (20 paia) to 089.5 N/em? (1000 pria). The atudy provides NASA
and vehicle designers with theorotieal propellant per{ormanee dnta, thruast
chamber conling limita, parametrie capdne data, preliminary engine designa, and
tdentifteation of reguired tochnology items and advanees,

Propellant physleal and thermodynamic propertics, thooretical propellant per-
formance data, and tcansport propuerties were generated, organized, and docu-
mented for the three propellant combinations, The thrust chamber cooling
limits for rogenerative/radiation and film/radiation cooling werc defined and
parametric heat transfer data were generated for use in the engine cycle anal-
yals, A conceptual evaluation of a number of engine cycles, including both
pump- and pressure-fed engines was performed along with the generation of
parametric engine data. Based on this evaluation, onc LOy/Hy englne cycle/
configuration and one LOy/CH, engine cycle/configuration were chosen and
recommended to NASA-LeRC for preliminary engine design. These low-thrust
engine cycle/configurations were approved by NASA-LeRC, and preliminary
engine designs were formulated and updated parametric engine data (delivered
specific impulse, engine dimensions, and engine weight) were generated.
Engine design drawings were prepared and an asgessment of technology required
was performed.




DISCUSSION
PROPELLANT PROPERTIES AND PERFORMANCE

The theoretical propellant performance data (characteristic veloclty and
speclfic impulse) and the propellant tramsport proporty data for [02/H2,
L02/CH4, and LO2/RP=-1) genarated for this program are presentod in

Appandix?a A and B. The format of tho plotted theoretical data is 1llustvated
in Pig. ’

The characteristle velocity is plotted versus mixturc ratio for parametric
chamber pressure and two fuel injection temporatures. The theoretical vacuum
specifle impulse {s plotted versus mixture ratio for parametric area ratio
and five chamber pressurcs and two fuel injection temperatures.

The variation of the following combustion chamber gas transport properties
with chamber pressure and mixture ratio were plotted for each propellant:
1. Combustion temperaturc
2. Molceular weight

3, Specific heat (CP )
frozen

4. Specific heat ratio (y)
5. Dengity

6. Thermal conductivity (k
7. Viscosity

)

frozen

[ ]
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THRUST CHAMBER COOLING ANALYSIS

The thrust chamber coaling limits (maximum and minimm ¢ hambor PERRRUTER) yoro
eatablished for 10, /1, LO,/CH, . and 1O, /RP=] using fuel roponerative/
radiation-coollng ﬁnd“ftlm?rnd?ntiun~cuﬁlina. Detalled conlant pannape
peometry and wall temperature data wore ealeulated for a aumber of thrust ehame
ber dasigna.  In addttton, the thrust chamber hoat Input and coolant prossure
drop paramotric data wore dotormined for the three propellant combinat lona for
use o the engline eyele/eonf fgarat fon evaluation,

Analynls Guldal inos

The major analyais guidelnes used In the thrust chambor cooling evaluation
are presented fn Table 2, The combustion chambers wore to be wized (chambor
length and contractlon ratlo) to achieve a combustion ef ficionecy of 98% or
greater.  The nozzle contour ovaluated was an acrodynamic optimum 90% langth,
400=to-1 area ratio nogzle.

In the heat transfer analysis, the existence of a gas-side carbon layer for the
hydrocarbon-fueled propellants (LO2/CH4 and LO2/RP-1) was to be neglected and
for RP-1, a coking temperaturc limit of 561 K (550 F) was to be assumed.

A gas-side carbon layer can greatly reduce the local heat flux and coolant

heat Input through the insulating characteristic of the carbon layer. However,
the existence of carbon layer subsequent to an engine shutdown and its tran-
sient buildup to sufficient protective thicknesses during an engine start has
been questioned and, therefore, the carbon layer influence was neglected as
specified by the unalysls guldelines. The coking of the hydrocarbon fuel is
the thermal decompositfon of the fuel on the coolant side of the regenerative-
covled thrust chamber coolant passage. The resulting thermal Insulating
deposits on the coolant side wall are detrimental and cventually result in
wall failure. 1lncreasing this coking limit through fuel refincment and/or
surface catalytic influence would improve the cooling of RP-1 corled thrust
chambers,

In addition to the analysis guidelines presented in Table 2 , assumptions were
made that included:

1. Maximum coolant curvature enhancement factor = 1.4

2, Internal tube or channcl roughness = 60 microinchey

3. Ripple fuctor (Heat I;ggjeirriizz Area)
. Tube ripple factor = 1,11
b, Channel ripple factor = 1,00
4, Coolant pressure drop ineluded:
a. Two veloeity head return manifold loss

h, One velocity head exit loss

. . PP L Vosxvemn iy AL _vew suw v b Wy o

VAL T e ey st
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TABLE 2, THRUST CHAMBER STIDY GUIDELINES

Faramate;

Quideling

Propal tant

N Olvlﬁz ot o missure retlo af 6,0
. O,ICN. 4t o nixture ratlo of V.7
[} OI/RMI 4 & oiacure ratio of 3,0

fngine Size

® Thrust 100 o 1000 pwndy
® Chamber Prassure: 20 to 1000 paig
® 40011 area tatio norgle with 90% Tangth

P -
Parformence @ M8 combustion officiency
o film/radiation vonled contiguration
Pe 1 dny « 0.9 Pe tn, ) v 0.97
max LTI A min LT
Combwintor Regonetative-Conted Contlguration
Goometry

o Nontubutar constructlon {i.0., channets)
¢ Coolant channel dimension Vimits

o Minimum channel width = 0,0% inch

o Rinlmum wob thickness » 0,03 inch

o Ninimum wall thickenss e 0,026 inch
® Maximum channet depth-lo-width ratio e &1

Nozzle Geometry

¢ 40011 arca ratlo nozzle with 908 length !
¢ Radistlan-cnoled section (critarion to be determined)
¢ Regenorative/radiation cooled contigurstion

o Tubular consteuction
¢ Kinlmum wall thickness « 0,010 inch

thrust Chamber
Material

@ Regenarative/radlation coofing

® Cambustor: copper-base alloy vr niche! R
* Noztle: stainless steo) ) Vith ’f:ﬁ:c:oi\c
o Radiation section: T80 ‘ concur re

@ Flim/radistion cooling
® 18D

Thrust Chamber
Wall Temperature
Limits

® Regonerative/tadiation cooling

® 1460 R for copper-base alloy (with NASA-LeRC concurrence)
@ Cohing temperature -limits (seo coolant heat transfer)
o Radiation section: 18D

o Fllm/radiation coollng
® T8O

Hot-GCas Heat
Transter

o Cuntractor In-house methods and correlations to be used
¢ fenetit of carbon deposition and hot-qas wall will be neglected

Coolent Hest
Transter

® (uolant inlet temperature
Hy: 17.8 R

&P-1: 537 R l
Chy: 200 R Fusls

@ Coolent discharge pressure

Liguid: 1.176 « P } Minimm regensrative discherge or film
Gas: 1.087 « Pc coolent inlet
@ Nanimum coolant velocity (regenerat:ve)

Liquid: 200 1t/sec
Gas: Mach No, » 0.3

@ Cohing Limlts
ar-1 (R - 1010 R
N mag
LM“'(T‘”G max ¥ 1760 R
® Coulant state at [acket dincharge will be single phase

® Coulant thow through lacket must be stable (stabitivy criteria Le be
approved by NASA-LeR(

Upvle Lite

® Live tetral vyoles tines o satety tactor of toys
® Accurulative tun tine as specitied LW ITUN 1 J
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Subsaquent to the analyala using these study puidelines, an oxtended thrust
chamber cooling analyais was performed ualng move optimistie criteoria and
thaermal barriors which fneluded a earhon layer for LO,/RP-1,

Although many types of thruat chamber coollng approachos conld bo applied for
thase low-thrust onglnes, the more conventional and promialng rogenerat fve/
radiation and film/radiacion eooling methods wore spocifled,  Those methods
are Lllustrated schemat leally in Fig, 2 . The regenerative/vadiat ton cooling
consists of two noparately cooled sectlons which includo a rogomeratlve-cooled
seetlon using fuel forced convection cooling and a radlatlon-coolod nozgle
pection, In the film/radiatton cooled thrust chambor, tho combustlion chambor
1a F1lm cooled and the nozale 18 coolod unlng a combination of {ilm and radla-
tion conling, The {1Im cooling In this study was assumed to be injectad at
the Injector. Tn general, regencrative cooling {4 used in che high heat flux
applications, and {llm and radiation cooling are used in low heat £lux appli-
cat lons and low heat flux regions of a thrust chamber.

A maximum coolant gascous Mach No, of 0.3 and a maximum liquid velocity of

200 ft/soc were specified. For the regencrative-cooled portion, the combined
channel wall combustor (NARloy-Z for hydrogen and RP-~1 and nickel for methane)
and tubular nozzle (stainless steel) configuration was selected to achieve
maximum cooling with a lightweight thrust chamber, Vor the film- and radiation-
covled portions, conventional materials (L-605 alloy and molybdenum) were
evaluated, although more advanced materials such as carbon-carbon composites

may potentially be incorporated,

Thrust Chamber Geometry

Combust Lon Chamber. The combustion chamber injector-to-throat length and con-
traction ratio were sized to deliver greater than the required 987 combustion
efficiency., The L02/RP-1 and LO,/H, data were obtained using an analytical-
empirical computer program based“on”a curve-fit of existing engine test data,
This type of data does not exist for L02/CH4; therefore, an interpolating siz-
ing criteria was used.

The LOp/RP-1 sizing criteria have been developed around the vaporization charac-
teristics of the fuel., RP-1 is a liquid hydrocarbon with relatively low vapor
pressure at standard conditiuons of temperature and pressure. The fuel vis-
cosity and surface tension tend to restrict atomization and vaporization when
compared to the more volatile oxidizer. As a result, combustion performance

is usually limited by vaporization of the fuel, and the combustion chamber

size 18 optimized to provide a combination of residence time and trelatively
high gas velocity for "stripping" drops, enhancing 'secondary breakup', and
droplet heating. These required features lead to long combustion chamber

length and low contraction ratios.

For L0,/H,, the fuel is typlcally fujected as g pas and, therefore, fuel vapor-
1zation 18 not a problem. Liquid oxvgen vaporization can be Hmiting; however,
the low viscosity, low surface tenstons, and high vapor pressure ot liquid
oxygen results in relatlve case of atomizatlon and rapid vaporization.

I T T S I TR et i B e T R R T




REGENERATIV —-e RADIATION
COOLED COOLED

FILM ——'——‘ RADIATION
COOLED COOLED

(B) FILM/RADIATION COOLED CONFIGURATION

Figure 2 . Candidate Thrust Chamber Cocling Methods
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Therefore, for 10,/H, vaporization it 1s neldom a problem. Slnea the
combust Lon performande of 10,/1, ta not partleularly rensitive to mixture ratlo
atriations, mixing ia uAually accomplished with relative ease, These eharne-
tapistlca result in a short compact ecmbuat ton ohambar for LOa/Hg, with a
higher eontraction vatio than tor 10, /hydrocarhon syRtams,

The characteristics of 102/CHy4 reault In a alatng criteria which I8 boatween
that for LO2/RP-1 and 1.02/H2, The 1L.02/CH4 combunt lon chamber lTength was
dotermined aa ag average of the Lo2/RP~1 and LO2/H2 longtha, TFor the defers
minatdon of tha chamber contractlon ratlo, an average aAred wan chaonan,

w o, pepulting combunt lon chamber Lengths and contraction ratio for the three
gropellanta are prenented in Flg. 3 and Flg. 4 o renpeetively. In peneral,
the tower thrusts and higher chambor preasura ronult in the shorier cvhamber
longthe and aloo 1osg variatlon in lengch,  Over the 444,8 W (100 poundn) to
13345 N (3000 pounds) thrust range and the 13,8 N/em? (20 pata) to 6RO, 5 N/em®
(1000 psla) chamber pressurc Vianges the injector=to=throat varlud from 8,20 ¢m
(3,25 Lochen) to 55,65 em (21,91 Inches)s At a flxed thrust and low chamber
prossurc, tho contracttion vatlo for LO./CHa fa higher than for 109 /RP=1, As
chambur pressure is tncroased, the con%rucclmu ratlo curves for 10p/CH, and
L0, /RP=1 merge together. At high thrusts and low chamber pProssures, low con=
traction ratios arce preferred,  For the analyzed range of thrusts and chamber
prossures, the chamber contractien ratio varied from 2,15 to 8.53.

In additlion to length and contraction ratlo, the other geometvical parameturd
required are the upstroam radius ratio and the maximum convergence ramp anglo.
The upstream radius ratio determines the gur face length of the peak heat flux
location and, therefore, a small value of 1.0 I8 used. A hiigh convorgence

ramp angle could result in local boundary layer stparation and resultant
{ncrease in heat fluxes. A maximum angle of 20 degrees was gelected to provide
a smooth flow transition,

A comparison of the combustion chamber contours for the three pgnpellants at
4448.2 N (1000 1bf) thrust and a chamber pressure of 244.6 N/em® (500 psia)
i{s presented in Fig. 5.

Nozzle Contour. The definition of the thrust chamber nozzle contour for a
gpecific arca ratio and percent length is dependent on the upstream and down-
stream throat radii of curvature and the combust fon gas propurtics. Provious

88,964 N (20,000 1bf) thrust Advanced Space Engines studies (Ref. 1) utilized an
upstream radius ratio of 1,0 and a downstream radius ratio of 0,392, and achieved
high aerodynamic (peometric) performance. Extensive sabscale nozzle testing was
performed with a 400-to-1 nozzle contour and nozzle wail pressure distributions,

and wall heat transfer distributions were verificd.

jor the low=-thrust engine, an increase in the downdt cam radius ratlo was
originally thought to gigniflcantly improve the reaction kinetic efficiency
by decreasing the {nitial rate of expansion of the nozzle flow, However, a
One-Dimensional Kinetic (ODK) analysis of A 4448.2 N (1000 1bf) thrust L0°/H3
englne at a chamber pressure of ki Nfeme (500 psia) resulted in only 0705%
{nerease in kinetie officiency for un increase {n the downstroeam radius rvatio

1

e ——— e

——




COMBUSTION CHAMBER LENGTH, o=

#0

0

10

|
t.sagm‘n
S0 )

\

448

4‘5\
rloo 1b)

CHAMRER PRESSURE, PBIA

bl

k lqn

|
NOTE: .

1,/
e 000

|
|
"
|
AN
e wa/np}:

4““——%
p— -y = . a0

) "

iz';"ii:|
bl

' : . ! L|
) R | -

Figure 3.

40 60 80

100 200 400 600 300

CHAMBER PRESSURE, N/cm’

Combustion Ch

amber Injector-to-Throat Length

22

18

16

14

12

10

mmmmﬁ.m

12




13

oriey LOTI0BI1LI) I13qUWEY) UOTISNQUO) * 4 2InBTg

Nﬁ\z ‘TUNSSTUd YIAUNID
COGTt 0%  aor 00z 00T 08 09 oy (174 o1

OILVY NOILOVMINOD ¥HEWVHD

VISd ‘TUASSTUd ¥ITWVHD




SIHIN *30NVISIO Wiavy

a-L

a-z

[(391 000T) N 8%%y= i]
TosTIRdOo) INOJUOo) laquey) uolisnquo) TedrdL] ° ¢ aandrz

W °IY0HHI WON3 3IYISIA TWIXY
P | 3- 8- o1~ cL- vi- -

T v v v v — — 0

(v43d 005),m0/M9° 925 = 4

5P = UN

("us 6-pjm3y-21-21 Sl
9y =23

(-6 28°5)538¢ 9i=1 "/l
L'y .UU
(" 89°9)a326°91=37 1-44/%01

ol : - s oilloe

i z- € v s- 9-

SIHINI *1VOUHL WOU4 IINYISIO TYIXY
(*a1 0001)NBYYH=4

wd *INVISIO WravY

14




from 0,392 to 2,0, Therefore, the cunventional downstream radius ratie value
of 0.392 was used in the deaign of the 400-to-l arca ratio (907 length) normzle
used in this study. The reaulting aarodynamic optimum contour (nondimensional)
i shown in Fig. 6.,

Gaa-81da Heat Tranafer Coafficlent Distribution

The gas-side heat transfor coefficient diatribution for the thruat chambora was
dotermined using oxisting teat data for 1egions near tho injector and the
analytical results of the Rocketdyne boundary layer computor program. Thia
program incorporates an integral solutioun to the momentum and energy aquations,

This program utilizes an {ntegral method to golve the momentum and cnergy
equations, Solutiea of these equations is accomplished using a semiempirical
relation between the Stanton aumber and the energy thickness and between the
gkin friction coefficient and momentum thickness. The resulting cquation for
turbulent flow is of the form:

1/2 1/4
o a 00122 (f’g) (Eg_) 1
ST, 0.25 \p, Ve E (1)

R
( e¢)
The convective film coefficient (hg) is then found from the relation:

hg = 0.0 CpNgr_ (2)

The Eckert reference temperature is used to evaluate the €1lm properties.

Injector region test data obtained from a LO /Hz water-cooled combustor was
used to develop the distribution for LOZ/H2 %hrust chambers., For L02/CHA and
L0./RP-1, the injector region distributions are determined by applying an
andlytical property correction to the LOZ/H2 test data.

For example for LOZ/C“A’

0.2 0.6
C%) ' P,
. n Lozlcua Lo._,_/cu4 I;o:,_/u2
g 8 C u P 3
( ) 10, /CH, ( ) 10, /1, (p) Lo, /1, w0,/ J\'x1o sen,
0.8
C*Lo.,/uz
*
“*Lo,/cH,
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Gaa-aide heat tranafer coef fictent distributions for tho individual thrust
chambor designs are prescnted in the Regenerative Cooling Analysis Section.

Radiation Coolipg Analyals

Radiation ceoling utilizes a high-temporature, high~emiasivity material. At high
thrust chamber wall temparaturas, the wall material radiates heat to the surround-
ings through the cxternal surface and from the {nternal nozzlo surface, Conven-
tional high-tomparatuve1w1tur1nls. L.-605 alloy (for usc up to 1367 K or 2000 F
maximum termperaturc) and molybdenum or columbium (for use up to 1644 K or2500 T
maximum temperature) were ovalusted. 1605 and molybdenum were hot-fired suc-
ceasfully in a 11} N (25 1b#) thrust 1.02/H2 chamber (Ref. 2 ). Molybdenum and
columbium would have to Incorporate an oxidation protection coating.

Using the Rocketdyne {ntegral boundary layer computer program, the axial
variation in the radiation-cooled wall temperature with chamber pressure and
thrust for the L02/H2. Lo /CHA. and LO./RP=-1 thrust chambers werc determined.
The gas-side wall tempera%ure variatiofi with local nozzle area ratio is shown
in Fig. 7 for L02/H2 at a thrust level of 4448 N (1000 1bf). The influence
of thrust level on wall temperature is shown in Fig. 8 for L02/H2 at a
chamber pressure of 344.7 N/em? (500 psia).

Due to the higher heat fluxes encountered at the higher chamber pressures, the
wall temperatures increase with increase in chamber pressure at a fixed area
ratio. For a fixed maximum wall temperature limit, this trend results in an
{increase in the radiation nozzle attach area ratio with chamber pressure.
Also, higher heat fluxes are experienced at lower thrust levels, and result

in higher wall temperatures.

Using a maximum allowable material temperature limit, the radiation-cooled
nozzle attach area ratio for the three propellants can be determined directly
from Fig.9 through 11. For two representative maximum wall temperature
limits (1367 K or 2000 F and 1644 K or 2500 F) the L02/H2 thrust chambers
resulted in the highest heat fluxes of the three propellants and, therefore,
the highest radiation nozzle attach area ratio.

The application of these low-thrust engines {n the low earth orbit (LEO) to
geosynchronous equatorial orbit (GEO) missions will most 1likely mean that these
spacecraft will be launched from the Space Shuttle. As a result, engine length
will be important. Since a retractable nozzle would reduce the engine length
approximately 50%, the incorporation of the retractable nozzle must be seriously
considered even though it {ncreases the englne configuration complexity.
Preliminary engine design evaluations of 410-to-1 area ratio engines indicated
that the cutoff area ratio for the retractabic nozzle should be approximately
200~to-1.

For a regenerative/radlation-cooled thrust chamber, the retractable portion

of the nozzle would be {deally rcadiation cooted, This greatly gimpiifics
thrust chamber coolant plumbing. For 4 fiim/radiation=cooled thrust chamber,
the retractable nozzle cutof f arca ratio witl not {nfluence the thrust chamber
covling. These thrust chambers atilize radtation cooling from low supersonic
area ratios to the nozzle exit.
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4ince the heat flux profile is highest for 1O, /H,. 10,/H, has the highent

attach area ratio for a given chamber pressurd. “Assuilng a wall tempevature
Limit of 1644 K (2500 ¥), all the radiation nozzle attach area vattos ara loess
than 200-to-1 (Fig. 9 ), which would enabla a retractable radlat ton-coolod
nozzle doaign uaing A 200-t0~1 attach area ratio for apecified ranges of thruntn
and chambar prosAuret,

A compar ison of the radintfon nozzle attach area ratio for tha three propel-
lants Ls prescnted in Fig, 12 for 4448 N (1000 1bf) thrust, The 102 /Hy thruat
chambers would have the hiphost attach area ratie for a fixed chamber proeg-
pure.  Attach area ratio for Lo, /Cl, and 10,/RP-1 thrust chambors were similar,
with the values for LOZ/RP-I holng slightly "lower at the higher chamber
prossures.
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Regenerative Cooling Analysisg

Combining the thrust chamber contour, the gas-aide heat tranafer coefficient
diatribution, thrust ehamber matarial properties (thermal conductivity, yield
strength, ultimate atrength, .atlgue, and atresa rupture data), nnd the thruat
chamber design conditions (propellant, thrust, chamber pressure, mixture ratlo,
coolant flowrate), regenerative cooling analyres were performed for a pumbar of
cance uping the Rocketdyne Ropenerat lve-Coaling Denign/Analyris Computaer
Program., This computer program {8 eapabla of olther dealgning

ar analyzing ehannal-wall or tubular-wall coolant papsagen. Pregram output,
includes eoolant hoat input, enolant prossure distributiony two~dimenaional
wall temperatura distributions, atructural safety factors, and cyele tife,

Thone detailed analyses wore usod to more accurately detormino the regondra-
tive cooling limits and to provido realistie roforence data in tho genoratlon
of parametric coolant heat Lnput ond coolant pressurd drop required to por-
form the cngine eycle balances.

Coolant-side Heat Transfer Coefficient., To provide a rcalistic heat transfer
evaluation of the three propeilants, the most racent coolant correlation for
each of the three fuels was used in the analysis. For hydrogen bulk temper-
aturos helow 83.3 K (150 R), the Millev, Seader, and Trebes corrclotion
(Ref.3 ) was uscd.

0‘8 0.4
- 92
Nur 0.0204 Rer Prr (1 + 0.00983 Vw (4)

Vg

where
'1‘r = TB + 0.4 (Tw'TB)

And where v and v are the kinematic viscosity evaluated at the wall and
fluid bulk gemperagures, respectively.

Above 83.3 K (150 R), the hydrogen coolant-side film coefficient was deter-
mined using a form of the Dipprey and Sabersky equation modif ied specifically
for hydrogen, although it should be applicable to other coolants with similar
Prandtl numbers.

C./2
¢/ (5)

C [ ]
hog.02 + (cf/z)"‘5 [g(c*, Pr) - 8.48]

j
a
0
1
¥




where

S(Et Pr) = 4-7(6*)0'2 for ok >7

L]
g(c o Pr) = 4.5 + 057G 7% tor Eﬁf?
M Rate/m @

Roughness enhancements are a function of velative roughnens and Roynolda num-
tor, Typleal enhancomenta of 1.2 are roadily achieved, whila valuca as high
as 1.6 nre ponsibla at-high Roynolds numbersa.

For methane, tho atandard Nusaelt number corrolation with the euwrvature and
ontrance onhancemont factors was used,

Nu @ 0,023 Rc°‘8 pro‘“ t, b (8)

For RP-1, the Rocketdyne correlation developed from the Atlas, Thor, H-1, and
F-1 engine programs was used.

Nu = 0.0056 Re®*?P P04 6 o (M

As presented in the analysis guidelines, the coolant curvature enhancement
factor (¢ ), was limited to a maximum of 1.4 (same limitation as for the Space
Shuttle miin engine and the Advanced Space Engine). For the two-dimensional
channel wall temperature distribution analyses, the full eurvature enhance-
ment value is used on the coolant side fo the hot-gas wall. The value is
linearly varied along the side walls (channel height) of the coolant channel
to a value of 1.0 at the channel closeout surface.

Influcnce of Combustion Chamber Length and Coatraction Ratio. Using the
analysis guldelines of Table 2 and a serles cooling circuit, the influence
of combustion chamber length and contraction ratio was determined for use in
the engine cycle balance evaluation., The analysis was performed for a

4448 N (1000-pound thrust O [Hq NARloy-Z channel wall combustor at a chamber
pressure of 344.7 N/cm? (50% psia) with a radiation nozzle attach area ratio
of 80-to-1. Coolant channel designs were altered for each chamber length

and contraction ratio to achieve the -~me gas-side wall temperature distri-
bution. The results of this analysis are shown in Fig. 13 and Fig. l4. As
shown in Fig. 13, the heat input varied approximately linearly with combus-
tion chamber length, but did not vary sipgnificantly with chamber contraction
ratio. The coolant pressure drop (Fig.l4 ) increased with chamber length

and decreased with increase in contraction ratio. The pressure drop increase
is merely the result of the {ncreased length. The pressure drop decrease
with inerecase in contraction ratio is the result of the decruase in heat flux
which reduces the coolant mass velocity required to achieve the same wall
temperature.,
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Coolant Circuit Selection, One of the major goals in regenarative cooling

1s to minimize the coolant pressure drop for a desired wall temperature dis-
tribution. This is particularly important for the presaure-fed engine
concepts due to the limited available presaura. Therefore, tha selection of
the thrust chamber coolant circuit and the design of the coolant passages are
important in defining cooling limits, Typical regenerative cooling clreuits
are 1llustrated schematically in Fig. 15. The simplest elrcuit is the aingle
uppass cooling circuit (A and B) with the inlet at the nozzle end., The uppass
combustor circuit takcs advantage of the coolant curvature cnhancement to aid
in cooling the high heat flux throat region. However, at the low-thrust con-
ditions of intercst, the coclant bulk temperature rise is higher than at

high thrusts and, as a result, thip circuit would result in higher coolant
pressure drops.

In the split-flow cooling circuit, the combustor and nozzle are cooled in
parallel. This is the cooling circuit of the 88964 N (20000 pound) thrust
Advanced Engine (ASE) thrust chamber.

The fourth cooling circuit shown in Fig.l5 consists of a series uppass com-
bustor (channel wall) and a downpass nozzle (tubes). The nozzle also could
incorporate a two-pass cooling circuit. This cooling circuit utilizes the
highest coolant temperature fluid to cool the lower heat fluxes (nozzle)
using a higher-temperature-limit material (steel).

Depending on the resulting coolant passage size and coclant bulk temperature
rise, all of these coolant circuits could bypass a porticn of the coolant
flow. If the thrust chamber coolant passage design is not bulk temperature.
limited (high coolant bulk temperature near exit), and the channel sizes are
so large that the channel height is being vestricted by the channel height
limitation, bypassing coolant can reduce the coolant channel sizes to a
reasonable value and provide satisfactory cooling.

Typically for the high heat flux applications such as the SSME and AQE thrust
chamber, the copper-base alloy such as NARloy-Z or Zr-Cu are the natural
choice in material. However for lower heat flux, lower thrust and chamber
pressure applications, the thrust chamber designs will, in some cases, be
bulk temperature limited. For this type of design case, the peak heat flux
location will not be the critical design location. The coolant bulk tempera-
ture at the coolant exit will approach the temperature limit of the wall
material, and cooling will become difficult. The copper-base alloys should
be limited to a maximum gas-side temperature of approximately 811 K (1000 F)
to ensure a durable design. Above this temperature, cases of localized wall
erosions have been experimentally encountered. A logical solution to this
problem is to use a material having a higher wall temperature limit such as
nickel, For nickel, the durable design temperature limit is 978K (1300 F).
Nickel has a moderate thermal conductivity, but has a hydrogen embrittlement
problem, Therefore, nickel was evaluated for methane cooling but not for
hydrogen cooling.
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Figure 15. Typical Regenerative Cooling Circuits
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Pue to thelr adaptabiliry to Low-thrunt. conditlona, the aplit-flow cool tog
clreuit (Circutt ¢) and the gor Lles coonling clreult (Cireult n) were evitl~
uated, For a nominal LO,/H cane whkth a thrust ot (1000 thi) mnd @ chamhor
prenpure of 3447 N/cml tﬁoa priad. thrust chawher analynln wiaf parformed
for both cooling clreuits with NARVoy-7 chanmal will combustor and o atain-
lons atoes) tubulor nozzle (to £ F 200)., 'the ropults of the analynis are
presented in Table 3 . Both coolant cirenits rosulted in feaplble donlpns,
but the series cooling cireunit roaulted n 8 Larger total heat input and 8
lowey coolant preasure drop and, therefore, Wil sutocted ag the hasel lne
ropenerat bve coolinp circult.

Detatled R;r&glgj_c‘u_}y,c:g’(ppjy)&v5’\3_{1,\13}__1_31 . Detailed lfvgv,nnvrnL1vo~cnul g

analysea were performed at diserete thrust chambar design points to roal=
tatically define the rugcnurutive-caullng 1imits, The detntiled analysls
casea performed for the three candldate propellants are presented in
Table & .

For 10,/H, at @ thrust of 4448 N (1000 1bt), the max imum rogonerutivu—voollng
chambe p?esaure.basedon the study guidelines, was 689.5 N/cmz(lOOO pala).
The detailed coulant passage geometry and other heat transfer parameters

are presented for the combustor and nozzle in Fig.16 and 17, respactively.
The limiting criterion, was the maximum coolant Mach number of 0.3

(Fig. 16). As shown In Fig. 16, the maximum combustor gas-side wall tom=
perature was less than 811 K (1000 ¥). These temperatures are the result of
two-dimensional thermal anlayses of a discrete number of axial stations.

The resulting cycle life exceeded the cycle requirement of five cycles with
a safety factor of 4. For thrust levels greater than 4448 N (1000 pounds) s the
maximum chamber prcgsure will exceed the maximum chamber pressure of the
gtudy of 689.5 N/cm“ (1000 psia) and, therefore, was not defined.

The 10,/CH regenerative—cooled thrust chamber cooling was also limited by
the maﬁimu coolant Mach aumber criterion. At 4448 N(1000 pounds)  thrust,
the L0,/CH thrust chamber max imum chamber pressure was Jabs.7 N/cm“ (500 psia).
Details for the gingie uppass cooled nickel channel wall combuster is shown
in Fig.18 and for the two-pass tubular rozzle in Fig.19 . As shown in

Fig. 18, the limiting criterion was the mdximum coolant Mach number 1imit of
0.3. For the LO,/CHA thrust chamber with CH regenerative cooling, a nickel
chanuel wall combustor of fered a cooling advantage over a copper alloy com~
bustor. The higher material durability temperature 1imit for nickel of 978 K
{1300 ") as compared to 811 K (1000 R) {ncreased the max lmum rcgenerutive-
cool ing chamber pressure 1imit for LO,/CH,. AS chown In Fig.18 , the

maximum nickel combustor wall temperature was close to the 978 K (1300 ¥)

max fnum altowable temperature.

in determining the regenerative cooling limit tor the 1.0,/RP-1 thrust cham-
bors, the ecaslest rcgcnerattve—cooling condit fons were fTrst evaluated.
These conditions wore the highest thrust, 13345 N (3000 pounds), and o mid-
range chamber pressure of 348 N/emd (500 puia). As shown in Fim.l0
although the gag-side wall temperatures were below the max {mum durahility
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TABLE 4, SUMMARY OF DETAILED REGENERATIVE-COOLING ANALYSIS CASES

CHAMBER PRESSURE,

PROPELLANT | THRUST, N (1bf) N/cié (PSIA) COMMENTS
L02/H2 13345 (3000) 6R9.5 (1000)
L02/H2 13345 (3000) 344.7 (500)
L02/H2 13345 (3000) 68.95 (100) 2-PHASE HZ
L02/H2 4448.2 (1000) 689.5 (1000) ON COOLING LIMIT
LO,/H, 4448.2 (1000) 344.7 (500)
LO,/H, 4448.2 (1000) 68.95 (100) 2-PHASE Hy
LOZ/HZ 2224.1 (500) 448.2 (650) ON COOLING LIMIT
L0,/Hy 444.8 (100) 275.8 (400) EXCEEDED STUDY GUIDELINES
137.9 (200) ON COOLING LIMIT
LO,/H, 444.8 (100) 68.95(100)
LOZ/CH4 13345 (3000) 689.5 (1000) ON COOLING LIMIT
LO,/CH, 13345 (3000) 344.7 (500)
L02/CH4 13345 (3000) 68.95 (100) EXCEEDED STUDY
GUIDELINES
LO,/CHy 4448.2 (1000) 344.7 (500) ON COOLING LIMIT
LO,/CH, 4448.2 (1000) 275.8 (400) EXCEEDED STUDY
GUIDELINES
LO,/CH, 4448.2 (1000) 206.8 (300) EXCEEDED STUDY
GUIDELINES
LO,/CH, 4448.2 (1000) 68.95 (100) EXCEEDED STUDY
GUIDELINES
L02/RP-1 13345 (3000) 344.7 (500) EXCEEDED STUDY
GUIDELINES
LOZ/RP-I 13345 (3000) 68.95 (100) EXCEEDED STUDY

GUIDELINES
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temperature limit of 811 K (1000 F) for NARlay-Z, the coolant~aide wall
temperature excaeded the RP-1 coking limit of 9561 K (1010 R), More impor-
tant, even the combuator autlet coolant bulk temperature axceeded the RP-1
coking limit, A lower chamber pressure (68.95 N/em? or 100 paia) thrust
chamber was analyzed at this thrust level and the same results occurred, In
hoth the midrange chamber pressure and the low chamber predsure ciAch, the
RP~1 coolant bulk temperature exceeded the 561 K (1010 R) coklng limit oven
without constdering the nozele coaling, Therefore, regenerative cooling of
1.0,/RP~1 thrust chambers could not bhe accaomplishod within the analysis
guldelines (negleocted the oxistanen of a gas-side carbon layer).

In an oxtended thrust chamber cooling annlysis, the benoftit of n gaa=-alde
carbon layer for LO,/RP-1 regenaratiyv: «conled thruat chambers was avaluatod
and found feanible,” Theso analysia rasulta will be preosented in o following
dincussion,

fn cstablishing the minimum regemerative-cooling chamber pressure limit for
the LO./H. and LO,/CH, thrust chambers, two-phasc hoat transfer analyses were
conducfed. For the L /Cl{4 thrust chamber analysis, a curve-fit of available
methane burnout heat f%ux tost data was doveloped., Since the test data range
was limited, the assumption was made that the developed relationship applied
for the heat fluxes, pressures, and coolant velocities which were evaluated.
Assuminganﬂnimumcoolingjacketdlachargepreesureof1.087timeschamberpressure
methane subcritical pressures are encountered at chamber pressures below

344.7 N/em? (500 psia). An analysis was performed for a 275,8 N/cm?

(400 psia) chamber pressure and indicated that the coolant velocities

required to just cool the burnout heat flux (safety factor equal to 1.0)
resulted in coolant Mach numbers exceeding the allowable 0.3 maximum limit.

Another cooling approach to subcritical LO /CH, chamber pressure thrust
chambers was evaluated briefly. This approach was to vaporize the methane

at low heat flux (in the nozzle), then cool the combustor with gascous meth-
ane. The two-pass nczzle regenerative cooling circuit to an area ratio of
200~to-1 was analyzed. To cool the burnout heat flux values, the maximum
coolant Mach number (nozzle outlet) exceeded the maximum allowable 0.3. Also
the coolant bulk temperature exiting the regenerative-cooled nozzle portion
was 478 K (860 R). This coolant bulk temperature would make the cooling of
the combustor with coolant Mach numbers less than 0.3 extremely difficult if
not impossible. Therefore, it was concluded that within study guidelines,
regenerative cooling at subcritical pressures with methane was not feasible,
and the minimum chamber pressure was set at 344.7 N/cm? (500 psia). For sub-
critical chamber pressure LO /H2 thrust chambers, the heat flux versus

(r, - 7T at) curvee shown in Eig.Zl,Were used to determine the wall temper-
atires 1A the two-phase region. The 68.95 N/cm? (100 psia) thrust chambers
at 4448 N (1000 pounds) and 13345 N (3000 pounds) thrust were analyzed

using Fig. 21 and the regenerative cooling program. As shown by the typlcal
results presented in Fig. 22, satisfactory cooled combustor designs were
achieved with maximum coolant Mach numbers and maximum wall temperatures
within analysis guidelines.
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However in applying the Thurston/Rogers flow atability criterion to amsess the
flow stability of these subcritical chamber pressurc LOg/Hg2 thrust chambers,
the coolant flow in the combuator desipna was found tn be unstable, There-
fore, the maximum chamber pregsure for a ragenerative-cooled 10O /h2 thrust
chamber was liwitad tn chamber preasures having supercritical p%oﬂﬁure. which
won 103.4 Njem® (150 pais) for thruat levela of 4448 N (1000 pounda) to

13346 N (3000 pounda) and 68,95 N/cm® (100 pala) at 445 N (100 pounds) thruat,

Croap Analysis, With the vequirement of long enpine total firing durationn at
Tow thruat levels, the exiatence of matorisl eraep counld eveate detrimental
cffoctn on the thruat ehambers, With 2 ragenarat Ive~cooled portion, eoolant
panaagen could dintert and enlargo, reoulting in higher-than-dosign wall
temporaturea, For {1lm= and radlntion=coolad portlona, Aignificant croep
could renult In thrune chamber contour dlatertion, lacal hot opotr, and
additional performanca load,

For thu regenerative=cooled channel wall combustors, the maximum fixed cnd-
beam bendling strous was computed for thrust chambers on the maximum chamber
prossue cooling limit, The maximum creep stress range for both the LO,/d
(NARloy-%) and LO JCH, (nickel) combustors and oxtrapolated wall mater al
creep duga aro prisented in Flg. 23. For NARloy-2 the ereep raté was less
than 10=? in./in./he, The creep rate for nickel was approximately 10-7
in./1in..hr and assuming a 50-hour total cngine firing duration and o safety
factor of 2, the creep was 0.001%.

The maximum stress on the radiation-cooled nozzle extension was computed at
the maximum temperature location (attach areca ratio of 200-to=-1). Molybdenum
was assumed to be used for cxtensions having maximum will temperatutes of
1644 K (2500 F) or less and L605 alloy for maximum wall temperatures less
than 1367 K (2000 F), The maximum creep for molybdenum was less than 0.007%
and less than 0.002% for 1,605 alloy using a safety factor of 4,

Using the same materials for the same temperature ranges for the film~cooled
thrust chambers, the maximum creep for the molybdenum was less than 0.7%
using a safety factor of 4.

Paramctric Data. From the detailed regenerative-cooled analysis, parametric
plots of coolant heat input and coolant pressure drop for the LOp/Hy and LOg/CH,
thrust chambers were developed for the channel wall combustor and tubular nozzle
(Fig.24 through 27). The relatively constant combustor coolant heat input

{s the result of the less-than-linear inverse relationship of combustor

gas-side surface area with chamber pressure, The combustion chamber length
varies approximately as

"‘0 . 2“
LC OLPC (8)

and, as a result, the area decreases almost as much as the average heat flux

{ncreases with inerease in chamber pressure (fixed thrust) and the heat input
remains essentially constant as shown in Fig. and  for LOZ/HO and LOZ/CHQ

combustors, respectively. “
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The nozzle coolant heat input decreased with inerease in chamber pressure at
a conatant thrust (Fig.25 and 27). This trend ia the result of the fixed
nondimensional nozzle contour so that approximately

"’0t2
QaP, (9)

The coolant presaure drop for the combustor and nozzle of the L02/H and
LOZ/CH regenerative-cooled thrust chambers are presented in Fig, Qgthrough
. Tﬁe coolant pressure drop lncrcased with chamber pressurc at a fixed
thrust level as a rosult of higher heat fluxes. The influence of thrust on
coolant preossure drop at a flxed chamber presasure was almost nogligible for
the regencratively cooled 107/CH4 thrust chambers as shown in Fig. 30 and 31,
However, with the LO2/H2 thrust chambers (Fig. 28 and 29), the coolant pres-
sure drop at high chamber pressurcs was higher for the lower thrust, At
lower chamber prgssure, this trend rcverses. For LO,/H, chamber pressures
below 103.4 N/cm® (150 psia), the increased coolant predsure drop was the
result of two-phase heat transfer cooling requirements.

Cooling Limits. The regenerative-cooling limits were established for LO2/Hp
and L0O2/CH4 thrust chambers through the use of the detailed regenerative-
cooling analyses, and are presented in Fig. 32. LOy/RP-1 thrust chambers
could not be regeneratively cooled within the analysis guidelines, but were
found feasible in the extended thrust chamber cooling analysis (one of the
sections to follow).

For LO,/H, thrust chambers, the study specified maximum chamber pressure of
689.5 l%/cx‘ﬁ2 (1000 psia) limited the chamber pressure for thrust levels from
13345 N (3000 1bf) to 4448 N (1000 1bf). Below 4448 N (1000 1bf) thrust,
the maximum coolant Mach number limit of 0.3 and the durability limit of the
wall temperature limited the LO /H2 regenerative cgoling to 448.2 N/cm2

(650 psia) at 2224 N (500 1bf) %hrust and 138 N/cm” (200 psia) at 444.8 N
(100 1bf) thrust.

For LOZ/CH thrust chambers, the maximum chamber pressure (cooling limit)
decreased %rom 689.5 N/cm? (1000 psia) at 13345 N (3000 1bf) thrust to
344.7 N/em? (500 psia) at 4448 N (1000 1bf) thrust.

The L0,/H, thrust chambers offered a larger operational envelope (thrust
and chambér pressure) due to the better cooling capability of hydrogen and
its lower critical pressure.

The minimum chamber pressure limit was set by the critical pressure of the
coolant (fuel) for each propellant combination. However, subsequent engine
cycle balances (discussed later) revealed supercritical thrust chamber cool-
ant discharge pressures at subcritical chamber pressures due to the turbine
pressure ratios required. Therefore, the minimum chamber pressure limits
shown in Fig. 32 were lowered as discussed in the Extended Thrust Chamber
Coouling Analysis section.
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Film Cooling Analysia

From the cooling analyais guidelines (Table 2 ), a maximum performance loas
allowed due to film cooling is 10%. The amount of film coolant (fual) which
repulcs 1n this parformance loss 1a the maximum nllownble film coolant (low,
and would achieve the maximum chamber pressure at a glven thrust lewel,
Therefora, the film-cooling analysia approach uvand was to determine the
apecific impulse loar varintion with film enolant flow and defina the maxi-
mum allownble f£1lm coolant flow for a given thruat and ehamber prasawre,
Using this film coolant flow and tha gas~side heat transfer coefficient
distribution, the thruat chamber wall temperature diastribution in doterminod
and compared t4 the maximum allownblo wall matorial temporaturc, If the wall
tomperature 1is loss than the allowable moterial tormperature, the thrust
chamber roprosonts a foasible denign, This analyails precedurc is ropeated
for different design conditions to define the {llm=cooling limit.

Performnnce Joss, The [1lm cooling performance loss was computed using the
simplificd JANNAF method., The method consists of praseribing a lincar mixturc
ratio distribution from the film=-cooled wall (low mixture ratio) to the inner
core; and considers the film-cooled region to be divided into several zonca.

The mixture ratio profile variation and pertinent equations arc shown in Fig, 33
For this type of analysis, the following assumptions were used:

1, For fuel injection, the mixture ratio at the wall is low, approach-
ing zero, since the gas 1is in contact with the pure injected fuel,

2. The mixture ratio of the core gas stream is unaffected by the cool-
ant (lL.e., the coolant is completely entraineéd in the primary gas
stream before any of it reaches the center of the chamber).

3. Mixture ratio between these limits 1s linear (as has already been
stated).

4. The variable mixture ratio region is divided into zones and the
coolant 1s assumed to react with the main flow at the local mixture
ratio.

5. The flow in each zone is then integrated to determine the mixture
ratio and specific impulse, and a mass-weighted average specific
impulse is calculated.

6. This value is then compared to the specific impulse at the same
overall thrust chamber aixture to detzrmine the loss due to the
coolant flow.

The results of this method correlate quite well with experimental results
(OZ/HZ) and other propellant combinations).

The film cooling performance results for the three propellant combinations
are presented in Fig. 34 through 36. The specific i{mpulse loss curves whicb
are independent ofzthrust are presented for chamber pressures of 13.8 g/cm
(20 psia), 69 N/cm” (100 psia), 344.7 N/cm® (500 psia), and 689.5 N/cm
(1000 psia) for a 400-to-1 area ratio nozzle. For a given percent film
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MIXTURE RATIO

The ratio of (RC/RW) is found by selving tho quadratic oquatien:
. <MRW>
2 M in 2
R W LT <Eq>
MR, PR (MRC-MRWTT MG |\ Ry

- MRW

( . 2 MR MR.) n (WE) <R >*

) c
ﬁ@‘“c) (Mac-MawF Ry

W

)
2 MR, &n :
( 2 >_ ¢ AW/ Mepy

- - = 0
(MR-MR,)* MR~ Moxtorzer

where

Mo | Mern™ivg [“Rc*l]
Moxorzer | - MrineMing c

The mixture ratio as a function of radius is then given by:
N

Ry

L d

tigure 33. Equations for Computing Maldistribution and Transpiration
Cooling Performance Loss
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Figure 34, L02/RP-1 Film Coolant Performance Loss
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Figure 36. L02/H2 Film Cooling Performance Loss
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conlant flowrate, the higher chamber progsures rorulted in a lower film
cooling loss, The 107 performance loss resulted (o approximatoly 7.2%

film coolant for LO,/RP-1 (Fig.34 Y, 6% for 10,/CH, (Fig.35 ), and 5,57

for LO./H2 (Pig, 365. Vor a tixed apeeif e 1m§uls3 1oss, only minor varia-
tiona fn percent film coolant resulted for the chamber presaure of Interest.

Analyais Resulta, In performing the Film cooling heat tyansfer analysla, the
Rocketdyne gaacous film cooling mode ! was omployed for chamber presdsure at
aupereritical ilm-coalant preasures, and the Rocketdyne 1iquid (ilm cool-
tng mode) was used for thrunt chambers with suberltieal coolant profaurcs,
the Liquid model ineiuded the influence of the film coolant heat of vapor-
l?n“' le .

The combunt fon chamber peometrios of the repencrat fve-cooted thrust chambersd
were uaod for the f {lm-cooled thrust chambara, Also, the ritm conlant was
assumed to be injected at the {njector face plane,

The f1lm cooling heat transfoer regults for the 10,/CH, thrust chambers with
CH, tilm cooling is shown in Fig. 17 . For cach dfalgn condition (thrust and
chamber prassure) analyzed, the maxdmum chamber wall toemperature wad plotted
to obtain the curves presented in Fig, 37 . Assuming maximum allowable wirll
temperatures of 1644 K (2500 ¥) and 1367 K (2000 ¥), the max tmum ¢hamber
pressure limit would be below the minimum study chamber pressure of 20 psla
and, therefore, f{lm-cooled LO,/CH, thrust chamburs were not feasible. The
difference in the maximum wall temperature achieved with the 3 and 10%
gpecific impulse loss flowrate (percent of total flowrate) was small due to
the fact that the fllm cooling {nfluenced only a small portion of the combus-
tion chamber length, as shoun in Fig. 38, The film temperature increases
rapidly within 3.8 em (1.5 {nches) for the 3% film, and within 10.2 cm

(4.0 inches) for the 10% film. By the time the flow reached the throat, the
film temperature had egsentially leveled off and the film cooling had a
minimal cooling influence.

Heat transfer analyses of 11 film-cooled 1O, /H, thrust chambers were per-
formed assuming core mixture ratio combustion fas propertles for film cool-
ant flows resulting in 10 and 3% specific impulse loss. The thrust chambers
having a chamber pressure greater than 130 N/cm? (188 psia - H, ceritical
pressure) were analyzed using the gascous f{lm cooling analysis model, and
below 130 N/em® (188 psia) chamber pressure, the liquid film-cooling model
was used. As for the film-covled LO./CH, thrust chambers, the maximum
chamber wall temperature for cach case wias plotted to result in the curves
presented in Fig.39 and 40. As shown in Fig.39, the 10% specitic impulse
loss film coolant flow (approximately 5.5% of total flow) resulted In
feasible thrust chamber desipns for 4448 N (1000 pounds) and 13345 N

(3000 pounds) thrust with a maximum chamber pressure of 105 N/em? (152 psia)
for a muximum wall temperature of 1644 K (2500 F), For a maximum watl
temperature of 1367 K (2000 F), the maximum chambur pressure at 13345 N
(3000 pounds) thrust decreased to 78 N/cm2 (113 sla), Reducing the tilm
coolant flow to that resulting in 1% specilic fmpulse loss, approximately
2.8% of total flow, the region ot feasibility decreased gignificantly as
shown in Fip.40 ., The gas-side wali temperature and the {ilm temperature

HY
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dlatributions for two typical film~conled thruat chamber designs (10%
apecific impulse loss) are shown in Fig. 41. The 4448 N (1000 pounds) thrust,
68.95 N/cm2 (100 psia) chamber pressure design resulted in a maximum wall
temperature of 1636 K (2484 F) at the nozzle throat. The 13345 N

(3000 pounds) thrust deslgn (68,95 N/em? or 100 pain) had a maximum wall
temperature of 1276 K (1836 F) which occurred downatream of the noasle
throat,

The film coollng analyatis of 12 film-cooled LO,/RP-1 thrust chambors were
performed uﬂtng the gasconn film-conoling analyfils modal for chamber pressurea
above 234 N/em® (340-paia R~} eritical preassure), and the liquid {ilm-
cooling analysls model waa used below thig preseurc, The resulting maximum
chamber wall temperaturces versus chambor pressure curves for constunt thrust
are presented In Fig, 42, For the 10% specific {mpulse loss film coolant
flow (approximately 7.2% of total [low) und a 1644 K (2500 F) maximum wall
temperaturce, a small regilon of feaslbility resulted,

Cooling Llmits. For all three propellants, a maximum wall temperature limit
of 1644 K (2500 F) was sclected as the material temperature limit. Thrust
chamber £ilm cooling analysis revealed that LO2/CH; film-cooled thrust
chambers were not feasible, and the L02/Hz and L02/RP-1 film-cooled thrust
chambers were limited to low chamber pressures. As for regenérative-covled
thrust chambers, the L02/H2 thrust chambers offered the largest operational
thrust and chamber pressure range.

The maximum film-cooled thrust chamber cooling limits for LO./H2 and LO,/RP-1
are presented in Fig.43 for the 10% specific impulse loss fifm-coolant %lows.
For LO,/H,, the maximum chamber pressure at 13345 N (3000 pounds) thrust was
105 N/Emz“(lsz psia) and, as the thrust level was decreased, the maximum
chamber pressure decreased to 13.8 N/em? (20 psia) at 1081 N (243 1bf) thrust
For LO./RP-1 film-cooled thrust chambers, the tegion of feasibility was
extremély limited. This region, as shown in Fig. 43, extended from a

chamber pressure of 13.8 N/em? (20 psia) at 5849 N (1315 1bf) thrust to

17.9 N/cm? (26 psia) maximum chamber pressure at 13445 N (3000 1bf) thrust,
As for LO,/RP-1 regenerative cooling, the influence of a gas-gide carbon
layer was“neglected.

The maximum and minimum chamber pressure cooling limits for film-cooled

L0, /H, thrust chambers are presented in Fig. 44, Maximum chamber pressure
cufved (107 specific impulse loss) for maximum wall temperatures of 1644 K
(2500 F) and 1367 K (2000 F) are shown. Thrust chamber designs within the
maximum and minimum cooling limits have film cooling specific impulse losses
varying from 3 to 10%.

Exteonded Thrust Chamber Cooling

The regenerative/radiation-cooled thrust chamber cooling limits previously
defined were extended by altering the cooling criteria and adding a phvnibal
thermal barricr for added cooling enhancement., The original cooling criteria
(rable 2) were changed by:
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1. Increasing the maximum caolant (gas) Mach number from 0.3 to Q.5

2, Increasing the maximum allowable RP-] coking temperature limit from
561,1 K (550 F) tao 644 K (700 F)

3, Adding a carbon layer maxlmum allowable temperature limit nf
3311 K (5500 F) or athar physical thermal barrier

The (irst twe changes are inercasen [rom eonmervativa values to the upper
hounds of feasibility. The third limit was ndded for desipns permitting
the nddad hanefit of a paa-~aide carbon layer. Back caleulationa from
avallable teat dota have tndicated carbon layer temperaturcs close to
thia value,

The phynteal thermal bharriern were nelected for each prapellant baand on provioud
atudy analynen and exporimental resultn (Tahle %), Phyateal thermal barriera
wore ehonen over {luld thermal barviera nlave Ciuid baretors eoan rosult fn alp=
nlfteant enollag performance lossen, and physleal barriera do not Incur any
petormaee pennlty.  for hoth 109 /CHy nnd L02/n2. a pas=alde coramle coatlng wop
added to the regenerative/radiotion conling of theao propellanta,  LExperlimentnl
rosults from LO3/RP=1 rocket cnglne programs such as the F=1 and At1as showed

the oxdatence of a hot gas=slde carbon layer which reduced the lacal heat fluy
and heat input to the cooiant. In contrast, thermal data from recent 109 /RP-1
(hrust chamber tests over a thrust range from approximately 44482 N 510.000 1bf)
to 88964 N (20,000 1bf) and a chamber pressure range from 689.5 N/em® (1000 psin)
pave no evldenco of carbon depasition creating a thermal barrier on the chawber
wall (Ref. 4). 1o the extended cooling analysis of the LO /RP=L low=thrust
chambers, [t was assumed that a carbon layer will exist in“gceordance with the
equation f{n Table 5. Should this not be the case, a gus-side ceramic coating
gimilar to that sssumed for the L“Z/CHa and LOZIH2 cvhambers could be applied,

TABLE 5 . PHYSICAL THERMAL BARRIERS

PROPELLANTS BARRIER
LO,/RP-1 CARBON LAYER
[X/k . e(9.0-0.51(3]
L0,/CHy CERAMIC COATING
L0,/H, CERAMIC COATING
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With LO,/RP~1 thrust chamhers, the extended repenerative/radiatiocn-cooling
analysis for thrust levels of 444B.2 N (1000 Ihf) to,_ 13345 N (3000 1bf)
reaulted in a maximum chamber pressura of 344, 7 N/em® (500 paia) with the
current 1.0,/RP-1 carbon layer resistance ralationship of x/k=e(9-0,51G)
The paramefer G is the local hat-gas masa voloclty, The raesulting constant
chamber preasure cooltng limit (Fig, '5) can ho explained by this vrelation-
thip and canvenclonal heat flux tronds, As thruat is Inereased, the heat
flux laevel decroases alighely (hydraulie diameter inlluenee) and, since the
hor-gan manw flow tneroases (G) with thruat, the carbon layer thlickness
deevennon,  Thereforo, Lhese Lwo influences tend ta epncol each other and
rednlt tnoan oasontially constant max Lmum rngannrattvn/radiatinn»conling
chamber prosmure for thin thrast range.  The maximim allowable carbon layer
temperature Tmlted hoth of thene deaigon,

Helow 44482 N (1000 I1hE) thrunt, the RP-) coulant bulk temperature
eveared I the noszle geetlon 1o a valuo whileh  cereated a colking problem,
Theretore, the wox tmwm eanlablo ehamber preassure doevoanon na thruat
decvoinen (g, 4%, The minlmm chamber wan net by the RP-1 eritieal
Presture,

The renulty of the doratlod LO,/RP=1 thrunt chambor couling analysln ara
progented In Fig,e 40 through 49, The combuntor and nozzle heat inputs

(Mg 40 and 48) deercased with Lncroase in chamber prossuro and decrease in
thrust,  The coolant pressure drop varintion with thrust and chamber presaure
for the LOu/RP=1 rupencrative/radlation~cooled combustor and nozzle arce shown
In Figod47 and 49,  These heat input and coolant pressure drop data were
luput to tho engine eyele balance computer program to perform the 10, /RP-1
cugine bulanevy, “

The extended cooling capability cevaluation of the 10 /CH, regenerative/
radiat ton-cuoled thrust chambers with a Zr0, coramic“coating (t = 0.0127 em
or U.005 inch) resulted in higher maximum clambor prossures over the entire
thrust range, As shown in Fig. 50, the maximum study chamber pressure cun
be cooled for thrust levely down to 4448.2 N (1000 1bt), and vooling 1y
feasible at the low thrust level of 444.8 N (100 1bf),

In performing the engine cycle balances of LO,/CH, cngines, supercritical
thrust chamber coolant discharpe pressures wefe oBtained for suberitical
chamber pressures, This trend is due to the turbine pressure ratio require-
ments of the englne cycle. In fact, for the direct expandet cycle, a
chamber pressure approximately a factor of 2 below the coolant critical
pressure was achieved, Therefore, the minimum chumber pressure limits were
lowered,

The extended cooling capability evaluation of the LOZ/H regenerative/
radlat{on=-cooled thrust chamber with a Zro ceramic coaging (Fig. S1)

achieved higher maximum chamber pressurey Eor the 444.8 N (100 1bf) to

4348.2 N (1000 1bf) thrust range and a4 lower minimum chamber pressure, The
lower minimum chambor pressure limit was established in the same manner as for
the 104/CH, thrust chambers, i.e., by keeping the coolant pressiure gt the
lacket discharge above the ceritical preasure of hydrogen,
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COMBUSTOR HEAT INPUT, Kg CAL/SEC
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Figure 46 . L02/RP-1 Combustor Heat Input

(with Gas-side Carbon Layer)
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NOZZLE COOLANT PRESSURE DROP, N/cm

CHAMAFR PRESSURE, PSIA
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ENGINE SYSTEM CONCEPTUAL AND PARAMETRIC ANALYSIS

In the engine ayatem analysis, the engine eyele/configuration matrix W.R
firat defined by Incorporating the thrust chamber cooling analyais for
cach of the three propellanta, The engline sehematles of the candidate
engine eyele/configuracion wero eatablished to aild in the cyele analyais
and the ongine comploxity rating dotormination. Analyaer wore conducted
to determine achiovable and/or optimum chamber pressures for cach of the
candldato ayatoms,  Parametric engine performance and preliminary engine
welghta wore penerated.  Tha candidate engine cyeles were sereoned and
evaluatod and concluded in the recommendation of one L0y/Hy and one Lo,/
llydrocirhon tuel englne eyele/configuration for preliminary engine design.

Englne Configu ration Matrix

Table 6 defines the engine systems on which parametric analyses were conducted,
I view of the stgnificant performance losses and 1imited design range
associated with 1im cooling, it was assumed that all systems would be regen=-
ceratlvely cooled, Simplified schematics of the candidate systems are shown
In Fig. 52, These included both pump and pressure-fed engine and the hot-gas
turbine/pump-fed cycles such as the expander, gas generator, and staged-
combustion cycles with engine-mounted pumps. Variations of these pump-fed
engines include locating the pumps at the tank. Also with tank-mounted
pumps, the pumps can be driven by electric motors that are supplied electric
power through a turboalternator or fuel cells, An additional option is the
Incorporation of an dccumulator that permits the design of a larger capacity
pump (higher pump efficiency), which would operate intermittently during

the engine firing. A variation of the conventional pressure-fed engine
utilizes two, small, parallel, pressurized feed tanks to achieve a poten-
tial weight savings. Instead of pressurizing the larger main tank, two

small tanks are alternately pressurized, filled, and used during the firing.

TABLE 6. ENGINE CONFIGURATION MATRIX

COOLTNG ]
CONF IGURATION PROPELLANT METHOD
Direct Expander H./0- Reagenerative
Direcct Expander CH./0.
Turboalternator Expander H,/0
Turboalternater Exapnder CH. /0
Fuel Cell Pesirred H. /0.
Fuel C211 Powered CH. /0;
TAnk Mounted Pump Expander H: /0,
Tank Mounted Pump Expander CH. /0,
Turboalt. I xpander with Accumulator H: /0,
Turboalt. Expander with Accumulator CH. /0,
Staged Combustion H:/0.
Staged Combustion CH. /0.
Gas Generator H. /0.
Gas Generator CH. /0.
Gus Generator RP-1/0
Pressure Fed - Conventional H-/0.
Parallel Pressurized Tank H./0. ‘ J
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Pump_and Pump_Prive Annlysis

Pump Typo., An evaluation of positive digplacement pumps (vane, gear, and
multitoho) and centrifupnl (full and partial omlaslon) pumps was conducted

to define the pump type to be used In the enplne eyele evaluattion, Using a
mintmum pump clearanee of 0,001 inch for the positive-displacemnt pumps,

the partlal-cminslon contrifugal pumps achieved higher pump effietonclon

than the posleivesdisplocement pumps at the low flowrates. Therefore, the
contrifugal pumps were chopen as the pump type to be used In the engine eyele/
cont lpuration, Lo/l and 102 /Clly ougines utilized a three-atage fuel pump
and a single thnv"nxldiznr pump. 10g/RP=1 cngincs utilized sinple~gtape

fuel and oxidizer pumps.

Pump and Turbine Limits. The geometric, hydraulic, and speed 1imits assumed
for the contrifugal pumps and axial turbines in the englne eycle evaluation
arce prescnted Iln Tables 7 and 8, respectively. These llmits were imposed
on the pump-fed engine crafigurations evaluated.

In addition to the full-emission centrifugal pump, design relationships for
partial-emission centrifugsl pumps were incorporated into the engine cycle
balance computer program. In the engine cycle balance analysis as the
engine thrust was decreased, the full-emission centrifugal pump impeller
tip width became less than the assumed minimum of 0.076 cu (0.03 inch)
shown in Table 7. When the tip width became less that this minimum, the

pump emission was decreased until the minimum tip width value was satis-
fied.

Electrical Component Data. For engine cycle/configurations incorporating
eloctric-motor-driven pumps and turbine-drive alternators, data were com-
piled on current component capabilities and component weights as part of a
company~-funded cffort. Parametric data on alternating-current (a-c) gener-
ators or alternators are shown in Fig. 53 t.  wound-rotor and permanent
mignet (PM) altermators. The maximum speed and corresponding weight as a
function of the output power are presentéd. The PM alterndtors were
typically lighter in weight. similar data on electric induction motors are
gshown in Fig. 54 . The efficiency of the alternator and the motor were
{ndividually assumed to be 85%, which was a representative value.
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TABLE 7, ASSUMED CENTRIFUGAL PUMP LTMITS AND GUIDELINES
PARAMETER FURL OXINTZER
Minimum Limits
Tapeller Tip Width, em (in) 0,076 (0,03) 0,076 (0,03)
Inducer Diameter, cm (in) 1.14%  (0,45) 1,143 (0,49)
Impeller Tip Diameter, em (in) 1.778 (0.70) 1.778 (0.70)
Head Coefficient 0.1
Flow Cocfficient 0.06
Bearing Size, mm 8 8
MaxXimum Limits 6
X 10 (H,) 6
Bearing DN x 10% (R | 1.5 x 10
Inlet/Outlet Diameter Ratio 0.8 0.8
Impeller Tip Speed, 609.6 (2000) |365.76 (1200)
m/sec  (ft/sec)
Inducer Tip Speed, 457.2 (1500) |304.8 (1000)
m/sec  (ft/sec)
Impeller Stage Specifi:c Speed 2000 2000
Head Coefficient . 0.5
Suction Specific Speed 61000 (Hp) 51000
51000 (CH,)
NPSH, m(ft) 4.57mor 15 ft (Hy) §0.61lm or 2 ft
1.68m or 5.5 £t (CHy)

3. 72m or 45 fi (Rp-1)|
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TABLE 8, ASSUMED TURBINE 1.IMITS AND GUIDE)LINES

PARAMETER

FUEL OR OXTDIZER

Minimum Limits

Turbine Admission
Turbine Pressure Ratio

Turbine Blade Height, em  (in)

0.635 (0,25)

Turbine Pitch Diameter, cm (in) 5.08 (2.0)

Turbine Blade Hub/Tip Ratio 0.6
Maximum Limits

Turbinc Admission 1.0

Turbine Pressure Ratio 4,0

Turbine Tip Speed; m/sec (ft/sec)
. 2 2 2 2 2
Turbine AN" cm“(RPM)® or in* (RPM)

Turbine Blade Hub/Tip Ratio
Turbine Inlet Temperature, °K (°R)

518.16 (1700)

2.742 x 1011 (4.25x% 1010)
0.9
1033 (1860)

s
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Variation with Power
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For the turhoalternator cyele the a-c alternator apeed can be adjusted to
changa fthe eleetric motor apeeds, but the relationahip between the alternator
o « rnr speeds 1a fixed by the ratio of poles in the motor and alternator:

(No, Poles in Alternator) x
(No, Poles in Motor)

¥otor Speed, Tpm »

(Alternator Speed) x (1-8LIP) (10)

Typieally, che slip 1s approximately 0.04 (4%). The PM alternator is always
oxcited at the same level by magnets and produces a voltage dircetly propor-
tionnte to apned. The induction motor ig a volts/rps devicae, which should
be auppiied wich a voltage that is propottional to the aspeed so the alterna~
tor and notor can be controlled without sophisticated electronic controlg.

Fuel Cell Data. For the 02/H fuel cell-powered cycle enginca, the variation
of furl ell systom weight wi%h‘required power output was dctermined and

formed an input to the engine balance computer program. The currently dvaile
able data (Pef. 5) indicated that the weight of an 0p/Hy fuel cell is substantial.
Urited Technology has been developing and testing a fuel cell. It welghed

abeut 9,797 kg/kW (20 1b/kW), although the supporting equipment weight per

kW decreased as the fue' cell becomes larger. The General Electric fuel

cell (Fig.55) currently under development is lighter in weight and was the

fual cell assumed for this analysis. As noted in FPig.55 , the fuel~cell

syBtem weight was a strong function of the power output and therefore the
requirel pump horsepower should be minimized to reduce fuel-cell system

weight.

A fuel-cell power conditioning (converter) efficiency of 90-percent was
assumed in this evaluation.

Tank-mousnted Pump-fed Directly-powered Pumps. In the evaluation of the
tank: ounted pump-fed engines with directly-powered pumps, the heat loss
through {usulated heated fuel lines to and from the turbines as well as the
added fluid pressure drops were determined. Line lengths for the tank-
mounted configuration were determined from the NASA-LeRC specified tank
configurations and are shown in Fig., 56.

The heat loss from the heated fuel lines to and from the turbine was com-
puted for a range of fluid temperatures, line diameters, and insulation
thickness. However, the total heat losses were found to be less than 0.1%
of the total enthalpy and, therefore, were neglected in the analysis.
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Ingine Cycle/Configuration Parametrics

Eng}nymgxgjglgggfigutntigg_ﬁgﬂgmﬂgigg. Schematicas of the candidate engine cyelo/
conflgurations are presentad in Figs, 57 through 63, Major components, propol-
lant valves, and numbor of functions required hy the contraller are shown as

woell as the enpine/vehicle Intorfaco for hoth engine and tankemounted pumps,
Autogenous prossurization and boost pumps which aro identifiod as optional on

the achematics wore not Included 1n the analysia of the various Aystems,

)y{Lgggjﬂmﬁg&yuilgygjuymggg, Rased on past oxperimental data, the combustion
offletency for che L02/Hy engines waa expeeted to be 99,5% for chamber prosaures
of 344.7 N/em? (500 psla) or greater and docrease to 99% at 13.7% N/em? (20 paia).
For the Loa/en, and 109/RP=1 eaglnea, a combustion efficiency of 98% was expected
Lo provide a realistic value for the thrust and chambeor range of intovest.

The thrust chambor performance losses ineluded in the analysis were the nozzle
peometrie (divorgence), reaction kinetic, and boundary layer losses, For
regenerattve-/radiation=cooled thrust chambers, the fet enthalpy gained through
thrust chambor cooling is included, For film—/radiatibn—coolcd thrust chambers,
the film cooling loss (10% maximum) is added.

Regenerative-/Radiation-Cooled Eq ines. Using the previously discussed
trend of combustion efficiency and the parametric coolant heat input determined
in the thrust chamber cooling analysis, parametric delivered thrust chamber
performance data were generated for regenerative-/radiation~-cooled LOy/Hy and
LOZ/CHQ engines with a nozzle area ratio of 400:1 (90Y length). The resulting
parametric data are presented in Figs. 64 through 66. For L02/H2 (Fig. 64),
the delivered thrugt chamber specific impulse increases approximately 2,5%
from 444.8 N (100 1bf) to 2224.1 N (500 1bf) thrust but increased less than 17
from 2224.1 N (500 1bf) to 1.33x10% § (3000 1bf) thrust. Similar trends
occurred for the LO,/CH, engines (Fig. 65). As expacted, the LO /My engines
achieved significantly higher delivered specific Impulse (approxf
than the L0y/CHy engines for the same thrust and chamber pressure. For both
propellants, the specific impulse dropped rapidly below 206.8 N/cm2 (300 psia)
chamber pressure due to a decrease in theoretical specific impulse and an
Increase in kinetic and boundary layer losses,

For the gas generator engine cycle, a higher chamber pressure does not neces-
sarily result in g higher delivered specific impulse, Ag chamber pressure
increases, the pump required horsepower algo increases and more gas generator
flow 18 required to power the turbines, Thig gas generator flow, which ig
injected into the nozzle gas flow, has a signi{icantly lower specific impulse
than that of the primary thrust chamber flow. As the design chamber pressure -
increases, the primary thrust chamber delivered specific impulse increases

due to the theoretical value increasing and the reaction kinetic. and boundary
layer losses decreasing with increase in chamber pressure, However, as more
8is penerator flow is required (higher chamber pressure), the overall engine
delivered specifie impulse will eventulally decrease as the 838 generator flow
becomes 4 more significant part of the total flow.
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Fi1lm~/Radiation~-Cooled Engines, The delivered thruat chamber apecific
impulse for the film~/radiat10n~coolad L0g/Hg and 1L0g/RP~1 thruat chambers are
shown in Figs, 67 and 68 with the cooling 1imit superimposed. For & fixed
thrust as tha chamber pressure ias decreased, the f11m~cooling loss and the
rheoretical apecific impulse decraancs and the reaction kinetic loss increasch.
Tharefore, as the chamber proafure was doereaned, the delivered apecific impulac
inerennnd untll the increane in kinetic losa and the decrease in the theoretical
apocific impulae dominatad and then the dolivered aspecific {mpulae decroaned.
For the LOzlﬂg film—/rndintion-conlad thrust chambers, 4 maximum deliverad
apocific impulse occurred for 4448.2 N (1000 pounds) and 13345 N (3000 pounds)
thrust at 41.37 N/em? (60 pata) and 68.95 N/em® (100 pein) chamber Pronfuren,
roapectively, For the LOg/RP=1 £11m=/radlat Llon=cooled thrust chambora, tho
ninimum atudy chambar pressure of 13.79 N/em® (20 psin) was reached before a
maximum speclfic impulse value was achiaved.
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Pump~Fod quiggmggglgkAnnlyﬂiﬁ. Englne cyele annlyses were poformed for each of
the candidate pump-fed oxpander and ataged combustion englne cycle/configurations
to determine chamher preasure limits ond delivered performance over the low
thruat range of {ntereont, Cycle analyais of the gas generator ongines was
limited to speeific thrust levela of 2224.1 N and 4448.2 N (500 1bf and 1000 1bf).
An Indicated previoualy, all thrust chambers wero vegeneratively cooled with
fucl, Also, boosL pumps and autogonuous pressurization syatema were nat incor-
porated in the eyeles. Far the oxpander cyceles, o pumber of balances wero
conducted ansuming 4% and 10% turbine bypass flow ag powor margins, Hewover,

the majority of the offort was conducted nasuming 20% turbine bypass f£low and

the resulta reported herein are hased on the more conservative value of 207,

Rosults of the eyele halances which show achiovable chamber prossurc as a

funet fon of thrust are glven in Pigs. 69 and 70 for 1.0p/Hp and L03/CHy onpines,

renpectively, and are Jiscussed In the following paragraphs.
]ﬁg}yﬁﬁyggnghQ;jhg;giJggg&gg. As shown in Fig. 69, the direct expander

power limits for 1.0/t engines were less than the codling 1imits from 13345 N

(3000 pounds) to approximately 1400 N (314.7 pounds) thrust. From approximately

1400 N (314.7 pounds) to 44.8 N (100 pounds) thrust, the cooling limit was

glightly lower than the cycle limit. The maximum chamber pressure 453.2 N/cme

(657.7 peia) was achicved at 13345 N (3000 pounds). For the L.05/CHy, engines,

the direct expander power limits (Fig. 70) were lower than the cooling limits

from 13345 N (3000 pounds) thrust to 4448,2 N (1000 pounds). The maximum

L0, /CHy, chamber pressure at 13344.7 N (3000 pounds) thrust of 398.5 N/cem?

(378 psia) was less than the 453.2 N/em? (657.3 peia) achieved with LO2/Hg.

The LOp/CH4 engine cycle balances for thrust levels greater than 2224.1 N

(500 1bf) had a thrust chamber coolant discharge pressure greater than the
methane tritical pressure due to turbine pressure ratio requirements of the
cycle. The L0y /CHy direct expander cycle resulted in the lowest allowable
coolant discharge pressure at 2224,1 N (500 1bf) thrust and a chamber pressure
of 327 psia. Thercefore, for this cycle configuration, the miniwmum coolable
chamber pressure is approximately a factor of 2 below the coolant critical
pressure.

Bolow 2224.1 N (500 1bf) thrust, the LOg/CH, direct expander cycle encountered
gubcritical pressures and the two-phase heat transfer problem. Therefore, the
lower thrust levels were evaluated by adding coolant pressure drop (an orifice)
petween the thrust chamber coolant discharge and the turbine inlet to maintain
supereritical methane pressures. Using this approach, engine cycle balances
were successfully performed down to a thrust leve! of 667.2 N (150 1bf) and

a chamber pressure of 75.8 N/cm2 (110 psia). A total of 193.1 N/cm2 (280 psi)
was added for this condition.

Turboalternator Expander Cycle Limits. Analysis of the turbo-alternator
cycle engine was performed using an option of the expander cycle cngine balance
vodo. This option permits incorporation of the clectric pump drive and the
turbine=driven alternator. The pumps were driven by the electric motors which,
in turn, were powered by the fuel turbine through the- alternator.
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The turhoalternator expander cyele limits for L0,/H2 and LO9/CHy are presented
in Figa. 69 and 70, As shown, tho added inefficiencios of the alternator and
tho electrie motors rosulted {v a lowor maximum chamber pressure than for the
direct expander eycle. The maximum vhamber pressure far the L0y/Ho onglne was
340 N/cm2 (493 pain) at 6672,4 N (1500 pounds) thrust. At thruat Tavols above
6672,4 N (1500 pounds) thrust Lt war ngeesanry to oporate the furbine at
tneroaaingly higher pressure ratios to develop the roquired power. As o
result, chamber presaure deereasod.  The maximum chambor pressure for the
10,/CN, englne was 355 N/em? (515 pata) at 13344,7 N (3000 pounds) rhruat. The
trond of deercaning achievahla chamber preasure as thrust inerensed was not
ohderved fn the 10,/CHy turhoalternator cyele.

Fuel=Cell Powered Cyele Limitg, In the 02/Hy fuel cell-powerod engino
evele, the pumpa were driven by electric motors that were powered by the fuel
eoll through clectric converters, Converters are uwsed to change tho direct
curront obtatned from the fuel eell to alternating curront and to avoid the

speed matching vequirement of the fuel and oxldizer motors.

In analyzing this engine cycle, the thrust chamber performance parameters for
a glven thrust level and chamber pressure are first calculated. Then the
system pressure drops and the pump discharge pressures are obtained. Based
on the engine flowrates and the pump discharge pressures, the fuel pump and
the vxidizer pump desipns can be determined, Once the pump efficiencies and
required horsepowers were calculated, the fuel cell output power was obtained
assuming the cfficlencies of the converter aud the motors to be 90 and 85%,
respectively.

To reduce the fuel cell weight, the performance calculation is conducted at

or near the pump limiting spced through an optimization procedure. In the

fuel cell system, the engine cycle balance program was written to minimize

the cell weight. Since the 0,/H2 fuel cell has 1ts own separate feed system
that is different from the engine, theoretically if the cooling limit is not
considered, the fueél cell-powerced engine can perform at any desired chamber
pressure for a given thrust level as_shown on Figs. 69 and 70. The maximum
study chamber pressure of 689.5 N/cm? (1000 psia) chamber pressure was

obtained at thrust levels between 444.8 N (100 pounds) and 13345 N (3000 pounds)
for both the LOj/Hy and LOy/CH, engine systems.

Tank-Mounted Pump Expander Cycle. 1n the analysis of expander cycle engine
configuration utilizing tank-mounted pumps, the fluid line pressure drops due
to the long line lengths added to the engine system,

Based on NASA-LeRC propellant tankage configuraion previously shown in Fig. 56,
569 em (224 inches) of line were added between fuel pump discharge to combustor
coolant jacket inlet and butween nozzle coolant jacket outlet to turbine inlet
434.3 em (171 inches) of hot-gas duct was added. The extra duct length added
between oxidizer turbine and thrust chamber was 113.4 em (47 inches). Also,

a uumber of clbows and losses for inlet and putlet pressure drop lodsgses were
included,
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As shown in Figa. 69 and 70, this cyele/configuration suffered some reduction in
maximum attainable chamber pressure when compared with that of the engine-mounted
oxpander cyele, The maximum chamber pressure for the L02/Hy engino was 420 N/em?
(610 pria) at 8896.4 N/em® (2000 pounda) thrust. Above the thrust lavel, the
volumetric flow rate of the turbine drive gas was large enough to cause Aub~
atantial pressure drop in the turbine feod and veturn lines and resulted ip
lower chamber pressures. The maximum chambor pressure for the L0y/CH, angine
wan 385 N/em? (558 paia) at the maxlmum study thrust lovel of 13345 N (3000 1bf),
The trend of decreasing achievable chamber preasure above 8896.4 N/ em?

(2000 pounda) thruat did not eecur In the L0g/CH, engine because of the increased
density of the CHy turbine drlve gas compared to tha Hy.

Turbonlternator Expander with Accumulator Cyelo Limits. Tho uae af pump-
fillod Teod tanka (accumulators) pormits tho desipgn of higher flow pumps and
enables hlgher pump offlelencios, Tho pumps would be dosigned for a higher=
tham-nominal engine flow. During the pumping operation, the {low is divided -
between the engine and the accumulators. When the accumulators reach thoir
capacity, the pump would bo shut off and the engine would be supplied propel-
lants {rom the accumulators.

The cngine cycle balance computer program option used to analyze this cycle is

the same as the turboalternator expander eyele, except in the pump design routine,
the pump flowrate is the sum of the thrust chamber flowrate and the accumulator
flowrate.

The analysis results indicated that the addition of the accumulators in the
systom did improve the pump efficiency but the pump required horsepower
increased. The voluretric flowrate increased faster than the efficiency
resulting in a decrease in the maximum attainable chamber pressure.

Figure 69 shows that the LO,/Hy engine achieved a maximum chamber pressure of
310 N/cm? (450 psia) at 4448.2 N (1000 pounds) thrust. Above this thrust level,
there was a trend of decreasing chamber pressure similar to that experienced on
the LOZ/H2 turboalternator expander cycle engine. For the LO,/CH, engine

(Fig. 70); maximum chamber pressure was 320 n/em? (464 psia) at 13345 N

(3000 pounds) thrust with a trend of Increasing chamber pressure with increasing
thrust similar to the LOp/CH4 turboalternator expanded engine.

Staged Combustion Cycle Limits. The direct-drive, staged-combustion cycle/
configuration engine balances were generated using the staged combustion analysis
optjon of the engine balance computer program. The computer program generates
an engine, combustor, and nozzle desigh at the highest attainable chamber
pressure for a given thrust; engine and preburner mixture ratioj nozzle
expansion area ratio} and a given set of turbopump assembly parameter limits.
Four turbopump parameters (fuel and oxidizer turbopump speeds and both turbine's
pressure ratios) are used as independent variables of an optimization routine
that searches for the highest value of the chamber pressure.
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Aa ghown ix Fig, 69, the maximum chomber pressura for the L02/H2 engine was

560 N/cm® (812 psia) at 13345 N (3000 pounds) thruat., Also, note that helow
4448,2 N (1000 pounds) thrust, the 109/Hy staged combustion cyele power
balanced at chamher pressures balow tﬁoea achloved for the direct expander
eycle, For the LO9/CH, engine (Flg, 70), a maximum chambor prosaure nf

355 N/em® (515 psia) wos achieved at the maximum atudy thrust level of 13345 N
(3000 1bf), Note that the LO,/CH4 Ataged combustion cyele power balanced at
chamber proseuros bolow the oxpandar cycle over nlmoat the entire thrust range,
Fxamination of the detall eyele balanee reaults verified that the increased
pump powar required by the LOZICH4 ataged combuption cyele could not ha
auppliod at the assmumed turbine Inlot temperatur~ of 1033K (1B60R) without
increasing turhbine proseure rotio to magnitudea ieh resultod in the chamber
pranaures shown In Fig, 70,

Gag_Gonerator Cyclo Limits., The methodelogy for tho gas gonorator onglno
eyelo was hased on optimizing onglne porformance at a chosen thrust and chamber
pressurc., The ongine cycle balance computor program first calculated thruat
chamber perfommance parameters such as ongine flowrate, thrust chamber flowrate,
ongine spoc{fic Impulsc, and thrust chamber speeific impulso for a given thrust
lavel and chamber pressure. The program then calculated the system pressure
drops and the pump discharge prossures. Based on the cngine flowrates and the
pump discharge pressures, the fucl pump and the oxidizer pump designs were
detormined, The turbine requlred horsepéwers were then sct aqr *1 to those of
the pumps., The pas generator design was based on a combustion temperature of
1033K (1860R), and 1ts mixture ratio and hence flowrate can then be calceulated.
With this new gas generator flowrate, the thrust chamber performance parametcers
were recalceulated, and new engine delivered specific impulse obtained. A
multi-dimensional optimization routine was then used to find the maximum
performance by changing four selected key independent variables that included
the oxidizer and fuel pump rpm and oxidizer and fuel turbine pressure ratlo.
This optimization was performed within the constraints of the pump and turbine
design limits and consistent with the available turbine drive energy.

Design points for the gas generator tycle engines are shown in Table 9. Design
points were selected to provide maximum performance based on the performance
curves shown in Fig., 66,
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TABLE 9, GAS GENFERATOR CYCLE DESTCN POINTS (e = 40031)

CLIVERED

CHAMBER

THRUST PRESSURE S:’ ;Pﬁdfs‘él
PROPELLANT "&X??%E N N-SEC/KG
_ _ LBF _ LOF-SEC/LAN
L09/H?- 6.0 hhh8,2 3.7 h512.8
- (1000) (600) (460,2)
LO?/H? 6.0 2224, 275.8 huh8 .6
Cf (500) (400) (453.6)
L0, /CH,, 3.7 YY) ' 34,7 3h43.5
' (1000) (500) (351.1)
L02/RP-I 3,0 L448.2 227.5 3286.7
(1000) (330) ~(335.2)

;ygggﬂp}yfgg~ﬁpvipe Cyele Analysis. In order to cgtablish optimum chamber
prossure for the conventional and the parallel preasurized tank pressure-fed
englne systoms, analyses were conducted to provide vehicle payload trends as o
function of chamber pressure, In general, both of the pressure-fud configura-
tiony utilize a pressurant (assumed to be helium) to expel iiquid propellunts
from the main tanks., The conventional prossure-fed engine chamber pressure is
obtained dircetly f(rom the mauin propellant tanks. The parallel-preasurizud
foed tank engine configuration utilizes a high-pressure pressurant tank to fecd
and alternately pressurize two, small, propellant tanks that supply the chamber
pressure.

Propellant is fed from a main tank to one of its amall pressurized tanks and
then to the rocket engine. Pressurizing gas is also gupplied to the small

tanka through a prussure regulator and a heat exchanger. To draw propellants
from the main tank, the small tanks are reduced in pressurc by venting. tnitial
ventant goes to the main tank to maintain its pressurc and the remainder is
dumpod overboard through thrust producing nozzles.

$tarting with a small tank full (except for ullage) of propellant, at main tank
pressure, the sequence of operations is listed in Tahle 10 and degeribed as
follows:

1. The pressurization valve and then the engine feed valve are opened on a
signal from the 1iquid level sensor near the top of the small tank.
prossurant gas fills the ullape space after passing through a pressure
regulator and heat exchanger. The pressurant storape tank ig immersced in
the cotder propellant to provide maximum donsity pressurant.
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]
TABLE 10, VALVE SEQUENCE OPERATIONS FOR PARALLEL SMALL TANK CONCEPT

Tank 1 Tank 2

OPEN PRESSURIZATION
OPEN ENGINE FEER
CLOSE ENGINE FEED
CLOSE PRESSURIZATION
OPEN TANK VENT

0PEN OVERGOUARD VENT

OPEN FILL

CLOSE OVERBOARD VENT
CLOSE TANK VENT
CLOSE FILL

OPEN PRESSURIZATION
OPEN ENGINE FEED
CLOSE ENGINE FEED
CLOSE PRESSURIZATION
OPEN TANK VENT

OPEN OVERBOARD VENT
OPEN FILL
CLOSE OVERBOARD VENT

CLOSE TANK VENT
CLOSE FILL
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2, Preanurization and engine feed valves are closed on a signal from the liquid
level sensor in the cngine feed llne, The same signal then opong the tank
vant valve, Progaurant. and propellant vapor (law to the maln propellant
tank until the presaure lost hy propellant withdrawal is regained, The
tattor condition 1a mensed hy a pressure tranaducor, which aignala the over-
hoard vent valvo to open,

The remainder of the vented matarinl Is releasod through n rearward faeing
poszle to provide wddittonal thruat., A chock valve preventa any {low from
the maln tank,

3o Another preesure eontrollod valve allows (1lling of the amall tank, from the
matn tank, when tta pressure s bolow that 1n the main tank, The averboard
vent valve would ho eclosed, by a aignal frem the llquid lovel aengor noar
the top of the samall tank, when tho tank has been 111ed, The same algnal
wiiT caune c¢loglng of the tank vent valve and ¢he {11] valve,

To ensure o contlauvous propellant feed during an engine burn, an override signal
would bo sent to open the englne food line valve on elther small tank when the
other small tank feed line valve {8 closed., This acts as a safety factor above
the margln allowed in Line sizing and pressure differonces.. Pressure relief
valves on the main tanks and downstream of the pressure regulator protuct the
systen {rom ovoerpressure,

The vssumptions of this analysis are presented in Table 11, To determine the
delivered payload to a GEO orbit, the NASA-LeRC specified vehicle gross weight
of 27216 kg (6000 pounds) was used. A representative engine thrust of 4448.2 N
(1000 1bf) was selected for the comparative analysis with LO3/H, as the
propellant.  The assumed veloeity increment was 5410 m/sec (177§O ft/sec).

To simplify this comparative analysis, spherical propallant tanks were assumed
and the pressurant bottle was assumed to be located within the hydrogen tank.,
The main tuanks and pressurant bottle were composed of an aluminum liner with
Kevlar overwrap, Titanium was used for the small tanks of the parallel-
pressurized feed tank engine configuration. Minimum material thicknesses
selected for the aluminum tunks was 0.1524 cm (0.060 inch) and 0.0889 cm
(0.035 inch) for titanium. The minimum Kevlar thickness was 0,03048 cm
(0.012 inch), which coincides to a single minimum strand wrap. A tank wall
strese safety factor of 2 to 1 was assumed for this analysis.

Payload trends between the engine configurations are shown in Flgs., 72 aund 73.
For the analysis results shown in Fig. 72, the helium pressurvant tomperature for
all main tanks was assumed to be the stored hydrogen temperature of 37.8 R. As
shown In Fig. 72, the parallel-pressurized feed tank confipuration resulted

in a 134 higher payload than the conventional pressure-fed cngine due to
reduction in tank and pressurant weight. The maximum payload for the englnes
was extremely sensitive to chamber pressure and initially Increased due to the
tnerease in specific impulse, but as chamber pressure increased, the increase in
tank weights dominated and payload decreased. A comparison was also made using
heated helium at 530 R as a pressurant (Fig. 73). Results showed an increase
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TARBLE 11 , PRESSURE-VED ENGINE ANALYSIS

ASSUMPTIONS

Vohicle Groas Welght » 27216 Kg (60,000 1bs)

Engine polivored Specifie Impulse = From Pl 04

Engino Weight = from Fig., 71
tngine Thrust = 4448.2 Nowtons (1000 lbf)

Propellant Tunks®

Tank Configuration: Spherical
v 20.7 N/cm2 (30 psia) (For parallel pressurized
feed tanke

Pmain tank

P
He
( s"'“““e) initial

Moin tank ullage volume fract

- 2068.4 N/cn® (3000 psia) (lvcated in H,
tank)

jon = 2%

Small tank ullage volume = 5%

jze = 20-second fill and 20-second drain time

Small tank 8
¢c. weight)

Total System Weight = 2%(tank weight + engine weight + mis

NOTES:

ine configuration, an average

feed tank eng
the thrust chamber and helium

1. For the parallel pressurized-
omputed from

engine specific impulse was ¢
nozzle contributions.

2. % Factor accounts for tamk structure and plumbing weights.
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Figure 71. Pressure-Fed L02/H2 Engine Weight
(Thrust = 4448.2 N or 1000 1bf)
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GHAMBER PRESSURE, PSIA

RELATIVE PAYLOAD CAPABILITY

0 200 460 600 , 800 1000
CHAMBER PRESSURE, N/cm

Figure 72. Relative Payload Capability - Low Temperature Pressurant
(LOZIB.2 at 4448,2 N or 1000 1bf)
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RELATIVE PAYLOAD CAPABILITY

Figure 73.
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in payload and a ghift of optimum chamber prosaure to higher values than for
the low temporature pressurant case. In view of the higher payload capability,
the optimum chamber preoRsureas ahown in Fig, 73 we.. utilized as design points
in the evaluation of candidate enpine ayatema,

Pump-Fed Fngine Cyclo/Performunca Summary. Rosulta from the pump-fed angline
cyele analyses were superimposed on performance curves as shown in Figs. 74 and
7%. The resulting curves show the dellverod apeeific Lmpulae potential for

the various engine con{igurations over the pormissible deaign range of thrust
and chambor preasure.  Ad fndicated in the flgured, the highest delivered
speelfic lmpulso for cach of the englne systoms occurs at the maximum study
thrust level of 13345 N (3000 1h().

For the L02/Hg cngines, the fuel-cell povercd cyele achioved the highost spacific
tmpulse followed by the gtaped combustion cyele and the direct expander cycle
(Fig., 74). Also, for the 10y /Cly, cngines, the fuel-cell powerud cycle achleved
the highest apecific {mpulse followed by the direct oxpander cycle and the tavk
mounted pump expander cycle (Fige 75).

The curves also show a decrease in delivered spocific impulse as thrust is
reduced along the power limit line for each of the engine systcms. This trend
{s due to an increase in the reaction kinetic and boundary layer losses at the
low thrust levels, For the LOy/Hy direct expander cycle engine, this spacific
impulse decreasc was approximately 1% from 13345 N (3000 1bf) to 2224,1 N

(500 1bf) thrust and almost 3% for L02/0H4 over this same thrust range. 1t can
also be observed that englue power (as opposed to cooling) limits the maximum
achievable delivered impulse except at very low thrust levels. This is due
primarily to the low pump efficiencies at the moderate required pump discharge
pressure and the low propellant flowrates. At extremely low thrusts, the thrust
chamber cooling may limit the engine deaign.

Engine Cycle/Configuration Evaluation

In evaluating and comparing the candidate engine cycle/configurations, six
parameters were compared at a selected thrust level. These parameters included:

1. "Design" chamber pressure

2. Delivered specific impulse

3. Engine length

4. Cooling margin

5. Engine weight

6. Engine cycle/configuration complexity

The design chamber préssure was based on diffcvent criteria for each engine
cycle/configuration. For expander-type cycles, the maximum achievable chamber
pressure for the particular cycle was used. The chamber pressure resulting

fn the maximum delivered gpecific {mpulse at the chosen thrust level was
golected for the gas generator cycle ecugine. For the pressure-fed engine
confipurations, the chamber pressure achieving the maximum payload was used.
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. N SEC/KG

DELIVERED ENGINE SPECIFIC IMPULSE

CHAMBER PRESSURE, PSIA
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FIGURE 74, LO2/H2 REGENERATIVELY - COOLED PUMP-FED
ENGINE DELIVERED SPECIFIC IMPULSE,
(COOLING AND CYCLE LIMLTS SUPERIMPOSED)
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To dotermine a quantitative indication of the complexity of each engine cyecle/
configuration, the number of components and the component's relative comploxity
for each engine were determined as shown in Table 12, These individual companent
complexity factors were used In combination with the respective engine cyele
achematic to determine the comploxity of each englne cycle/configuration.

Tn. seleeting the engine cyclo/configurations to be rocommended for the englne
ayhtem preliminary design effort, a relatlve comparison was performed, The
four parameters seleeted for this rolative comparinon wores

1. Design chamber pressure

2. Dolivered specific Impulse
Y.  Engine weight

4, Fngine comploxity

The englne length and the cooling margin were not included since the chamber
pressure determines the ongine length (fixed thrust) and since the thrust
chamber cooling margin factors were all less than 1.0 (no cooling problems
envisioned).

The value of cach of these four parameters were transformed into normalized
factors using as references the highest chamber pressure, the highest delivered
specific Impulse, the lowest engine weight, and the lowest complexity rating.
These normalized factors were weiphted equally and summed to obtain a total
engine cycle/configuration rating. A high total rating is desirable.

L0,/H, Engine Cycle/Configuration. The engine cycle/configuration
compariSon-of the nine candidates for the LO,/H, engine are shown in
Table 13 for a thrust level of 4448.2 N (1000 fbf). The fuel cell-powered
cycle achieved the highest chamber pressure [689.5 N/em2 (1000 psia)] and the
highest specific impulse [4631.6 N sec/kg (472.29 1bs sec/lbm)] but also was
the heaviest engine (by at least an order of magnitude) and the most complex.
As expected, the conventional pressure-fed engine configuration was the
simplest cycle (lowest complexity rating), but also had the lowest design
chamber nressure and the lowest specific impulse.

These parameters are presented in a composite bar graph in Fig. 76 ., The
configuration variations of the direct expander cycle resulted in lower design
chamber pressures (lower specific impulses) and the additional components
required increased engine weight, The parallel pressurized feed tank config-
vat lon achieved a higher specific impulse (higher chamber pressure for maximum
payload weight) and a lower engine weight than the conventional pressure fed
but a significantly more complex engine.

The relative engine cycle/configuration comparison for the 4448.2 N (1000 1bf)
thrust LO /H2 engine is presented in Table 14. These results indicated that
the direc% expander cycle/configuration achieved the highest total rating.

The expander cycle achieved the second highest specific impulse factor, the
third highest engine weight factor, the fourth highest chamber pressure fac-
tor, and the sccond highest complexity factor to result in the highest total
rating.
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TABLE 12, INDTVIDUAL COMPONENT COMPLEXTTY

~ COMPONENT, o COMPLEXITY

1. Injector - rogular H2 (Conx) .6
(!H4 (Coax) .

RP-1 (Doublet) -]

2. 1Injector - Staged Comb. H2 (Coax) .
CH4 (Coax) .

RP-1 .6
3. Chamber - Tegen H2 1
CH4 1

4. Chamber - Film cool Ha 3

(Single inj. ring) RP-1 .3

5. Nozzle-radiation-fixed .3

6. Nozzle-radiation-.retractable 5.0
7. Gas generator HZ .
CH4 .

Rp‘l .

8. Preburner H2 .3
CHA .3

Rp"l 03

9. lIgnition ‘.system-main inj. 1.3
10. Ignition system-GG or Preburner .6
mx .3

11. Tank pressurization

s

=
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TABLE 32, (Continued)

—____COMPONENT COMPLEXITY
12, Turbine - Self contained 1
- Intogral with pump B
13, Gearbox nozzle extention oH
14, Maoin fuel pump-centrifugal H2 1.2
CH4 1.1
RP-1 1
15. Main fuel pump-positive disp, Hz 1.2
C.H4 1.1
RP"I 05
16. Fuel boost pump H2 1
CH4 1
RP-1 1
17, Main oxid. pump-centrifugal 1
18. Oxid. boost pump 1
19. Alternator 1
20. Electric motor 1
21. Power conditioner/controller 1
22. Fuel cell system 25.0
23. Additional Hy feed system for 4.6
fuel cell system (use with CHg
or RP-1 eng.)
24. Fuel parallel press. tanks Hz .3
Assume: NO positive expulsion CH, .3
Devices required RP-1 .1
25. Oxid. parallel press. tanks .3
Valve-Relief .2
Accunulator - 02, "2 or CH .3

4




TABLE 12, (Concluded)

e COMPONENT . COMPIYXTTY
20, Valve - control/on-aff Electric motor 1
or

pmeumat e

27, Valve - selenaid ' 3
M8, Valve = choek i1
20, Valuve - prossure reg, .3
Short Eng. Mount|Long Tank Mount
30, Main buct - ripid ", AN T B R
Lﬂd Y '3
. RP"‘ cl 03
02 .1 .3
Hot gas .2 .6
31, Main duct - gimbaled "2 .3 .5
LH4 .3 .8
RP-1 .3 .5
0, .3 .5
Hot pus 4 .8
32, Small duct - gimbaled .1
33, Power transmission circuit .1
34, TYC System 2.8

35. Engine controller  l+.Jdx{#functions)
and instrumentation 3 function
and wiring harnesses 5
function=any component 10

that requires A 15
control input 20
Valve 25

P R T A R
SV

Ignition Igniter 30
Motor controller
TVC actuators
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The LOg/H angine cycla/conﬂiguration comparisun for a dosipn thrunt of
2224,1 N %500 1bf) 18 summarized in Table 15 and 16, Again the diveet
expander cyele achieved the higheat averall rating. Therefora, the direct
oxpander cycla/configuration waa selected as the LA2/Hg cngine to he recom=
mended for preliminary engine deslgn aevaluntion,

LQ,/gxgrqcarbon Englne nglgjgggﬁyggggggg, Tho parameter comparigon for
the LOglhydrocnrbon cnpines In prosonted in Table 17 and Flg, 17 for n
thrust of A448.2 N (1000 1h{), poth 1.09/CHy, and LOZ/RF~1 englinan wore evalu-
ated, Pressure-fod onglnes woere net cvaluated sinea low chambar Profsure
operak fon for hoth of thona propollants wan extremaly 1imited due teo thruat
chamber eoollng JAfF Leultton,  The only 10g/RP-1 engine cyclu/configurntlon
cvilunted wan the gas poRerator eyela, This conf lguration was made fuanible
(thrunt chomber coullog)by anpuming tho exiseoneo of a pag=alde carhon layor.

overall englne cyclu/oonfigurullon rating ropulto wore almilar to thoae pro=
viously presmmted for 10y/Hy. Ay shown in Tablo 18, the L02/CHy direct
expander eycle enggine nehleved the highest total rating. Aleo noted in

Table 18 wos that the LUp/CHy gas generator gyele engine resulted in a higher
total rating than tha LO2/RP=-1 gus genurator cycle cngine due to higher rating
factora in all categorios uxcept engine complexity. Based on these comparison
rosul ta, the L0/CHy direet expander cyele/eonf iguration was gelected aw the
Loq/hydrocurbon engine to be recommended for preliminary engind

design vevaluation.

Qgg}gg»?g}gnghrggg. In selecting the doslgn thrust for the preliminary desifn
of thu two engine cyclc/configurations. the delivered gpecific impulse variation
with thrust on the engine cycle 1imit was evaluated. The dato of Figs. 74 and 75
were replotted in Fips. 78 and 79 for the LOy/Hy and LO/CHy expander cycle
engines. A8 proviously discussed, the desipgn thrust gpecific {impulse decreased
with decrease in thrust due to incroascs in the reaction kinetic and boundary
layer losses and the decrcase in the theoretical specific impulse due to the
decrease in design chamber pressure. This specific impulse trend s amplified

{f the engine 18 required to throttle. Although at the time of this study

the need and penefit of engine throttling was not clear, the delivered specific
impulsge at & 411 throttled condition was determined for two throttling approaches?
(1) constant chamber pressure (variable chamber throat area), and (2) constant
throat areda (variable chamber pressure). The obvious advantage of constant
pressure throttling is clearly shown. The high chamber pressure and high

nozzle area ratio (¢ = 1600) result in increasing the delivered specific impulse
to values higher than those at the design thrust condition. The specific

{wpulse for the 4:1 throttled condition is plottad at the design thrust 8O that
cach engine 18 described by reading values on a vertical line (desipn thrust).

As shown in Figs. 78 and 79, the throttied condition specific impulse values for both
the LOy/Hy and LO,/CH, engines start to gharply decrease below a design thrust
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The engine ecycle/configuration comparisons previcusly preserted and the perfor-
mance variation with thrust were reviewed by NASA-LeRC personnel and the two
reconmended engine cycle/configruations were approved for preliminary design.

A design thrust of 2224,1 N (500 1bf) was selectod by NASA-LeRC for the two
engines.

ENGINF, SYSTFM PRELTMINARY DESIGN

The approach taken in the preliminary design of the 2224,1 N (500 Ibf) thruat
L0y/Hy and LO7/CH,4 engines was first to define engine systems which would operate
at maximum chamber preasure within the design constraints of the engine aystem
components. This was accomplished through iterations of cyele balances and
engine component preliminary demipns. Initial balances were used to eatablish
component operating requirements. Compornent preliminary designs (e.g. pumps,

turbines, thrust chamber) were generated for these requirements and their perfor-

mance characteristics were defined. This information was then used in the cycle
balance with iterations performed until the cycle balance output matched the
performance characteristics of the component preliminary designs. Final engine
cycle balances were performed at. the nominal design condition and the +10%
mixture ratio off-design conditions. The balances determined the delivered
engine specific impulse, the conditions of each major component, and the
required turbine bypass flows.

Layout drawings and/or sketches showing principle dimensions of the major
components were prepared. An engine layout drawing was prepared for each
engine incorporating a retractable nozzle extension to minimize engine

length. Mass properties of the engines, consisting of engine weight breakdown,
gimballed moments of inertia and center of gravity location, were determined.
Using updated thrust chamber heat transfer data, parametric engine performance
(delivered specific impulse) and engine dimension (engine lemgth and diameter)
data were gathered over a range of thrust, chamber pressure, and area ratio.

In addition, parametric engine weights were generated over this same parameter
range.

Guidelines and Assumptions

The major guidelines utilized in the preliminary design effort were the same as
those previously presented in Table 2 (Thrust Chamber), Table 7 (Pump Stages),
and Table 8 (Turbine Stages).

Since the pump and turbine efficiencies directly influence the achievable
design chamber pressure for an expander cycle éngine, the number of pump and
turbine stages which had been utilized in the conteptual design effort was
re-evaluated in an attempt to maximize chamber pressure for the preliminary
designs. Results of the study indicated that an increase in the number of pump
stages (one to two for the oxygen pumps and three to four for the hydrogen

and methane pumps) resulted in a 15% improvement in oxygen pump efficiency and
a 4% improvement in the hydrogen and methane pump efficiencies. Since o
wechanical or hydrodynamic design problems were foreseea with an increase in
the number of stages, two-stage oxygen pumps and four-stage fuel pumps were
selected for the preliminary design configurations.
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A similar study which compared two-atage, partial-admission fuel turbines with
the aingle-atage partial-admission turbines utilized in the conceptual designs
resulted in a 2% effieclency increase. However, due to the lack of previous
experience with two-stage partial-admission turbines, the predicted increase
was somewhat questionable and the single-atage configurations were retained,

Fngine System Design

10y/Hy Expander Cycle Engine,

Design Point Operating Characteristics. Porformance and operating charac-~
terlatics of the LO2/Hy engine syatem at the nominal design point of 2224,1 N
(500 pounds) thrust and a mixture ratio of 6.0 are aummarizcdzin Table 19 and
Fig. 80, The achleved design chamber pressure was 328,9 N/em® (477 psia) for
the nominal mixture ratio of 6. The delivercd specific impulsc was 4564.5 N-
sue/kg (465.45 lbf-sec/lbm) for the 400-to-1 area ratio nozzle. The breakdown
of the thrust chamber performance losses for this engine is presented in
Fig. 81 obtaincd using simplified JANNAF methodology. The heat loss term is
included in the one-dimensional equilibrium (ODE) specific impulse. The major
performance losses were associated with the reaction kinetic loss (2.3%) and
the boundary layer loss (3.3%).

Off-Design Operating Characteristics. Off-design operating characteristics
for the LOy/H2 ehgine system and components at 2224,1 N (500 pounds) thrust
and mixture ratios of 5.4 and 6.6 are given in Appendix C.

Engine Operation and Control. Control valves for the LOj/H, engine are
identified in the schematic presented in Fig. 80. Six primary engine control
valves are provided. Three of these valves are modulated while the other three
are oh-off valves. The inlet oxidizer valve (10V, Valve Number 2) and the
inlet fuel valve (IFV, Valve Number 1) provide propellant isolation functions
by isolating the engine system from the propellant feed system between firings.
Propellant lecakage at the pump seals determined the location of these valves
just upstream of the pumps. The main oxidizer valve (MOV, Valve Numbér 4) and
the main fuel valve (MFV, Valve Number 3) provide engine start and shutdown
functions. The main oxidizer valve (MOV, Valve Number 4) and the turbine bypass
valve (TBV, Valve Number 5) provide mixture ratio and thrust control. The
oxidizer turbine bypass valve (OTBV, Valve Number 6) extends the mixture ratio
control of the MOV at off-design thrust and mixture ratio conditions. These
three valves (MOV, TBV, OTVB) are modualted valves.

Engine Layout. The component arrangement for the L02/H2 engine is
shown in Fig. 82. The overall engine length was 91.9 cm (36.19 inches), and . .-
the retracted engine length was 56.2 (22.13 inches). The engine diameter
(nozzle exit) was 42.29 cm (16.65 inches) and with the +7 degree gimbaling
requirement, the gimbal envelope diameter was 63.86 cm (25.14 inches).

As shown in Fig. 82, the turbopumps were trunnion mounted to the injector Flange
with a pivoting link located on the combustor outer wall to stabilize and allow
some relative movement between the pump housing and the thrust chamber.
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Engine Mass Properties. Using the engine component drawings and the englne
dorign drawing, the engine weight of the LOg/Hy cngine wan 28,1 kg (62 pounds),
An onglne welght broakdown for this engine 1s presented Ln Table 20, The majov
wolght contributors were the (lxed nozzln, oxidizer turbopump, and the extendible
nozzle, The engine center of graviry was determined to ba 25,2 cm (9,92 inchen)
from the pimbal point with the nozzle eoxtedod (Tahln 1), The eompanent packagpe
arrangement clogo to the gimbal reanlted in a forvard centar of pravity and
minimized the gimbaled mans. The coentor ol pravity moved approximacely 5 om
(2 Inchea) cloaer to the pimbal polnt with tho nozzle oxtension recractod,
in addition, the momont of Inertia of the engine about the three axen wan
detormined an shown in Table 21,

TABLE 19, LO.,/H2 ENGINE PRRFORMANCE CHARACTERISTICSH
DESIGN POINT, 0/F s 6,0

Thrust, N, (Ibf) 2224.1 I 500 l
Chamber Pressure, N/em? (psta) 328.9 477

Engine Mixture Ratlo, O/F 6.0

Area Ratio Loo

ODE Specific Impulse, N-sec/kg (1bf-sec/)bm) 4882.7 497.9
ODE Characteristic Velocity, M/sec (ft/sec) 2334,2 | 7658
Specific Impulse Energy Release Efficiency, Fraction 9950
Specific Impulse Reaction Kinetic Efficiency, Fraction 9774
Specific Impulse Divergence Efficlency, Fraction .9957
Specific Impulse Non-Boundary Layer Heat Loss 9912
Efficlency, Fraction (1)

Specific Impulse Boundary Layer Efficiency, Fraction .9666
Delivered Specific Impulse N=sec/kg (Ibf-sec/1bm) 4565.0 he5.5

1) Non-Boundary Layer Heat loss
Included in ODE Specific Impulse
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TABLE 20, LOZ/HZ ENGINE MASS PROPERTIES

L0, /H,
THRUST: 2224.1 N (500 1bf)

Pe: 328.9 N/cm® (477 psia)

MR: 6-TO-1

AREA PATIO: 400
WEIGHT, WE IGHT ,
ITEM kg POUNDS
GIMBAL BEARING 0.20 0.45
INJECTOR 0.45 1.00
MAIN COMBUSTOR 2.59 5.70
FIXED NOZZLE 5.07 11.17
EXTENDIBLE NOZZLE (t-0.018 IN.) 4.00 8.82
EXTENDIBLE MECHANISM 2.35 5.17
Hy TURBOPUMP 2.72 6.00
LO, TURBOPUMP 4.99 11.00
MAIN FUEL VALVE 0.68 1.50
MAIN OXIDIZER VALVE 0.54 1.20
BYPASS VALVES 1.36 3.00
PROPELLANT DUCTS 1.24 2.73
TURBINE EXHAUST COLLECTORS 0.34 0.76
CONTROLS (EST) 0.91 2.00
IGNITER AND EXCITERS 1.02 2.25
TOTAL WEIGHT 28.46 62.75
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TABLE 21, MOMENT OF INERTIA AND CENTZR OF GRAVITY ABOUT GIMBAL AXIS

(Loz/m2 ENGINE)

NDZZLE EXTENDED

WEIGHT, kg 9, om (INCHES) ko-cm7 MOMENT OF |VNEBTIA, (LA-IND)
(POUNDS) [ X Y Z . xx lyy laz
28,46 25,20 | -1.04 0.16 8067 32787 32016
(62.75) @.92) | 041 | (0.08) (1206) | (11204) | (11248)
CENTER OF GRAVITY
NOZZLE RETRACTED
WEIGHT, kg cg, cm (INCHES) :
POUND X Y F3
28.46 19.69 | -1.04 0.16
(62.75) (2.75) | (041 | (0.08)
+Y

l \
JEESNS—) § /|/ ACTUATOR
‘ ATTACH
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Lo, /en, xpa ndor_Cycla Fngloe.

Dgp}gphﬂg}p;‘ppgxp}}n&5ﬂyuuuj§3ﬁﬁtjvg, Porformanee and operating charac-
terist lea tor the LOg/CHy caplne dyvstem at the nominal deskgn point of AN
(500 ponnds) thrast and a mixture vatlo of 3.7 ave gummartzed in Table 22 and

l"l",o 8‘0

The aehieved desipn chamber pressare wig W07.5 N/ems (A4h pata) tor the nominnl
nixture vatlo of 3.7, Thin onploe detivored a apecifte tmpulae of 1503 Nenoe/
kg (01,29 bt ~nee/thm) For the 400=ta~1 area ratio nowale,  The thrunt chamber
pertormanee lonn breakdown presented in Flp, 84 tndtentos that the major lons
Lavtorn are the reaction kinetle fonn (0. 1%) and the houndnry layer losn (3140,

Of =Dt Epn Operat Ing Characterintics. Orf=doslpn operating characteristicn
tor the LO?/CHQ cngine system and components ot 29224,1 N (500 pound) thrust and
pixture rat tos ot 3,33 and 4.07 are glven in Appendix C.

mn&gul§ngggujpprﬂp§wgpggggl. operation and control of the Lo, /N, englue
are the same as previously deseribed for the L02/H2 engine. '

Engine Layout. The component arrangement for the LOL/CH, englne Ly shown
fn Fig. 85, The layout of the LOQ/CHA engine is similar to the LOL /I, layout
(Flp. B2), The primary differencos are the smaller turbopumps and sl Tght 1y
larger envelope Tor tho LOQICHQ configuration. The ovorall engine lenpth was
4.1 em (37.00 inches) and the retracted length wag 56.6 cm (22.28 taches).
The engine diameter was 43,7 ew (17.22 inches) at the nosale exit,

lngine Mass Propervdes. The caleulated welght for the 100/CH, engine was
258 kp (50,87 pounds), ond the engine welght breakdown {a shown in Table 3.
The major dittferences f{rom the LOo/H2 engine are fn the turbopump weights. As
tor the lnq/ﬂg cugine, the major ongline welght contributors were the fixed
noszlo, extendible nozzle, and the oxygen turbopump.

The englne conter of gravity trends and the moments of {nertia of the LO2/CH,
engine would be stmllar to those of the L02/H2 euglne,
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TARLE 22, 10,/CH, ENGINK PERFORMANCF, CIARACTRRISTICS
#-
DRESTGN POINT, O/F = 3,7

W _ N
Thrust, N, (1bf)
Chamber Pressure, N/cm2 (psta)
Englne Mixture Ratio, O/F 3.7
Area Ratlo hoo
ODE Specific Impulse, N-sec/kg (1bf-sec/1bm) 4016.8 409.6
ODE Characteristic Velocity, M/sec (ft/scc) 1823.9 5984
speciflc Impulse Energy Relea-e Efficiency, Fraction | .9800
Specific Impulse Reaction Kinetic Efficiency, Fraction .9386
Specific Impulse Divergence Efficlency, Fraction 9957
Specific Impulse Non-Boundary Layer Heat Loss L9945
Efficiency, Fraction (1)
Specific Impulse Boundary Layer Efficiency, Fraction 9964 .
Delivered Specific Impulse N-sec/kg (1bf-sec/1bm)

SRR

1) Non-Boundary Layer Heat Loss
Included tn ODE Specific Impulse
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TABLE 23, LOQ/CH4 ENGINE MASS PROPERTIES

L0,/CH,
THRUST: 2224.1 N (500 1bf)
Pc:  307.5 N/em? (446 psia)
MR: 3.7-T0-1
AREA RATIO: 400

S

WE IGHT , WEIGHT ,

ITEM kg POUNDS
GIMBAL BEARING 0.20 0.45
INJECTOR 0.58 1.28
MAIN COMBUSTOR 2.11 4.65
FIXED NOZZLE 5.17 11.39
EXTENDIBLE NOZZLE (t=0.018 IN.) 4.08 9.00
EXTENDIBLE MECHANISM 2,35 5.17
CH, TURBOPUMP 2.27 5.00
LO, TURBOPUMP 3.18 7.00
MAIN FUEL VALVE 0.68 1.50
MAIN OXIDIZER VALVE 0.54 1.20
BYPASS VALVES 1.36 3.00
PROPELLANT DUCTS 1.10 2.43
TURBINE EXHAUST COLLECTORS 0.25 0.55
CONTROLS 0.9 2.00
IGNITER AND EXCITER 1.02 2.25
T TOTAL WEIGHT 25.80 56,87
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This nubsection deseribes the deaign point operating characteristics and mech-
anical deslgne of the major LOZ/HQ and 109 /CHy opgine components. Both englocs
utilize tha same baslc Eype of component caonfigurations (e.g, two-stage oxidizer
pump, four-Atage fuel pump). With the exception of the thrust chambers, basic
materials nre also the game,

fﬂugyu;}&ym@gg_pggigg. Por the 224,1°N (500 1hf) thrust LOg/Hy engine with A
denlgn chamber propAure of 328.9 N/em® (477 paia) o combuation chamber length

af 11,3 em (h.AS tneken) and a contraction ratlo of 5.2 were dotarmined from the
pravinugly propented combunt lon chambar peometry enrven for LOg/Hg. 1In tha
procean of performing the combuator heat tranafor analynis, the combustor heat
fnput wan approximately 107 lower than the englne eyele balanee value, and
therofore the combugtor chamber lenpgth wan ineroancd to 13,97 cm (5.5 tnchea).
Phin inereased length should further ensure hlgh combuation of fielency. An
ahown tn Flg. 80, the combuntor chamber contour peloctod for the L0y /M9 mglne
Las approximately a 7.62 em (3 Inch) long cylindrical gection followed by a
gent Lo (720 degree maxinum wall angle) copverponce section. The eylindrical
guetlon provides a vaporization, mixing, ond combustion region and the pentle
convergence seet ion will prevent any boundary layer soparation which could
{perease throat region heat transfer rates. The throat diameter was 2,093 em
(0,824 1inch) and the injector face diameter was 4.773 cm (1,879 inches).

The complete thrust chamber contour for thel 1.09/Hy engine with a 400-to=~1

arca ratio nozzle is presented in ¥ig. 87. The length from the tnjector face
to the nozzle exit (not sverall engine lenpth) is 80.5 cm (31.7 inches) and the
nozzle oxit diameter is 42.29 cm (16,63 inches).

Wor the 2224.1 N (500 1bf) thrust 10p/CH, engine with a design chamber pressurc
of 307.5 N/cmé (446 psila), a combustion chamber length of 13.39 em (5.27 inches)
and a cortraction ratio of 5.4 were obtained from the LOo/CHy, combustion
chamber geometry data previously digcussed. To ensure an adequate coolant heat
input, the combustion chamber length was {ncreased to 13.97 em (5.5 inches).

A gradual convergence chamber contour similar to that defined for the L09g/Hg
engine was chosen for the LOo/CHy engine. The throat diameter was 2.16 cm
(.850 inch) and the injector face diameter was 5,03 em (1.975 inch). The
400-to-1 area ratio nozzle was scaled to obtain the rest of the thrust chamber
contour. Combustion chamber and nozzle contours for the L02/CH4 engine are
ghown in ¥Figs. 88 and 89.
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AXIAL DSSTANCE FROM THROAT, INCHES
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Coolant Passage Design., Using the aories coolant circult previously
deacribed, the thrust chamber coolant pasaage deaign was determined using the
Rocketdyne regenerative-cooling design/analyais computer program. The thrust
chamber scrias coolant eircuit conaiated of a aingle uppass combuptor cooling
cireuit followed 1n meries by a two-pass nozzla circuit, The coolant inlet
and outlet for the nozzle wure located at the low araa ratio and to permit
cloarance for the extendible nozzle. A radiation-cooled nozzle extension was
attached at an area ratio of 200-to-1 for both englnen,

L0y /Hg Thrust Chamber. The resulting NARloy~Z channcl wall combustor
coolant pasrage deaign for the 1.09/Hy cnglne in prosented in Fig. 90, The
doslpgn consisted of 39 channels with minimum channel dimenalons of $

Channcel Widths 0.0762 em (0.03 in)

Channel Depth: 0.0813 em (0.032 1n)
Chanacel Land: 0.0836 cm (0.0329 in)
wall Thickness: 0.0635 em (0,025 in)

The maximum channel depth-to-width ratio was 3.5 which 18 lower than the limit .

of 4.0 set in the heat transfer analysis. In fact, all the minimua channel
dimensions are within current fabrication limits.

The resulting two-dimensional wall temperatures are presented in Fig. 91. The
maximum gas-side wall (Typo)s the coolant-side wall (T,.), the back-side wall
(Tpger)» and the coolant Buik (Thyy) temperatures are presented. The maximum
gag-side wall temperature was 750.% K (891 F) located approximately 2.5 em

(1 inch) upstream of the geometric throat. This value is lower than the 811 K
(1000 F) durability limit previoulsy set.

The maximum coolant Mach number in the combustor was 0.154 and a coolant heat
input of 349.4 KW (331.2 BTU/sec) was achieved. The combustor coolant pressure
drop was 26.5 N/em“(38.4 psi) including exit manifold losses. The minimum
yleld safety factor was 8 and the minimum cycle life section occurred near

the throat but exceeded 2000 cycles times a safety factor of four.

The coolant tube design of the two-pass stainless tube nozzle to an area
ratio of 200-to-1 is shown in Pig. 92. A constant tube wall thickness of
0.0245 cm (0,01 inch) was used. To minimize weight a round tube design was
selected. The resulting design consisted of 480 tubes (240 up and 240 down)
with the outside diameter variation shown in Fig. 92.

The maximum fixed nozzle wall temperature was 778 K (940 ¥). The complete
temperature distributions are presented in Fig. 93. The arrows indicate the

direction of coolant flow. Maximum coolant Mach number was 0.105. The coolant

heat input from the fixed nozzle was 170.8 KW (161.9 BTU/sec) with a 6.7 N/cm?
(9.7 psi) coolant pressure drop. The minimum yield safety factor exceeded four
and a cycle life exeeding 700 cycles times a safety factor of four was
achicved.
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109 /CHy, Thruat Chomber. The coolant passage Jdesign for the nickel

channel wall combustor of the L0y /CHy engine is presented in Fig. 94, The
design consisted cf 43 chanpels with minimum channal dimenaions of:

Channel Width: 0,0889 cm (0.035 inch)
Channel Depth: 0,1143 em (0,045 inch)
Channel Land: 0.0796 cm (0,0313 inch)
Wall Thicknens: 0.,0711 cm (0.028 fnch)

A for the 102/Hg combustor, the channel dimenatfons of the 109 /CH, combuster are
all within current fabrieatlion limita.

The two-dimensional wall temperature distributiona for the LO/CH, combugtor are
shown in Plg, 95, A maximum wall temperature of 977.8 K (130(i ¥) was obtained,
which 1a cqual to the nickel durabllity limit temperature. A coolant heat

tuput of 237.4 KW (234.5 RTU/Rec) and a coulant prossure drop of 83.8 N/cm?
(121.6 psl) resulted. As for the LOp/Hp combustor, the structural and cyclic
1ife far eoxceed the specified requircments.

The fixed nozzle coolant tube design 18 presented in Fig. 96, A total of

700 vound stainless steel tubes were used. The maximum nozzle wall temperature
was 979 K (1302 F) as shown in Fig. 973 however, the maximum coolant-side
temperature was 971 K (1288 F) which is only 7 K (12 F) less than the methane
coking limit temperature. Theréfore, this thrust chamber design is close to
the cooling limit for LO/CHy regenerative/radiation-cooled thrust chambers.
The fixed nozzle coolant heat input was 113.4 KW (106.5 BTU/sec) and a coolant
pressure drop of 21.4 N/cm? (31 psi) was obtained.

Mechanical Design. The combustors for the L0g/Hy and LO,/CHy engines are
similar in construction and consist of milled channel wall liners with clectro-
deposited (ED) nickel closeouts. Material for the L0y/Hp liner 18 NARloy~2
copper alloy. Material for the LOZ/CHA 1iner is nickel . The manifolds are
machined from stainless steel bonded to the liner and closeoust welded. A
cylindrical ED nickel stiffener was incorporated to strengthen the chamber throat
region. A flanged manifold is located at the combustor-to-fixed nozzle joint.
This manifold joint could be welded once developmental testing of the thrust
chamber was completed and would result in a weight saving.

The fixed nozzle was & conventional tubular brazed nozzle section. The two-
pass coolant circuit design permits the unobstructed extension of the radiation-
cooled nozzle extension. The design of the fixed nozzle coolant inlet and
outlet manifolds enables identical up and down tube designs. At the 200-to-1
area ratio location, a CRES turnaround manifold closes off the fixed nozzle

and provides a terminal and seal junction for the nozzle éxtension,

The radiation-cooled nozzle extension is a 0.046 cm (0.018 inch) thick L605
contour which would be extended by a ball screw mechanism powered by an electric
motor vquipped with an {nternal overruning clutch. A 1imit switch located at the
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axtreme ead of tho nozzle oxtenaion's travel providea a shutoff (or the motor
drive, A worm gear and flexible shafts to the thrae ball acrewa complete the
nozzle extending mochaniem Provisiona for the pimbal actuators were provided
by incorporating two clevis attachments to the atructure housing the hall acrew
mechanism for the oxtendible nozele,

Injoctor Dealgn,

Flement Doalgn,  Baaed on the propellants and tho engine design conditiona,
the concentrle element injoctor wan selocted for hoth englnea, The pertinent
parametors for the teo tnjector dentpgnn are presented in Table 24,  Both tnjoee-
torn conndoted of 18 aloments with 12 elemontn In the outor ving and 6 1n the
fnner ring,

The LOo/l Injector reaulted fn an expanded hydrogen veloelty of 484 m/oev
(1989 T't/nee) and an oxypen veloelty of 16 m/see (53 (t/see),  An oxldizer
pont roecoon of 0.1016 em (0,04 1nch) was selectod,

The higher oxypen flowrate of the L09/CH, Injector required a ulightly larger
oxidizer post diameter.  The expanded methane veloelty was 263 m/sec (862 (t/ace)
md the oxygen veloelty was 13 m/see (43 ft/see). Due to the larger oxtdizer
post diameter, the post roecess of the LOZ/CH4 injoctor was Inereaded to 0,152 em
(0.006 Inch),

Mechanical Design. The preliminary injector designs for the LOg/Hy and
LO2/CH, englues are presented in Flg, 98, The injectors contain 18 concentrle
tube ¢lements previously described. The fuel manitold {8 formed by the injector
face and a back platc. Due to the lower heat fluves at the low-thrust engine
conditions, the injector face would employ conductlon/regencrative cooling,

A high thermal conductivity material such as a copper alloy cculd be used as the
Injector tace plate. This plate would be cooled by the fuel flowing through the
face plate and the fuel flowing in the manifold. The body would be fabricated
from stainless steel with a copper alloy injector face,

The fuel enters each element through a series of holes or slots in ecach fuel
sleove.  The oxidizer manifold is behind the fucl manifold, and the oxygen is
fed through the individual element tubes.

One approach to uan ignitor design is shown in Fig., 98, Two igniters are
fustalled 90 degrees to the thrust chamber centerline, and the ignitor gas
tlows into the combustion chamber through a center tube. Although this
approach has been used in the past on larger chambers, this system will require
further evaluation for this low-thrust application.

Turbomachinery Design. The hydrogen and methane turbopumps for the LO9/Hy and
LO2/CHy enpines are similar in construction and consist of four partial-emission
centrifugial pump stages with an inducer preceding the flrst-stage impellers power
is supplied by a partial-admisaion, single-stape axial-flow turbine. The
mechanfcal arrangement and overall dimensions of the uel turbopumps are shown

in Fig. 99,
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TABLE 24,

LOW TIRUST ENGINE INJECTOR SUMMARY

THRUST: 2224.1 N (500 1bf)

CHAMBER PRESSURE, N/cm® (psia)
MIXTURE RATI0

ELEMENT TYPE
NUMBER OF ELEMENTS

OXIDIZER:

"POST" INSIDE DIAMETER, em (IN,)
"POST" QUTSIDE DIAMETER, em (IN.)

METERING ORIFICE DIAMETER, cm (IN.)

LO» FLOWRATE, kg/sec (1b/scc)
EXIT VELOCITY, m/seg ft/sec)
PRESSURE DROP, N/cmé (psi)

FUEL:

GUP QUTSIDE DIAMETER., cm (IN.)
CuP GAP, cm (IN,)

FUEL FLOWRATE, kg/sec (1b/sec)
GAP VELOCITY, m/sec (ft/sec)
EXPANDED VELOCITY, m/sec (ft/sec)
PRESSURE DROP, N/cm2 (psia)

ELEMENT :

RECESS, em (IN.)
EXPANDED VELOCITY RATIO

LOZ/HZ
328,9 (477)
6

CONCENTRIC
18

0,127 (0.08)

0.1778 (0.07)
0.0864 (0,034)
0.419 (0,923)
16.2 &53;
51.0 (74

0.0572
0.0699 (0.154)
615.7 (2020)
484.3 (1589)
49.6 (72)

0.2921 30.115)

0.1016 (0.04)
30

0,0225)

L0,/CH,

307.5 {446)
3.7

CONCENTRIC
18

0.2032 (0,08)
0.0914 (0.036)
0.4944 (1.09)
13.1 243
49.6 (72

0,1524 §0.06)

0.0381 (0.015
0.1338 (0.295
385.9 (1266)
262.7 862;
68.95 (100

0.2794 30.110§

0.1524 (0.06)
20
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The oxygen turbopumps for the L02/52 and LOo/CH, cngines are also similar in
construction and consist of two partial-emigsion centrifuganl pump stages with an
inducer preceding the firat stage impeller; power is supplied by a partial-
admission, single-stage axial-flow turbine similar to the fuel pump drive
turbines. The mechanical arrangement and overall dimensions of the oxidizer
turbopumps are shown in Fig. 100,

Deaign Point Operating Characteristics,

Hydrogen Turbopump - L02/Ho Engine. Major deaign point hydrodynamic
and aerodynamic parameters for the ﬁydrogen pump and drive turbine are given in
Tables 25 and 26, At the design speed of 12553 rad/sec (119870 rpm), the pump
develops a head rise of 10921 M (35830 ft) with a delivered hydrogen flow rate

of ,000984 M3/scc (15.59 gpm) and an efficiency of 37.9 percent. The turbine
provides the required power of 19,67 Kw (26,38 HP) us‘ug .0628 kg/sec (,138 lb/sec)
at an inlet temperature and pressure of 558 K (1005 R) and 581 N/cm? (843 psia)
respectively and a pressure ratio of 1.31. A turbine efficlency of 5l.1 percent
is predicted.

Oxygen Turbopump - 10o/H; Engine. Major design point hydrodynamic
parameters for the oxygen pump and drive turbine are given in Tables 27 and 28.
At the design speed of 2512 rad/sec (23990 rpm), the pump develops a head rise
of 424 M (1392 ft) with an oxygen delivered flowrate of .000366 M3/sec (5.80 gpm)
and an efficiency of 28.2 percent. The turbine provides the required power of
6.16 Kw (8.26 HP) using .0608 kg/sec (.134 1lb/sec) of hydrogen gas as the working
fluid at an inlet temperature and pressure of 537 K (967 R) and 443 N/cm?

(643 psia) respectively, and a pressure ratio of 1.16. A turbine efficiency of
30.7 percent is predicted.

Methane Turbopump - L02[g§4 Engine. Major design point hydrodynamic
and aerodynamic parameters for the methane pump and drive turbine are given in
Tables 29 and 30. At the design speed of 4899 rad/sec (56330 rpm) the pump
develops a head rise of 194 M (8358 ft) with a methane delivered flowrate of
000315 M3/sec (4.0 gpm) and an efficiency of 34.9 percent. The turbine provides
the required power of 7.27 Kw (9.75 HP) using .120 kg/sec (.265 1lb/sec) of
methane gas as the working fluid at an inlet temperature and pressure of 930 K
(1674 R) and 567 N/cm2 (823 psia) respectively and a pressure ratio of 1.35.

A turbine efficiency of 42.5 percent is predicted.

Oxygen Turbopump - LO2/CHy4 Engine. Major design point hydrodynamic
and aerodynamic parameters for the oxygen pump and drive turbine are given in
Tables 31 and 32. At the design speed of 3456 rad/sec (33000 rpm) the pump
develops a head rise of 396 M (1299 ft) with an oxygen delivered flowrate of
.000433 M3/sec (6.86 gpm) and an efficiency of 49.5 percent. The turbine
provides the required power fo 3.87 Kw (5.19 HP) using .108 kg/sec (.238 lb/sec)
of methane gas as the working fluid at an inlet temperature and pressure of
916 K (1648 R) and 419 N/cm? (608 psia) respectively, and a a pressure ratio
of 1.17. A turbine efficiency of 50 percent is predicted.
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Type

Speed, rad/sec (rpm)

Flowrate, M3/sec (gpm)

NPSH, M (ft)

Inducer Headrise, M (ft)

Stage Headrise, M (ft)

Overal) Headrise, M (ft)

Suction Speclfic Speed, rpm-gvm'slft'75
Stage Specific Speed, rpm-gpm‘s/ft'7s
Power, Kw (HP)

Overall Efficlency, %

Inducer fnlet Tip Diameter, cm (in)
Impeller Inlet Tip Diameter, ¢ém (in)
Impeller Discharge Tip Diameter, cm (in)
Impelfer Discharge Tip Width, cm (in)
Emission, %

INDUCER + & CENT.

12553
.000984
h.57
66.5
2652.7
10921

19.67

1.288
1.288
3.658
0.130

119870
15.59
15.0
218
8703
35830
62100
525
26.3€
37.9
507
.507
1.440
051
42

TABLE 26. TURBINE DESIGN.POINT HYDROGEN TURBOPUMP«LOZ/H2 ENGINE

Type

Working Fluid

Speed, rad/sec (rpm)

Flowrage, Kg/sec (lb/sec)

Total Inlet Temperature, K (R)
Total Inlet Pressure, NZem? (psia)
Total Exit Pressure, N/crn2 (psia)
Pressure Ratlo (total/total)
Power, Kw (HP)

Efficiency (total/total) %

Mean Diameter, cm (in)

Blade Height, cm (in)

Admission, §

Velocity Ratlo

HYDROGEN
12553
.0628

558
581
4h3

19.67

5‘97
.76

PARTTAL ADMISSION
SINGLE STAGE AXIAL .

GAS
119870
.138
1005
843
643
1.3%
26.38
51.1
2.35
.30
7.4
.35
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Type.

Speed, rad/sec (rpm)

Flowrate, 3 /sec (gpm)

NPSH, M (ft)

Inducer Headrise, M (ft)

Stage Headrise, M (ft)

Overall Headrise, M (ft)

Suctlon Specific Speed, rpm-gpm'slft’7s
Stage Specific Speed, rpm-gpm'slft’75
Power, Kw (HP)

Overall Efficiency, %

Inducer Inlet Tip Diameter, em (iIn)
Impeller Inlet Tip Diameter, em (in)
Impeller Discharge Tip Dlameter, cm (in)
Impeller Discharge Tip Width, em (in)
Emission, %

INDUCER + 2 CENT.

2512
0.000366
0.610
3.66
210
L2k

6.16

1.501
1.501
5.105
0.u76

23330
5.80
2
12
690
1392
34350
29
3.26
28.2
591
591
2.010
.03
33

TABLE 28. TURBINE DESIGN POINT OXYGEN TURBOPUMP-LOZ/HZ ENGINE
PARTIAL ADMISSION
Type SINGLE STAGE AXIAL

Working Fluid

Speed, rad/sec (rpm)

Flowrage, Kg/sec (1b/sec)

Total Inlet Temperature, K (R)
Total Inlet Pressure, N/cm2 (psia)
Total Exit Pressure, N/em? (psta)
Pressure Ratio (total/total)
Power, Kw (HP)

Efficiency (total/total) &

Mean Diameter, cm (In)

Blade Height, cm (in)

Admission, &

Velocity Ratlo

HYDROGEN
2512
.0608

537
443
382

6.16

9.4
.76

GAS
23990
134

967

643

554
1.16
8.26
30.7

3.7

.30

9.8

A5
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TABLE 29
PUMP DESIGN POINT

METHANE TURBOPUMP - LOZ/CHH ENGINE

Type

Speed, rad/sec (rpm)
Flowrate, Ms/sec (gpm)
NPSH, M (ft)

Inducer Headrise, M (ft)
Stage Headrise, M (ft)
Overall Headrise, M (ft)

Suction Spec!fic Speed, rpm-gpm'slft'75

Stage Specific Speed, rpm~gpm'5/ft‘75

Power, Kw (HP)

Overall Efficiency, %

Inducer Inlet Tip Diameter, cm (in)
Impeller Inlet Tip Diameter, cm (in)
impeller Discharge Tip Diameter, cm (in)
Impeller Discharge Tip Width, cm {in)

Emission, %

INDUCER + 4 CENT,

5899
.000315
1.68
11.6
482
1938

7.27

1.143
1.143
3.302
0.076

56330
5.00
5.5

38

1580
6358

35070
503
9.75
34.9
450
450
1.300
.030
37




TABLE 30
TURBINE DESIGN POINT
METHANE TURBOPUMP - L02/CHh ENGINE

Type

Working Fluid

Speed, rad/sec (rpm)

Flowrage, Kg/sec (1b/sec)

Total Inlet Temperature, K (R)
Total Inlet Pressure, N/cm2 (psia)
Total Exit Pressure, N/en? (psta)
Pressure Ratio (total/total)
Power, Kw (WP)

Efficliency (total/total) %

Mean Diameter, cm (in)

Blade Height, em (in)

Admission, &

Velocity Ratio

PARTIAL ADMISSION SINGLE
STAGE AXIAL
METHANE GAS
5899 56330
120 . 265
$30 1674
567 823
419.2 608
1.35
7.27 9.75
42.5
5.84 2.3
0.762 .30
7.6
.32

=

174

i amnn




TABLE 31
PUMP DEGIGN POINT
OXYGEN TURROPUMP - Lo?/cHh LNGINE

(NDUCER + 2 CENT.

Type

Speed, rad/sec (rpm) 3456 33000
Flowrate, H3/sec (gpm) 000433 6.86
NPSH, M (ft) 0.61 2.0
Inducer Headrise, M (ft) 8.23 27
Stage Headrise, M (ft) 194 636
overall Headrise, M (ft) 396 1299
Suction Specific Speed, rpm-gpm'slft°75 51400
Stage Specific Speed, rpm-gpm’slft'75 682
Power, Kw (HP) 3.87 5.19
Overall Efficiency, % 49.5
Inducer Inlet Tip Diameter, cm (in) 1.633 643
lmpeller Inlet Tip Diameter, cm (in) 1.633 643
Impeller Discharge Tip Diameter, cm (in) 3.556 |.koo
impeller Discharge Tip Width, cm (in) 0.076 .03
Emission, % . 92
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TABLE 32

TURBINE DESIGN POINT
OXYGEN TURBOPUMP - Lozlcuu ENGINE

Type

Working Fluid —

Speed, rad/sec (rpm)

Flowrage, Kg/sec (1b/sec)

Total Inlet Temperature, K (R)
Total Inlet Pressure, N/em? (psta)
Total Exit Pressure, N/cm2 (psia)
Pressure Ratio (total/total)
Power, Kw (HP)

Efficiency (total/tctal) &

Mean Diameter, em (in)

Blade Height, cm (in)

Admission, %

Veloclty Ratio

’

PARTIAL ADMISSION SINGLE

STAGE AXIAL

3456
.108
916
L1E]
357

3.87

7.37
0.838

METHANE GAS

33000
.238
1648
60f
518
1.17
5.19
50
2,9
.33
7.8
.34
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OFF-DESIGN OPERATING CHARACTERISTICS

The off~design characteriatics of tho pumps were developed utilizing avallable
experimental data, Tn genoeral the of f-deaign pump charactertsties are of a
fanet lon of deatpn flaw coefficlont, design hoad aool flelont, number of blades,
diseharpge hiade angle, and fupellor Inlet to discharge tip ddameter ratio,
Thenn influenees casentially reduee ta a variatlon of warmalfzed hond cp-

i f1etent with (nlet (Tow coetfielent and speciffe speed since tvpleally small
dincharge bilade angles are used and the other pavaneters dreoa funet ton of
npecilite apead,

The non-eavitat tag of (=donlpn normal fzed bhead cootfietont and ol tlelaney enrves
whieh were penerated and uped to perform the of f=dettaon eyele balasees are
ahown in Flgure 101, Beeaune of almilarfty In thormophyaleal tluld propert lon
and punp head coet{lelent, the ot f=dostpn charvacteriatiea ot the oxypen pumps
and methane pumps were assumed to be the same,

Tepleal off=leslpn cavitating performamec vurves Jor the pumps are shown In
Fip, 102, At (low cootficlents hipgher than the desfpn value, the suctlon
performaee deteriorates rapldly, A slight reduction In suppliod NSPIL (slipght
lnerease in suction spectife speed) causes a large drop in head 1 lae, which
moans that there 1s Httle margin when operat Inp at flow coeftficients preater
than deslpn.  Svecetfon characteristies are much more torpiving at tower thin
desipn flow coetficlents where a slight di. rease in NPSH causes a slipght
deerease In head rise.
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STAGE HEAD COEFFICIENT RATIO, ¥/ ¥pesian
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Figure 101, NON-CAVITATING OFF-DESIGN PUMP CHARACTERISTICS
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Turbine off-design losaes are characterized by a loss coefficlent that 18 a
function of the angle of attack on the rotor blade leading edge. When
vperating at the turbine deaign point, the angle of attack is zero, and as a
rogult, na incidences logses are encountered., The losses increades as the
appronch angle 18 greater or leas than the deaign angle,

The turbine off~deaign performance was detormined using a turbine atage

of (teloney versus veloclty ratio (blade mean velocity-to-imentropic veloeity)
curve for the slngle atage stage partial admission turbine of tha deaign pitch
diameter,

For the LO, /n englne, the fuel turbine effictloney varied + 3 = parcent and

the orldl?ur tuthno of (leieney varied + 1 - percent from the design point value
for the + 10 = percent engine mixture ratio variation. The turbine efficiencics
Increcsed with deercase in misture ratia, The 10O /CH engine fucl turbine

ufilvionvy varled + 1 - percent and the oxidizer turbinc efficioncy varied
4 2 = percent for the + 10 - percent mixture ratio variation

-

MECHANTCAL DESIGN

Hydrogen and Methane Turbopumps

The hydrogen and methane turbopumps are four-stage, partial emmission centri-
fugal pumps with an inducer preceeding the first impeller, and powered by a
partial-admission, single~stage, axial-flow turbine (Fig. 99). The pumps have
an axial inlet and a radial discharge, The turbines have a radial inlet and
an axial discharge,

The rotating assembly for both turbopumps consists of the turbine wheel with an
integrally fabricated draw bar on which are mounted the four impellers and two
bearings, Tension in the draw bar is applied by a nut in front of the first-
stage impeller. The bearings are mounted on the first~ and fourth-stage
impellers, and the compressive load from the draw bar passes through the bearing
inner races., The torque applied by the turbine is traunsmitted to the fourth-
stage impeller by a spline. The torque is then transferred between the
impellers by tanks and slots machined integrally in each impeller. The use of a
through~hole in the impellers is possible because of the low tip speed of the
impellers. The inducer is threaded on to the draw bar. The tab lock between
the inducer and the impeller retaining nut allows thé nut to be locked in an
infinite number of positions when tensioning the draw bar. The torque required
to drive the inducer will be transmitted by the lock tab washer.

Positioning of the impellers is provided by a pilot diameter and a normal
bearing surface on each end, Repositioning error when the rotor is disassembled

and reassembled is reduced by allowing the impellers to be assembled. in only
one angular rotation position,
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The pump hous bag ansemhly connlatn ol thiee ma for component i, The pamp fnlot
comtatnng a cast dibbaner paitase tar the thestoatape faped Ler and providien o
funnel tor the tndueer. Thee pomp hear fap carvier contatng the eae "down
comer" which completes the vraginvey tor the st atage tapeller, tr aluo
providen a procinton dlameter tor aceopt fag the torward pump hoar bng, The

mir b pump hondng cont b the eant tonrehsstane fmpal Fow di faner, the volute
colleetor amt diseharpe dittunor plus the tmbine Inlet manttold and norele
bladdene  The geeomd amd P brdeatape fmpel Ter erannovers are cast amd ave

by bed fn the anneably (e Mo extornal Dlangen) . They ave nhot ted tore and
alt and arve ploned tar anpular vadtal pon it Tontng, Phe plon also cmry the
yeact fon toygque Trom the cronsovers,  The turhine end heaving amd aeal are
baeated in the turbine eml ot the housing,

The beavinpg are pretoaded apainnt cach ather at asnembly by tonnfon in the
draw bare,  The seal s vetabned T the waly o by by e nut and cap toek

washer,

Seatie seals are provided tor Al extornal tlanpes, An fnner row ot static
aeals seal the erongover at the tmpeller discharpe dtameter,  Teakage past the
aoals witl b veritied to the pump Intet att ol the tmdueer, The vesult s
that the tlange soeals will oxportence the faducer diselaarpe prossure, exeept
Lor the fnlot flanpe stat te seal which will be subjeeted to the irst=stape
fmpe ! Ler WY Vuner discharpe pressure,

The bearings e ol the anpular contact tvpe desipned to fu L, The

Curh Ene/pump seal taoob the "controlted gap' type and ta internal 1y pressurized,
The pressurising Plow comes rom the pump diucharpe, The Leakape §low toward
the pump provides the coolant tlow Tov the turblue cmd boearing. The pump omd
boariug coolant low {u provided by the pressure vise ol the tirstestape crosse

ovet,

The rotor thrust toads are palaneed out by a Mhalanee platon' that fsoan Intes
pral part ot the tourth=-stape tmpeller. The hiph-pronsurve arttfee ts provided
by a Lip on the pump hous gy and a tip on the tmpetler oo The low proessure
ortt fee ts provided by a matching surtace on the fmpeller and howsing.  Balanee
piston low s dueted to the 1 ot the fourth-stape fmpeller and detiverad to
the intoet ot the same fmpet tor, the tlow trom the balanee piston is mixed with
the bearving coolant flow in the balanee plston suup priovr to returnlng to the
fourth-stape fmpeller fulet,

The impeller's eyes are acaled by a stepped labvrinth wear vings, The vear
shroud feakape fs controlled by o closos titt fug diameter hoetween the crogsovers
and the fmpetter hobs, Thig close-titting diameter alue torms a "sgueese tilm

Jamper™ tor cont volting the shatt excursions vxper fenced during times that the

pump rpm panses throwpgh a orit feal spoed vange,

[RY
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The materinls chaonen for use in the pump and turbine are thoae that hava hoen
proven in previous turbopump desaigns, The tmpellors and crosfovers will ha
Ffabricated from cast Inconel 718,  The pump inlot and main pump housing will he
fabricatod from cast and wrought Inconcl 718, The turbine wheel will have
Integrally machined hlades and be made from Inconel 718, The boarings are 4400
corraslon-renistant ateel, Ip the hydrogen turbopump, protection of the

structural parts from the hydrogen environment 1g provided hy plating thoe
exposed surfaces with a sultable matorial,

Oxygen Turhopumps

The oxygon turbopumps are two~stapo, pnrtinl-omianion, centrifugal pumps with an
Indueer, and are powered by a pnrtln1~admiﬁﬂlon, single-stage, axial-flow
tarbine (Fig, 100Y,  ‘ihe basie pump and turhine dealipgn approaches used in the
uxyren turbopump desfgn wore stmilar to thowe Incorporated in the hydrogen and
metline turbopumps,  The primary differences are assoctfated with the turbine
whoeel-to-shaft moumting and the pump=to-turbine seal Package.  For the oxygon

turlbopump, the turbine wheel 18 bolted on the pump shaft and not integral to the
shalt ag In the fuol turbopumps,

The oxygen turbopump seals that separate the pumped fluid from the
Ing coolant flutd are all of the "controlled gap" type, The
scal fng clements, and leakage past this seal flows into tho area between the
pump seal and the intermediate seal. The Intermediatoe seal 18 pressurized
fnternalty by an Inert gas that forms the high-pressure barrier between the
two working fluids, Inert nas that leaks toward the pump Is mixed with the
(lufd that leaked past the pump seal and 1is vented over hoard. The bearing
coolant secal has two hearing clements, and leakage past them mixes with the
leakage (low of the Inert pas past the intermediate seal that leaked towards
the turbines. Thig mixed gas is then vented over board. The turbine gas seal
ts of the controlled gap type, and the chamber that contains the turbine end
bearing is pressurized to 4 higher pressure than the turbine nozzle exit pre-
sure so that the hearing coolant leakage flow goes into the turbine,

turbine bear-.
pump seal has two

pump

The materials for the individual components of the oxy

gen turbopumps are the
sume as those utilized in the hydrogen and me

thane ‘turbopumps,

VALVIE DESIGN

Design of the four primary control valves (Mov, MFV, TBV, and OTBV) was base
4 rotary configuration utilizing a common electric actuator, Fail safe actuator
clectrical operation is provided by dual electric motors and cofls in the linear
variable differential transformer (LVDT) position transducer, Fail safe engine

shutdown {s provided by a pneumatic override piston on the MOV and TBY actuated
from separate threc-way solenoid valves.

d on
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The MOV and MFV employ a common design sector ball valve closure with n positive
ahutoff soat seal, Minimum friction In the ball suspension 1g accomplished by
twa roller bearings at the valve ball shaft ang a roller thrust hearing to sup-
port shaft acal unhalanced area, Since no metal-to-metal sliding parts exlst
within the valve, lubrication is not requirved, A typleal MOV configuration is
prosented in Flg, 103, The valving clements of the MFV and MOV aro tdentleal,
line peometry and alzes diffor since the MV would opernte Tull open to minlmize
proessure drop. For hoth the LO?/H and the 10 /CH/ engline, the MFV ig
Incorporated on a 1,905 em (3/4°- %N) Line and“the” MOV 1n n 0,957 (/8 - IN)
Iine,  The eleetrie actuator on the MFV (s ldent lenl with the MOV excopt that
the pneumatic override and c¢luteh assemblieos aro omittad,

The TEBV and OTBV hoth utilize a almple rotary plug ceafiguration. The plug 14
pnuldad by precision rollor hearings simtlar to the main valves, A typileal TBV
desipn 18 shown In FPig, 104. Assembly and construetion features of the shaft
seal and actuatora of the THY and OTBV are fdentlcal to those of the MOV and
MEV, rospectively,  For both englnes, these valves were incorporated in a
0.953 em (3/8 - TN) line.

PARAMETRIC ENGINE DATA
The parametric engine data generated in this program included delivered specific
impulse, engine length and diameter, and engine weight for the following range
of conditions for both L02/Il2 and L02/CH4 expander cycle engines,
Thrust: 444.8 N (100 1bf) to 13345 N (3000 1bf)
Chamber Pressure: 68,95 N/cm2 (100 psia) to 689.5 N/cm2 (1000 psia)
Area Ratio: 200 to 1000

The data were generated for a nominal L02/H9 mixture ratio of 6-to-1 and
3.7-to~1 for LO,/CH,. B

For the 200~to-1 area ratio engines, the nozzle was completely regeneratively-
cooled and for the engines having higher area ratios, the nozzle was
regeneratively-cooled to one half the total nozzle area ratio.

The engine dimensions for the LO,/H. and LOq/CH/ engines were essentially
fdentical, The L0,/CH, englnes are“only 0.9 to'2% longer in length, There-
fore the L()2/H2 engine dimensional data can be used foir the L02/C}I4 engine,

The englne performance parametric data are presented in Appendix D, the enginc
dimensional data in Appendix E, and the engine weights in Appendix F,
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Engine Performance

Tho delivered engine spectfle Tmpulse parametric dat:

Appendix D In a setres of three tvpes of plats Cor o

neluded!

e Delivered ongine npeelfle tmpalse vorsus nog
etrie chambor predsare at constant thrust.

pregsure at eonstant woszle area eatio,

Yoo Dellvered englne speetfice tmpulse versus chamt.or prossure |

etric thrust at constant nogzle area ratto,

o Dellvered englne npoelfte lmpuise veraun thruat for parametrie ¢

Vare presented In
wh propellant,  Thoge

wle aren ratto for parame

hamber

or param-

An Interesting trond {8 ovidont from the LOQ/HQ ongine performance data,

ereases In nozzle area ratlo resultod in aignlfgaun
example, 2224,1 N (500 1bf) thrust and 344,7 N/em™ (5

t performance gains, For
00 psta) chambor pressure,

an inerease In nozzle arca ratio (rom the nominal 400 to 1000 resulted in a

L0 spocitie tmpulse gatn which 18 more than 1f the
doubled with a 400-tu=1 arca ratto nozzle,

For the LUQ/“HQ engines, Increasing chamber pressure
impulse gain than Incroase 1n the nozzle arca ratto,

A4 previously shown and discussed, :
ls not sipgniffcantly influenced by thrust beyond 1334
was true for the entire arva ratio range of intorest,

The intluence of thrust was more significant for the L0,/CH, engines

most of the change agailn occurred below 1334.5 N (300

The delivered spectfic tmpulse decreased,rapidly as the

decreased, particularly bhelow 206, 8

chambor pressure was

provided more specific

the 105/Hy delivered engine specitic tmpulse

«5 N (3000 1bE) and this

4 although
161) thrust,

desipe chamber pressure

N/em™ (300 psia) chamber pressure for the

LO, /1L, evpires,  For the LO,/CH, cngines, the delivered specific impulse

coitt fiiuaily decresse with diereds

¢ in chamber pressure for all thrust levels.,

The overall spect. Impulse deercase from a chamber pressure of 689.5 N/em®

(1000 psia) to 68.9% N/em™ (100 psla) was 6.8 for thae
for the an/cua engines,

K LOz/H, engines and 9,6Y
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Engine Dimenaions

The parametric enging dimensional data penorated tneluded the total onplne
longth (nozele extonded) and tho engine/dtamoter (nopzla exit diamoter). A
series of parvametrie plots arc preaanted in Appendix B, Theae Included:

Kogin: lLengths

1. Fagine lempth versud neazle area vat lo for parvametrle chamber prossura
at vonstant thruat,

2. Enginc longth veruus chawber pressure tor parametrie thrust at conatont
nozzle area rat o,

3, Engine length voraus chambor pressure for parametric arca ratioe at
constant thrust.,

Engino Diumetoer:

1. Engine diameter versus nozzle area cat Lo for parametric chamber pres-
gure at constant thrust,

2, Engine diameter versus chamber pressure for parametric arca ratlo at
constant thrust.

Because the LO2/Hp and LO/CHy engine dimensional data were esseatially ldenti-
cal, only the LO2/H2 engine data were plotted,

The parametric engine length and diameter can be used to explore the chamber
pressure, thrust, and nozzle area ratio dimensional variations for a specit i
vehicle application. As discusscd previously, the engine cycle limits pre-
viously determined for the nominal 400-to-1 arca ratio cngines can be used to
conservatively determine the upper design chamber preasure limit.

Primary cngine dimensional trends are that short engine lengths and small
vngine diameters are achieved by high chamber pressures, low thrusts, and low
nozzle area tatios. The total engine length is equal to the sum of the dis-
tance from the injector plane to the engine gimbal, the combustion chamber
length, and the nozzle tongth. Although the data presented in Appendix E con-
tain those terms, the nozzle length is the dominant term for high arca vatlo.
Therefore the engine length can be approximated by

for a constant percent length nozzle and a constant thrust coefficient €g).
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The ongine diameter is exectly proportional to the a

Fe
Pone 278

Fogine Wetight

ame term

Due to Awall slze of pome low thrust onginea, the wall thicknesses of nany come
pononta hecome gaugo or fabricatlon Hmleod, particularily at low thrusts and
tow chambor preasurca, Also turbopump welght tronds are dependont on the pump
desipn Timitation. The llmitatlon ean ba suctdon performaneo, boaring DN or
fmpeller diamotar,  These inf luencos wero eRtimated and the componont wolght

vartationa with thrust, chambor proasure and aroa ratlo wdro dovaloped and the
pivrametrie ongine weighes gonorated,

The parametrie ongine woight data for tha L02/Hy and the 102/Cll expander eyela
eagines are presonted in Appendix F.  The L02/CHy ¢ngincs-were 5 to 15% lighter
than the 10y/ly engines for the same design conditions. Engine woights
decreased with Increasc in chamber pressure and became less sensitive to chamber
pressure at high chamber pressure. of course, as thrust was increased (engine
8lae Increased) for a given chamber pressure and nozzle arca ratio, the engine
welght [nereased. The engine welght increase with Increase in nozzle area ratlo
wig expected but Inercased more at low chamber pressures than at high chamber
predsures.  Therefore increases in nozzle area ratio at high chamber pressures
would minimize added engine weight to achieve engine performance increascs.
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TRCHNOLOGY ABSESSMENT

in determining the proliminary design of oach component within each engine
aystem, the technology advancementR roquired were asscased 1n the formulation
of the dasign, Tha assosnmont waa divided into snctions as follows: engine
syntem and the individual engine components (turbopump, thruat chamber, and
injoctor /Hymitor),

Engine Bystem

In formulating the low thrust propulnien syatem, tho primary goaln wore hibph
png ine pertormanco, dacroased ongine size and weight and Rystom nlmplicity.

To achleve hlgh engine performanco, two areas warrant further fnvealigntioud
(1) design point cvaluation utilizing a high nozele arca ratio, and (2) evalua-
tion of Improved turbopump performance and onhancod turbine drivo gas hoat
transtar.,

For the most part the current program focused on a 400-to=-1 arca ratio nozzle.
but in the process of generating the parametric cngine porformance data, it
become apparent the signif icant performance gains could be achicved through
fnervases in area vatio. For exomple, the delivered specific impulse for a
2224.1 N (500 1bf) thrust LOp/H2 expander cycle cngine at 344.7 N/cm?

(500 psia) chomber prossure increased from 4571.5 N sec/kg (466.16 1bf sec/lbm)
to 4693 N sec/kg (474.47 1bf sec/lbm) for an arca ratio increase from 400 to
1000, Using a payload/specific impulse influence cocfficient of 2.54 kg/

(N sec/kg) (55 1b/1bf soc/lbm), this specific impulse increase represents a
196 kg (432 1b) payload increase. The additional nozile weight was approxi-
mately 11 kg (25 ib). The 1000~to-1 arca ratio engine would add approximately
38 cm (15 inches) to the engine length and 23 cm (9 inches) in the engine
dilameter.

The second approach to increased engine chamber pressure and specific impulse
is through increased pump and turbine efficiencies and enhanced hesc transfer
to the turbine drive gas. 1Increases in these parameters will result in
increases in design chamber pressure which will decrease engine size. For
this study, the best available predictions of the pump efficiencies were
utilized; however possibly further efficiency improvements can be achieved., A
brief evaluution using the generated parametric LOZ/HZ engine performance data
{ndicated that increasing the design chamber pressure from 344.7 N/ew?

(500 psia) to 689.5 (1000 psia) at 2224.1 N (500 1bf) thrust resulted in only
a 0.26% increase in delivered specific impulse., Therefore, to achieve a
significant performance improvement, the turbince drive gas heat iaput and
turbopump efficiencics must all be increased.

1f continuing large space structure vehicle and mission studies indicate engine
throttling is beneficial, the feaaibility and design of a throttling pump

drive system should be cvaluated. Also complete engine cycle operation at
varjous throttled conditions should be performed, Since previous discussiong
in this report revealed that substant ial performance gains can be achieved
utilizing constant chumber pressure thrott ling, the thrust chamber design to
accompl fsh this would be of part icular interest.
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To furthor improve the low thrust en
regenerator with the turbine dischar
pevtormance gaing,

Rine cyele, the utilizatien of an officiont
fe gas ahould be explared for posaible

As the desipr point engine cycle hocomes finalizﬂd. an analyais of
atart transient will not onlv afd in defining the complate
will be of partienlar interest to the vehicle cantractorn,
np durtag englne start may Influence the deaign of the large

or perhapa the enpgine ntart trannfone could bhe taflared to th
Himitationn, 4

the engine
angine ayatem but

The thrust build-
APACA RLructure,
0 Atructure

Farbop umpn

The achieval:ilo chambop preasure of the low thrust oxpander ¢
A448.2 N (1000 1HT) thrant wore primarily limited by the turbopump of {{cione tos,
The moderate head and Tow flowraton requirod at low thrusta result in Tow pump
“itietenetes,  The noar torm pump tochnology advancoment roqulred 48 the denign,
fabrteation, and domonatration of Lhe prodietod performance and life for theso
small pump turkines, In tho dasign, particular attontion must be given to

the efffeieney goal, pump/turbine thermal management, and light-weight pumps,
The destpn and fabrication of these turbopumps will demonstrate component
producibility with regard to the small components and small tolerances, Teating
of the fabricated turbopumps would verify the analytical methods of predicting

performance of the smail multi-stage partial emission centrifugal pump and the
amall partial admission turbines,

yele ongines holow

To further advance low thrust engine tochnology, design approaches to improve
current predicted pump performance values with simple, compact pumps will he
required. This combined with turbine drive gas heat transfer enhancement and
thrust chamber importance will enable higher design chamber pressure and
higher engine performance values,

Thrust Chamber

The thrust chamber itself does ot appear to represent g major technology
advancement, however, the design, fabrication, and hot-fire testing of a thrust
chamber ig nécessary to demonstrate durability and verify the analytically
predicted heat transfer and performance for the low thrust application, In
particular, the long total burn duration of approximately 10 - hours,

For the actual engine configuration design, further
the fixed nozzle-to~radiation cooled extension joint
prevent localized overheating and to reduce induced t
Is espectally true for the LO /H, engine in which the
radiation-cooled nozzle exten§iofi hag wall temperature
(2000 F) and the fixed nozzle tube wall temperature
less than 811°K (1000 F), o

heat transfer analysis of
should be performed to
hermal gradients. This
forward portion of the
8 approaching 13679k

8 near this location are
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The need for an extendable nozzle will roquire ovaluation of the apecific
vohiele application, In a conventlonal atacked-tank vehicle configuratian,

the engine longeh would bo exeromely fmpartant and an extondable norzle wonld
he dofinitely required, However, in currvent low thruat vahicle studies, a
torns 11quid exypen tank has heon connldered to minlmize the atagn length, Par
thin tonk confipuration, a retracted nozele engine may not he required,

In thin ntudy a almple high temperature steel radiat ton=coaled nagzle extentton
wan employed, A tighter welght nozzle nhauld he vvalunted to godoee enplae
wolpht, The denlpgn approach to aceomplinh thin will he of partleular value for
high area vatlo nozgles,  In additfon nlmplor nozzle extennlon technlquen

would he worthy of further oxplovation to aimplify the englne nyaten nd reduce
ongine wolght,

AInjector/lgnitor
A major area requiring teehnology advaneement for the low thrust engine 1o the

mindaturization of the {gnitor. Current lpnftors tend to be tarpe In relation
to the combustion chambor and the convent lonal in-line Inatallatton would

afpgniCleantly Influence engine lTength,  This ignitor miniaturization may require

now desipn approaches and concepts; as well as component tost Ing,
In addition to the performance of the injector, the cooling and durablltity of

{njector faee, and the injector/chamber heat transfer compatibitity, cspecially
with regard to Injector streaking, will require test demonstration,
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CONCLUSTONS

The thrust chamber cooling analynls resnlted 1in the LOQ/HQ rogenoratlvo/

radiation-cooled chrust chamboars providing the largent chambor preaaura
vernun theaat operational epvalope.  Tha [ Lln/rndiatlon~conlod Lhruat
chombors wore Hmlted to Tow chambor pronsnren,  Within the ariginal thrust
chamher conllng analynin puldeldnen, LO?/RP~I roegeneentdve/eadiat fon~coolad

thruat. ehamhora and the an/cua f1Im/vadiatlon-canlad th.uat cham.ora wora

fomd not to he feanihle,  However, the Inelualon of the gas-nlde carbon
layer reaulted In a foanthle vporational ropime,

Condldate angdne eyele/eonfigurat lons wore evaluated with rogard to tho maxl-

mim achlevahle chamber pressure, delivered spoelf fe Impulse, engilne wolpht,

and nyntem comploxity,  For both the 10,/11, and L0, /hydrocarbon fuol onglues,
s Ly [

the direet oxpander eyele achiceved the highest overall rating and therefory
wig the eyele recommended for preliminary engine dosign for tha two caqlion,
NABA-LORG seleeted the recommended engine cyele/configurations and a . alpgn
thrast of 222418 (500 ]bf).

To achteve tie desirved high chamber pressures for both of thoese weprde
two=gtage partial cmission oxidizer pump and a four-stage pei o erdsa
fuel purp with  single-stage partial admission turbiees ep Caguiced,  The
turbines were arranged in series with the fuel turbi:. “pbtream of the oxi-
dizer turhine,  The engine cycle, in particular the veebopump ef ficiencies,
tHimited the achicvable deslgn chamber pressure.

The 2224,1IN (500 lhf) thrust LO,,/II2 expander cycle vngine resulted in a

2
desipn chamber press-ce of 328.9 N/em™ (477 psla) with a delivercd specific
impulse of 4564.5 Nsee/kg (465,45 1bf sec/lbm) for the 6~to~1 design mixture

ratio and 400-to-1 nozzle area ratio. This engine has a total engine length
of 91.9cm (36.194n), a retracted engine length of 56.2 em (22,13in), a maxi-
mum cngine diameter of 42.29cem (16.65in), and anengine welght of 28.46kg
(62,75 1b,).,

0)
A design chamber pressure of 307.5 N/em™ (446 psia) was selected for the
2224,1 N (500 1bf) thrust LO,/CHA expander cycle engine. This cngine
achieved a delivered speeific fmpulse of 3543 M sec/kg (361,29 lbf sec/lbm)
for the desipn mixture ratio of 3.7-to-1 and 400-to-1 nozzle area ratio,
With the nozzle fully extended, the total engine length was 94,1 cm (37.061n).
The total engine weight was 25,8 kg (56,87 1b).
The 10,/H, eagine resulted in a higher chamber pressurc and, theref ire,
achieved a smaller engime, However, the LOZICHQ engine achieved a lighter




.
—
—

enginae due to ita smaller turbopumps. The L02/H, engine attatned a signi-

ficantly higher delivered specific impulae (approximately 29 percent higher)

dua to the lighter melecular welght propellant and a higher deaign chambe-r
pressura,

In tormn of technology advancementa, the rocommendad improvaed porformance
enpine mystem advancoments inelude the continuod analytical and experimental
¢valuatlon of high arca ratio nozzla performance, Improved efflcloncy pumps
and turbinos, and techniques to incrosso the turbine drive gas heat finput,
finee the deatgn of the large fpace atructure payload can he direetly in-
fluenced by the cngine atart and shutdown tranalont, the analysis of these
engine transicnts 18 required to cvaluate loads imposcd on the payload.

Although the thrust chamber itself does not currently appear to represcent a
major technology advancement, the required long burn duration of approximately
10-hours total will impose a strigent durability limit on the hardware. Experi-
mental testing of a thrust chamber will ensure meeting this requirement. An
evaluation of advanced minimum length propulsion stage configurations would
enable the assessment of the need of an extendible nozzle on the engine. Also
technology advancements in lighter weight nozzles (materials and design con-
cepts) would reduce engine welght, In the area of ignitors, technology

advancement is required to miniaturize the thrust chamber ignitor to improve
component packaging.
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NOMENCLATURE, LisT
Speedfic heat

8kin friction coefficient
Stanton numbop
Characteorigeie velocity
Diameter

Thrugt

Mass velocity

Hydrogen coolant correlation parametar

Cas-side heat transfer‘coefficient

Specific impulse

Thermal canéuctivity

Combustion chamber length (injector-to-throat)

Total engine length
Mags flowrate
Mixture ratio

Stanton number

194

s oA
. - - o
A Lo




H

[

Nusgelt number
Chamber presaurd
pPrandtl number
oolant heat input
Radius
Reynold's number
specific speed
Temperature
Free stream velocity
Wall thickness
specific heat ratio
Nozzle percent length (fraction)
Nozzle area ratio
Contraction ratio
Hydrogen coolant correlation parameter
Rfficlency

Viscosity
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v =
p =
i =
¢ln K
¢0 w
¢U 3
§ e
Subseripts
‘b =
¢ =
r -
sat =
w =
we =
Wi =
o o

Kinematic viscosity

Nonaity

Fnerpy thicknena

Inlet flow coofflefont

Coolant curvature enhancement

Coolant cntrance enhancement

Stape head eoeificicnt

Bulk

Core

Reference temperature

Saturation

Wall

Coolant-side wall

Gas-side wall

Free stream
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APPENDIX A
PROPELLANT FERFORMANCE DATA

Theoretical propellant performance data were generated for LOg/Hn, LO,/CH,,
and LO,/RP-1 for a range of chamber pressure from 13,79 N/emé (20 paid) to
689.5 §/cm2 (1000 psia) and approprinte mixture rativs and fuel Injoction
tomperatures, These data were generatad using tho Rocketdyne Free-Energy
Program, which utillzos the latest JANNAF combustion gas specics data file
and yilelds results which are in agreement with NASA's TRAN 78 program.

The theoretical characteristic veloecity as a function of mixture ratio and
chamber pressure for two fucl fnjection temperaturces are shown in Fig. A-1
through A-5 for the thrce propellant combinations. The theoretical vacuum
specific impulse as a function of mixture ratio and nozzle area ratio for
five chamber pressures and two fuel Injection temperaturcs arc presented in
Fig. A-6 through A-35.

The presented data are a part of the data file incorporated in the low-thrust
engine cycle balance computer program and were used in this study.
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Figura A-6 !
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Flgure A-8
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VACUUM SPECIFIC IMPUISE, METERS/SEC

Fi gﬁra A-9 V
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Figure A-10 B
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Filgure A~12
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Figure A--13
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Figure A~14
THEORETICAL EQUILIBRIUM VACLUM SPECIFIC IMWISE
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Figura A~15

PRFORFTICAL FQUILIHRIUM VACITM SEECIFIC IMMISF
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VACUUM SFECIFIC IMPULSE, METERS/SEC

Frgure A~16
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VACUUM SPECIFIC IMPULSE, METERS/SEC

© Figure A~17
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VACUUM SPECIFIC IMPULSE, METERS/SEC
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VACUUM SPECIFIC IMPULSE, METERS 'SEC

Figura A-19 ‘
THRORETICAL FQUILIERIUM VACUUM SPECIFIC INPUIIAF
for Og/Cil, an & function of
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Figure A~-20
THEORETICAL FQUILIBRIUM VACUTM SIFCIFIC TNPUISK
for 0g/CHy #a & funetion of

MIXTURE PATIO and NORZIE ARFA RATYIO

PROPELIAM INLET TEMPFRATURES
0g » 90.18K (162.%an)
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Flgure A-21 i
TIFORETICAL FQUILIRRIUN VACUUM RFFCIFIC INFOLSK
for Og/CH, an & functior of
MIXTURE. RATIO and NOAZIF ATEA RATI0
TROMELIANT INIFT WHPERATURE S
0g = 90K (164R)
CH, = 811K (1400R)
CHAMIER PRESSURE « 137,895 N/M® (g0 Psla)
4200 - 430
- 420
’IOOO po - '110 |
E €° 200 490 &
. 3800 = g
i T
g \W ~ 380
§ 3600 - \D 3% §
[* I t
g;. - 360 5
E ]
= -~ 350
> 3‘00 -
€= 20
-1 %40
d330
3200 {.
i ] i 1 1
3.2 3.4 3.6 3.8 4,0
MIXTURE RATIG
8,79
A-22

-




T T TR ST R T prERr Ty T v e

Flgure A-22
WEORFTICAL FQUILIARILM VACITM SIECIFIC IMPUISE
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Pigure A-23

THRORETICAL FQUILIBRIUM VACUUM BTRCIFIC IMPUISE
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1"11%1(11”0. A-24 .
THRORPTICAY, FQUILIRRIUM VACUUM SPRCIFIC IMIIBE
tor Oe/cﬂ,' as a function of
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VACUDM SPECIFIC IMPUISE. METERS ‘SEC

Figure A-25
THEOHETVCAL BQUILITRIIM VACIIM BIECIPLC IMPULSE
for 0,/Cll, aa » function of
MIXTUIE RATLO and NOZZIE AREA MT10
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Flguro A-24
THEORETICAL FQUI LIFRIUN VACUUM BEFCIFIC IMINLSF
for 0g RP-1 ax & function of

MIXTURE RATIO and NOZZLF, ARFA RATIO

PROPELIANT INLET TEMPERATURG'S
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VACUWM SPECIFIC IMPUISE, METERS/SEc

Figure A~27
THEORETICAL FQUILIERIUN VACUUM 8PRCIFIC IMPULSF,
for 0,/RP-1 as o function of

MIXTUTE: RATIO gnd NOZZLE ARFA RATIO

PROPELIANT INLET TENFRRATITOS
Oz = 90,18k (162,92n)

RP-1 « 298,19 (536,678)
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VFigure A-28

THEORETICAL EQUILIBRIUM VACIIM SPFCIFIC IMPULKE

for OQ/RP—I a8 a function of
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VACUUM SPECIFIC IMPUISE, VETERS ‘&%

Figure A=29
TIFORETICAL FQUILIBUIM VACUUM SFFCIFIC IMPULSE
gor 0p/RP-1 an & tunotion of
MIXTURF RATIO and NOZZIE AWEA MATI0
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Figure A-30
THEORFTICAL FQUELIRRIUM VACHUM SPCIFIC INPUISE
for OQ/RP-I a8 & function ef

MIXTURE RATIO and NOZZIF ARFA RATIO
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Figure A-31
TREORETICAL RQUTLIBAIUN vACUUM SFECIPIC IMPUISE
tor Og/RP-1 as & function of

WIXTURE RATIO and NOZZIE ARFA RATIO
PROPELIANT INLET TEMITRATUTES
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Figuro A-32
PHRORFT LCAL EQHILImum VACITM sMCIrIc IMIULIRE
for 0g/RP-1 a5 & function of

MIXTIRE RATIO and NOZZIF ARFA RATIO

PROFELIANT INLET TEMFTATURES
0g = 90K (162R)
RP-1 = 556K (1000R)
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Flgure A-34
PHRORETICAL FQUILIRRIM VACITW BPECIFIC ML
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VACUUM SPECIFIC IMPUISE, METERS 'SEC

Figura A-35

THROAET1CAL FQUILIAALUN VACUUN BPECIVIC INPULKE
for OR/HP~! sn o function of

MIXTURE. FATIO and NOWZIE ATRA RATIO

PROFELIAND INLEY TROTIATINER
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APPENDIX B
PROPELLANT PROPERTY DATA

The theorotleal propellant property data wera generated for I.OQ/H?_. 1.0210314.
and LOo/RP-1 using the TRAN 78 computer program, The prapellant property
data are plotted versus chambar predsure for parameteie mixture ratio, The
data presented ineluded combuntlon chanher pas temperatnre, demnity, molaen-
lnr welght, apreltic heat, gammi, vincasity, and thermal conduetlvity, Tho
LOg/Hy data are pronented In Flg. Bl through B-7, and data {or L0y/CHy and
LOa/RP=1 are shown in Flp, B-H through B-14 and B=1%5 through B-21, respoect lvaly,
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Figure R=5,

Combustion Chamber Specific Heat Ratio (y) Varlation With
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Figure B-6.

Combustion Chamber Viscosity Variation With

Pressure and Mixture Ratio for LOZ/HZ
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APPENDIX C
ENGINE CYCLE BALANCE SUMMARIES

The following figurcs and tables present engine cycle balance summaries for the

L02/H2 and LOZ/CH4 erpander cycle ongines at the +10% deaign mixture ratio
conditions.

A simplified engine cycle balance procedure was developed for the of f=design
mixture ratio conditions. Maintaining the design condition thrust and constant
throat arca, the chumber pressure was détermined by first assuming a chamber
pressure, calculating the engine performance (specific impulse dnd thrust
coefficlent) and iterating on the chomber presaure, With the computed propellant
flowrates, the cngine cycle balance was accomplished by performing a pump/turbine
power balance through an iteration of turbine flowrates. The approach taken was
to control mixture ratio by varying the turbine bypass flow valves and not
changing the main valve positions.

For the LOy/Hp engine as the ¢ngine mixture ratio was reduced to 90% of the
nominal value (5.4 to 1), the hydrogen pump horsepower increased and the oxygen
pump horsepower decreased due to propellant flow variations. The chamber
pressure increased to 333.7 N/cm2 (484 psia) due to the decrease in the vacuum
thrust coefficient. The delivered specific impulse increased due to the mix-~
ture ratio influence to 4601.1 N-sec/kg (469.18 1bf-scc/1lbm)., The increased
hydrogen flow resulted in a slight reduction in the fuel turbine inlet
temperature,

To balance the L0,/H, engine at the low mixture point, the pressure drop margin
was reduced to zero and the turbine bypass flow reduced to 3.97%. The system
pressure and temperatures for this of f~design condition are presented in

Figo C"’I.

At the high mixture ratio off-design poigt (6.6-to-1) for the L02/H engine, the
chamber pressure decreased to 326.1 N/cm (473 psia) due to an ificréase in thrust
coefficient. The increase in mixture ratio caused a decrease in delivered
specific impulse to 4505.4 N-sec/kg (459.42 lbf-sec/1bm). As expected, the
hydrogen pump horsepower decreased and the oxygen pump horsepower increase.

Although the pump efficiencies remained essentially constant, the turbine

efficiencies were slightly lower. To balance the cycle at this condition, the
overall turbine bypass was reduced to 7.69% with a total of 21.97 bypassing the
fuel turbine and the 10% pressure margin was maintained. Observing the turbine

flows in Fig. C=2, a fuel turbine bypass 1s required since the oxidizer turbine
flow is greater than the fuel turbine flow.

Therefore, for the LO,/H, engine, the 4107 mixture ratio change resulted in
approximately a +17% chamber pressure change and a +0.6¢ and a -1.3% specific
impulse change.




The off-design engine cycle balance trends for the L0L,/CH, onpine wero almilar,
Performance and engine Ryatem operating conditions are plven In Tables -3 and
C~4 and Figures 0~3 and Cm4,




TABLE C-1
L02/H2 ENGINE PERFORMANCE CHARACTERISTICS
OFF-DESIGN, O/F = 5.4

Thrust, N, (1bf)
Chamber Pressure, N/cm2 (psta)
Englne Mixture Ratin, O/F
Area Ratlo

ODE Specific Impulse, N-sec/kg (1bf-sec/1bm)
ODE Characteristic Velocity, M/sec (ft/sec)

Efficlency, Fraction (1)

2224,
333.7

5.4
hoo

4890,6

484

498,7

2385,4 7826

specific Impulse Energy Release Efficiency, Fraction .9950
Specific Impulse Reaction Kinetic Efficiency, Fraction .9833
specific Impulse Divergence Efficiency, Fraction .9957
Specific Impulse Non-Boundary Layer Heat Loss .9916
speciflic Impulse Boundary Layer Efficlency, Fraction o 9666
Pellvered Specific Impulse N-sec/kg (1bf-sec/1bm) iL,h6°"3 469.2
A , - ,

1) Non-Boundary Layer Heat Loss

included in ODE Specific Impulse
c-3

e A e e e o st e e ot



(4 0E6) ¥ 215
::mamnmwNaﬂg

(HUES9
ViS4 0ES) Nﬁz 9

dTIPWIYIS MOTI (%°G = UN)
usrse@-330 surSuz ‘us%71 -0 omSIs

Ns;m zL9
{visd vay)
NB.Z LEEE
Tuwms.ﬂa 9910)
ooy :d
(VIS4 ¥8) ;NI/N L EEE 4
238/9% 920'0 (487 00S) N L'9ZZZ ASNUHL
9 —_—
Lton
JIS/ION 100
IATVA SSVAASD INIBHNL HIZIGIXO — ABLO (9)
o (V1S4 0908 ) AATYA SSVHAS INIFUNL — AHL (S)
2YOIN LEL JATVA HIZIAIXO NIV - AOW (¥)
FATVA 1ININIYN ~ AN ()
Ltsah IATVA UIZIAIXO LI INt —  AOH (2)
Zye IATVAIINI 1IINI— A4S (1)
3916 {4 626
~e¢0\2 885 | VISd £58) N1z
Ly LNIINIETL

C-4



TABLE C-2
LO,/H, ENGINE PERFORMANCE CHARACTERISTICS
OFF-DESIGN, O/F = 6.6

Thrust, N, (1bf) 22241 500
Chamber Pressure, N/em? (psta) 326,1 473
L Englne Mixture Ratlo, O/F 6.6

Area Ratio 4Loo

ODE Specific Impulse, N-sec/kg (1bf-sec,Ibm) 4863,1 495.9
ODE Characteristic Velocity, M/sec (ft/sec) 2283.3 7491
Spectfic Impulse Energy Release Efficlency, Fraction 9950
Specific Impulse Reactlon Kinetic Efficiency, Fraction . 9689
Specific Impulse Divergence Efficienty, Fraction 9957
Specific Impulse Non-Boundary Layer Heat Loss 9916
Efficiency, Fraction (1)

Specific Impulse Boundary Layer Efflciency, Fractlon 9666
Delivered Specific Impulse N-sec/kg (1bf-sec/1bm) l 4505.2 459.4

Nlihbin —
1) Non-Boundary Layer Heat Loss :
Included In ODE Specific Impulse
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TABLE C-3
L02/CH“ ENGINE PERFORMANCE CHARACTERISTICS ;
OFF-DESIGN, 0/F = 3.33 '

Thrust, N, (\bf) 2224, l 500 ;
Chamber Pressure, N/Cm2 (psla) 308,9 h48 f

Englne Mixture Ratle, O/F 3.3 )

Arca Rotle hoo ) }

ODE Specific Impuisc, N=sec/kg (1bf=scc/1bm) 4003.! 4o8.2 ;

ODE Characteristic Velocity, M/sec (ft/set) 1858, 4 6097

specific Impulse Energy Release Efficlency, Fraction .9800

specific Impulse Reaction Kinetlc Efficiency, Fraction .9561

specific Impulse Divergence Efficiency, Fraction 9957

Specific Impulse Non-Boundary Layer Heat Loss .9942

Efficlency, Fraction (1)

Specific Impulse Boundary Layer Efficlency, Fraction .9664

Delivered Specific Impulse N-sec/kg (1bf-sec/1bm) 3600.0 367.1 i

1) Noh-Boundary Layer Heat Loss i
Included in ODE Specific Impulse

e ————— e ik
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TABLE C~4

L02/CHQ ENGINE PERFORMANCE CHARACTERIST(CS

OFF-DESIGN, O/F =

Thrust, N, (Ibf)

Chamber Pressure, N/cm2 {psia)
Engine Mixture Ratio, O/F
Ares Ratlo

ODE Specific Impulse, N-sec/kg (1bf-sec/1bm)
ODE Characteristic Velocity, M/sec (ft/sec)

Specific Impulse Energy Release Efficlency, Fraction
Specific Impulse Reaction Kinetic Efficiency, Fraction
Specific Impulse Divergence Efficiency, Fraction

Specific Impulse Non-Boundary Layer Heat Loss
Efficiency, Fraction (1)

Speciflic Impulse Boundary Layer Efficiency, Fraction .

Delivered Specific Impulse N-sec/kg (1bf-sec/1bm).

307.5
4.0
koo

3978.6

1789.5
.980
.93
.995
.995

. 966
3599.0

22241 500

hhe
7

405.7
5871

0

5
7
3

4
367.0

|

1) Non-Boundary Layer Heat Loss
Included in ODE Specific Impulse
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PARAMETRIC ENGINFE PERFORMANCE

Parametric delivered engine specifie Impulses were gencerated using the simpli-
fied JANNAF method for 102/, and L0O9/CH, expander cyele ongines., The data
Ineluded a thruast range f§om 444.8 N (100 1bf) to 13345 N (3000 1hf) and chambor
preassures from 68,95 N/em® (100 psia) to 689.5 N/em® (1000 peia) and nozzle arca
ratios from 200 to 1000, A raries of three types of plots were presented for
cach propellant, These included:

1. Delivered engine specific impulse versus nozzle area ratio for param-
etric chamber preseure at constant thrust

2, Delivered engine specific impulse vérsus thrust for parametric chamber
pressure at constant nozzle ratio

3. Delivered enginé specific impulse versus chamber pressure for param-
etric thrust at constant nozzle area ratio

The LO,/H, engine performance data presented in Fig. D-1 through D-14 and the
LOZ/CE4 data is Fig, D-15 through D-28,

Note that the parametric data are presented over the entire study range of 2
thrust (444.8N, 100 1bf to 13345 N, 3000 lbf) and chamber pressure (68.95 N/em©,
100 psia to 689.5 N/cmZ, 1000 psia). 1In using these data for mission studies it is
important to consider possible engine system design constraints in order to avoid
unrealistic design points, The parametric plots of delivered specific impulse
versus thrust for the 400-to-~1 area rati- LO /H, and L0,/CH, engines (Figures

D~6 and D-20, Appendix D) show the prelimifiary design®points, thrust chamber
cooling constraints, and expander cycle power constraints which resulted from
this study. These constraints can be used to conservatively define feasible
engine system operating conditions over the range of thrust and chamber pressure.

D-i
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APPENDIX E

PARAMETRIC ENGINE DTMENSIONS

Parametric angine dimenaion data wore generated for both engines, but only
the L0y/Hy engine data were plotted since the values of angine length and

diameter were esscntially identical for the two engines. The parametric plots
included:

Engine Length: (Fig, E-1 through E-13)

l. Engine length versus nozzle area ratio for parametric chamber pressure
at constant thrust

2, Engine length versus chamber pressure for parametric thrust at constant
nozzle area ratio

3. Engine length versus chamber pressure for parametric area ratio at
constant thrust

Engine Diameter: (Fig. E~14 through E-21)

l. Engine diameter versus nozzle area ratio for parametric chamber.
pressure at constant thrust

2. Engihe liameter versus chamber pressure for parametric area ratio at
constant thrust

Note that the parametric data are presented over
(444,8 N, 100 Lbf to 13345 N, 3000 Lbf) and chamb
psia to 689.5 N/cm“, 1000 psia). In using these
important to consider possible engine system design constraints in order to

avoild unrealistic design points. The parametric plots of delivered specific
impulse versus thrust for the 400-to-1 area ratio L02/H2 and L0O,/CH, engines
(Figures D6 and D~20 » Appendix D) show the preliminary design pointe, thrust
chamber cooling constraints, and expander cycle power constraints which resulted
from this study. These constraints can be used to conservatively define feasible
engine system operating conditions ever the range of thrust and chamber pressure.

the entire study range of thrust
er pressure (68.95 N/em?, 100
data for mission studies it is
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(AL 1

APPENDIX ¥
PARAMETRIC ENGINE WEIGUT

Parametefe englae wolght for the LO2/Ha and L2 /Gl expandur eyele englnes were
gonerated for thoe thrust, chamber prensura, and nux/lu area rat o of Interest,
These parametric plota ineluded: :

1. Enginc wolght versus chambor pressure for parametric thrust at constant
nozzle aru ratlo

do Engine woight versus nozzle area ratio for parametrie chambor pressure
at constant thrust

Note that the parametrie data arve prosented over the entire study range Bl thrust
(444,88 N, 100 Lbfl to 14!45 N, 3000 Lbf) and chambor prossure (68,95 N/em®,

100 psia to 689,5 N/em®, 1000 paia),  In using these data for misslon atudlvs it
18 important to conslder possible engine system desipn conustraints in order to
aboid unrealfstic deaipgn poluts, The parametric plots of delivered aspecific
tmpulse versus thrust for the 400-to-1 area ratio LO,/H and L0,/CH, engines
(Figures p=6 and D=20, Appendix D) show the prelimifiary design points, thrust
chamber cooling constraints which resulted from this study. These constraints
can be used to conservatively define feasible engine system operating conditions
over the range of thrust and chamber pressure.
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Figure F=4.
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Engine Weight Variation With Chamber Pressure and

Thrust (Nozzle Area Ratlo = 200)

Figure F=5.
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Figure F-6.
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Figure F-8.
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