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FOREWORD 

(U) This te<;hnical report presents the results of Task I, Engine 

System Analysis and Design, and Task II, Engine Critical Com­

ponent Demonstration Testing, conducted as part of the 

,\dvanced ~laneuvering Propulsion Technology (AMPT) Program. 

The program conducted by Rocketdyne , a Division of North 

American Rockwell, during th~ period of November 1967 to 

.June 1970, was authorized by the lJSAF Rocket Propulsion Lab­

oratory under contract F04611-67-C-0116. 

(U) 1~e Air Force program manager was Mr. R. L. Wiswell and the 

Air Force project engineer was Mr. W.W. Wells. Mr. R. R. 

Morin was the Rockctdyne program manager, Mr. II. G. Diem the 

Rocketdyne assistant program manager, and Mr. D. II. lluang 

the Rockctdyne project engineer. 

( U) This report was submitted on 31 ,July 1970 as Rockctdyne 

report number R-8280, Volumes l and II. These volumes are: 

• I. Engine System Analysis and Design 

II. Engine Critica l Component Demonstration Testing 

(U) Task III of the program, Propellant Feed System Analysis and 

Design, was conducted Ly two vehicle company subcontractors 

(General Dynamics/Convair and Lockheed Missiles and Space 

Company), and the ref,Ul ts al'e pub! ished separatel y as reports 

Ar:RPL-TR-70- 103 and AFHPL-TR-70-104, respectively. 

(U) A separate Materials and ·Processes report was published as 

AFR PL-TR- 70-126 . . ·- .,. ... -..... -.... ... 

(U) This technical report has been reviewed and is approved. 
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R. L. Wiswell, 
AFRPJ. AMPT Program Manager, 
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ABSTRACT 

The analysis and design studies conducted on the 

fluorine/hydrogen engine system of the Advanced 

Maneuvering Propulsion System (AMPS) are presented. 

The work included the engine system, thrust cham­

ber assemblies, turbopump assemblies, and controls. 

Design requirements, design tradeoffs, operating 

characteristics, and layout drawings are shown 

for the major components and system. 
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SECTION I 

(U) INTRODUCTION 

(U) The Advanced Maneuvering Propulsion Technology (AMPT) Program is being 

conducted to provide technology advancements applicable to future high-

energy advanced maneuvering propulsion systems . 
!', 

The first portion of 

i the program, reported in this volume, was conducted during the period 

of November 1967 to June 1970, and was devoted to a fluorine/hydrogen 

CF/11
2

) propulsion system . A typical system is illustrated in Fig. 1 

~"i th some of the basic design parameters for the Advanced Development 

Program (ADP), together with some of the desiin variations that were 
I 

also considered. 

(C) The fluorine/hydrogen engine configuration (Fig. 2") utilized concentric 

thrust chambers. The outer main thrust chamber (3~ ,000 pounds thrust) 

incorporated the toroidal-ae-rodynamic spike design \concept. The inner 

secondary thrust chamber (3300 pounds thrust) was a , bell-type design. 

The thrust chambers were fed from independent turbo~umps that are driven 

by hot gases from each th.rust chamber. Each thrust \chamber can be 

throttled over a 9:1 thrust range, which gives the e~gine system an over­

all throttle ratio of 81: 1. The normal mode of opera~ion was for the 

thrust chambers to fire one at a time. \ 

(C) The fluorine/hydrogen propellant Jeed system consists of the main propel­

lant tankage; thermal conditioning and support structure; zero-gravity 

expulsion system; fill-, vent, feed, and drain lines; propellant manage­

ment system; and a pressurization system. The 18,000-pound weight for 

the complete propulsion system, together with a 2000-pound payload 

(20,000 pounds total), is compatible with the . present Titan 111-D launch 

vehicle for polar orbit launches from the Air Force Western Test Range. 

A gimbal angle of ±10 degrer-s wa~ select~d to provide the capability for 

rapid turning maneuvers. Syste111 therma '. desigl.l provides the capability 

of at least 14 days in orbit with no fluorine loss and with very little 

hydrogen loss, depending on the mission duty cycle. 

1 
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(C) The AMPT Program for the fluorine/hydrogen propulsion sys tem originally 

consisted of two phases. Phase I of the program, which was for a 32-. 

month period , included the following three tasks: 

·, . 
\ 

Task I : Engine Analysis and Design 

Task II: Engine Critical Component Demonstration Testi ng 

Task I I I : Prope 11 ant Feed System Analysis and Des ign 

(U) Tasks I and II were accompli~hed by Rocketdyne, and_ Task III was performed 

by two vehicle company subcontractors--General Dynamics/Convair and Lock­

heed Missiles and Space Company. 

(U') Phase II of the program was to provide for detail des ign, fabrication, 

and demons trat ion test of the complete propulsion system. The sys tem, of 

flight- type design, was to be based on engine and propellant feed system 

des ign analyses and layout drawings generated in Phase I. Phase II of 

the program was not accomplished , how~ver, because of redirection of the 

program by the Air Force. This vo lume of the r eport covers the work per­

formed on the engine analysis and design (Task I) for the fluorine/ 
·, 

hydrogen propul sion sys tem. 

\ . . 
·;,~. 

I 

/ 

(_) 



, 
(U) 

SECTION I I 

SUMMARY 

(U) This volume of the report summarizes the work perfonned on Task I of the 

AMPT Program. This task provided for design and analysis of the complete 

engine system. Maximum use was made of the test results obtained during 

the critical component testing (Task II) in arriving at the final optimi zed 

engine design. The engine sys tem design and analysis included those propel­

lant feed system co"nsiderations necessary to ensure the compatibility of the 

total propulsion system. The status of high-energy FzlH2 propulsion tech­

nology was assessed and, with the resu~ts of tradeoff studies and ~omparisons, 

a recomme11ded high-ener,gy sys tem design was defined. Mode of failure analyses 

were conducted on the final design of all critical engine components. The 

Task I effort was divided into four areas: engine system, thrus t chamber 

assemblies , turbopump assemblies, and control s . The approach used is illu­

strated in Fig. 3 • 

1. ENGINE SYSTEM DESIGN 

(C) The engine system was designed to deliver the maximum performance practi­

cally attainable, using advanced technology and staying within the engine 

design cons traints listed in Table 1 • The engine design allows for high 

reliability and _a minimum of required maintenance. For maximum effective­

ness , the engine is capable of rapid starting and operation with a mini-

mum of time lost for _chilldown or thermal conditioning of the engine between 

firing cycles. Tradeo(f studies were conducted for the pump drive cycle 

method (hot combustion gas tapoff versus H2 tapoff drive). An additional 

design goal was that the engine system include provisions for long li~e 

(10 hours), refurbishment, and reuse. 'Ille basic engine design is suitable 

for unmanned and manned missions. 

2 . THRUST CHAMBER ASSEMBLIES 

(U) Anal yses were conducted to determine i~e operational requirements for the 

thrust chambers and injectors.. Flowrates, pressure drops, chamber con­

tours, cooling requirements, and operating temperatures were determined 



\ 

,...
., ;!
(2

) 
.... 
~
 

V
I\

!=
, 

-g
~

 
~
 c

;:;
;J

 
c

:
:
l 

1
-'

•r
=

, 
V

l'
8

J
 

c
[i

ui
]a

-
[
~

 
:

~ 
V

I 
c

:
:
l 

....
 ~
 

r
l
)
~

 

~-
F 

0
. 

"
-
-
.J

 

( 
...._

, 

IN
P

U
T

 
P

R
E

L
IM

IN
A

R
Y

 
EN

G
IN

t 
S

Y
S

TE
M

 
A

N
D

 
C

O
M

PO
N

EN
T

 
U

E
S

IG
N

 
P

A
R

A
M

E
TE

R
S

 

W
G

 I 
N

E
 

S
Y

S
TE

M
 

PO
W

ER
 

B
A

LA
N

C
E

 
A

U
D

 
P

E
R

FO
R

M
A

N
C

E
 

A
rr

n
L

Y
S

IS
 

O
V

E
R

 
T

H
R

U
S

T
 

A
N

D
 

M
IX

TU
R

E
 

R
A

T
IO

 
R

A
flG

E
 

-
- T
U

R
B

O
M

A
C

H
IN

E
R

Y
 

r-
--

--
-1

 D
E

S
I 

Gt
~ 

A
N

D
 

A
IJ

A
LY

S
IS

 
1 

T
A

S
K

 
I 

I 
T

E
S

T
 

R
E

S
U

LT
S

 

C
O

tH
R

O
L 

S
Y

S
TE

M
 

~
D

E
S

I G
fl 

A
rr

n 
A

IJ
A

LY
S

IS
 

T
U

R
B

O
M

A
C

H
IN

E
R

Y
 

I 
I L

A
Y

O
U

T
 

D
R

A
W

IN
G

S
 

C
O

IH
R

O
LS

 
I 

I 
I 
LA

Y
O

U
T 

O
R

Aw
 I

 IJ
G

S 

E
S

T
A

B
L

IS
H

 
I D

E
A

L 
H

 
I l

lT
E

R
A

C
T

I O
N 

O
F 

E
U

G
IN

E
 

C
O

M
P

O
IJ

E
IIT

 
~Y

S
T

E
M

 
O

P
E

R
A

T
IO

N
 

E
N

G
IN

E
 

S
Y

S
TE

M
 

D
E

S
IG

tl
 

1
--

lo
P

E
R

A
T

 I 
NG

 
R

A
IJ

G
E

 
TO

 
A

S
S

U
R

E
 

LA
Y

O
U

T
 

D
R

AW
 lf

~G
S

 
A

U
D

 
D

E
S

 I 
G

tl 
C

O
IJ

FO
R

M
A

N
C

E
 

TO
 

R
EQ

U
IR

E
M

E
N

TS
 

S
P

E
C

IF
IC

A
T

IO
U

S
 

~
 I

 IJ
JE

C
T

O
R

 
D

E
S

 I 
G

N
I 

I 
, ,

 NJ
 E

C
TO

R
 

A
U

D
 

A
IM

L
Y

S
IS

 
r
n

LA
Y

O
U

T 
D

R
A

W
IN

G
S

 

l 
T

A
S

K
 

I 
I 

T
E

S
T

 
R

E
S

U
LT

S
 T
 

T
H

R
U

S
T

 
C

H
A

M
B

E
R

 
~

D
E

S
IG

U
 

A
N

D
 

A
U

A
LY

S
IS

 

T
H

R
U

S
T

 
C

H
A

M
B

E
R

 
I 

I 
I L

A
Y

O
U

T
 

D
R

A
W

i N
G

S 

F
ig

u
re

 
3.

 
Fl

ow
 C

h
ar

t 
fo

r 
T

as
k 

I 
E

ng
in

e 
S

ys
te

m
 A

na
ly

s
is

 
an

<l
 

D
es

ig
n

 E
ff

o
rt

 
(U

) 

( 
~
 

(5
2

) 
@

 
~
 

S
n

) 
c
::

=
:,

 

C
=J

 
[r

uu
 

~
 

9 c
:=

:,
 

s:
, 

F 

_
_

, .. 



,,a., 

,,, .. 

..... 

TABLE 1 
.-
' 

HASIC PROPULSION SYSTEM OPERATING PARAMETERS {U) 

Propulsion System Weight , pounds 

Payload Weight, pounds 

Maximum Thrust, pounds 

Thrust/Weight Ratio 

At maximum thrust and maximum gross weight 
· of propulsion system plus payload 

18,000 

2000 

30,000 

1.5 

Minimum Delivered Performance, c* (shifti.ng), 97 
percent 

Throttling Range 

Restart Capability (minimum) 

Engine Life, hours 

Gimbal Angle, degrees 

Propellants 

Space Residence Time, days (minimum) 

Pad Hold Capability (no fluorine loss) 

Launch Criteria 

Maximum Diameter, feet 

Environment and Loads 

Mission 

Intercept 

Rendezvous 

81:1 

30 

10 

±10 

Indefinite 

10 

Titan III-C 
without Transtage 

Evasive maneuvers with .reconnaissance maneuvering capability 



(U) for both maximum and minimum thrust for both the main and secondary t hrus t 

chambers. Thermal condi tioning requirement s for the thrust chamber and 

tlH' ir. jectors, toge ther with associated nonpropulsive propellant lossl.!s, 

were determined. Maximum us~ of Tas k II tes t results was J11ade in a rr i·,i ng 

at the final thrust chamber and injector designs. 

3 . TURBOPUMPS 

(U) The design and operati ona l r equi rements of the comp l et e turbopumr assem­

blies over the design throttling range, including turbi nes , pumps , inducers , 

seals , and bearings, were defined . ·rradeoff s t udies were conducted and 

included pump hydrodynamics, turbine gas dynamics , and throttling. The 

analysis and design studies inc luded materials select ion , s tress ana l ysis , 

dynamics s tudies , and turbopump and component l ayout drawings. Thermal 

condi ti oning studies and life and reliability studies were also conducted. 

1) • CONTROLS 

(U) The engine control system was defined as those components which contro l 

the engine system mixture ratio, the thrust level, and the start and 

shutdown sequences. Ana l yses were conduct ed to determine the operational 

requirements for all of the engine control sys tem components . The analyses 

· incl uded defining the s tart and shutdown sequences, throttling control 

system , valves, and engine control component s . Computer models of the 

engine sys t em ~ere synthes i zed, and transient aspects of the engine con­

trol syst em wer e i nves tigated. 

8 
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SECTION II I 

ENGINE SYSTEM 

1. ENGINE SYSTEM DESCRIPTION 

- ...... _ _ .. · • M 

(C ) The AMPS engine system design consi sts of a concentri c thrust chamber 

arrangement with a main aeros pike engine and a secondary bell engine, 

which is loca te d in the center of t be lllliin engine (Fig. 4 ). The 

main engi ne provides a maximum thrust of 30,000 pounds and is tbrot­

tlcable to 3330 pounds. Tbe secondary engine provide s a maxi mum thrust 

of 3330 pounds and a mi nimum thrust of 370 pounds. The main engine 

has a maximum ope rating chamber pressure of 650 psia, and the second­

ary engine has a maximum operating chamber pressure of 750 psia. 

(C) Both engines are pump-fed and regeneratively cooled, and both engines 

operate on & liquid bipropcllant. combination of fluorine (oxidizer) 

and hydrogen (fuel). The main engine turbopumps arc driven by bot 

hydrogen gas which is t appert off from the thrust chamber just befo~e 

t he fuel enters the injector. The hydrogen is heated in t he regenra­

tive cooling jacket. The secondary engine turbopump~ are driven by 

fuel-rich gas which is tapped directly from the combustion chamher. 

(c) The main and secondary engine turbopumps are centrifugal types vbicb 

are directly driven by velocity-compounded turbines operated in par­

allel by the drive gases . Heat exchangers for helium pressurant can 

be l ocated in the turbine exhaust gas ducts if required. Wana hydro­

gen for tank pres surization may be drawn from the exit of the coolant 

circuit if desired. 

(c) The engines operate sequenti ally and provide for a continuous tb·ru• t 

variation of 81:1. The system is des1gned for multiple starts at 

altitude. The Min engine start is accompli • bed by tank pressure-fed 

operation, vitb the turbine driv/ gases bled fro• tb£ cooling jacket 

exit to provide power to accelerate tbe turbopu• ps . Tbe secondary 

9 
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engine utilizes helium gas supplied at a constant pressure ·from the 

engine-mounted helium regulator to provide power t~ a~~elerate the 

turhopumps. Transfer to hot':-gas tapoff drive gases is accompli_shed 

after combustion has been establi : hed in the thrust chamber. 

(C) The control system for each engi~e consists of main propellant valves 

(two valves) located upstream of the ~urbopumps,and turbine control 

valv·cs · (two valves) in the turhin!:! feJ.d lines just upstream of the 

. 
-----. \ : 

-~ 
turbines. Engine operation is controll-e'd by a system which receives 

guidance system commands- and engine pi~ameter feedback, and then com­
/ 

putes the engine control sign.all:!: An engine system layout d,rawing 

i s shown in Fig. S . The system is depicted schematically, in Fig: 

(1. The major engine design parameters are !!_hown in Table 1 · 
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2. ENGI NE SYSTEM ANALYSIS AND DESIGN 

a. Pump Dri ve Cyc le Selection 

(U) The three candidate pump drive cyc les were evaluated to determine their 

impact on the turbopump design configurations and system operational 

features. The three selected candidates were: (1) thrust chamber tap­

off, (2) hydrogen tapoff, and (3) expander topping. Previous AMPS 

s tudies (Ref. and ::? ) have shown these power cyc les to have the great-

est potential for this application. The three candidate cycles as employed 

in t he main engine are illustrated in Fig. 7. 

(C) The sys tem design and operati onal parameters were established for each of 

the candidate drive cycles as applied to both the main and secondary engines. 

Th<' candi date drive cyc les were also compared on the basis of other opera­

tional features such as complexity, engine start, and dynamic throttling. 

The maj or design parameters are shown below: 

Main En1ine Secondarl En&ine 

Nozzle Type Ae r ospike Bell 
(20 percent length) (80 percent length) 

Design Thrust, pounds 30K 3:3K 

Chamber Pressure, psia 650 750 

Area Rati o 60:1 60:1 

Engine Mixture Ratio 12: 1 12:1 

Throttle Rat io 9: 1 9:1 

{l) Thrust Chamber Tap off 

(U) The thrus t chamber tapoff cycle previously had been tentatively selected 

for the AMPS main and sec~ndary engines. The turbine drive gases are tapped 

directly from a low mixture rat io , low temperature r~gion of the combustion 

chamber (Fig. •7 ) . After the gases pass through the turbines, they are 
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(U) ducted to the base region of the aerospike nozzl e to augment the base 

pressure thrust contr ibution. There are numerous variations to this basic 

cyc le concept such as turbine arrangement and the disposition of the turbine 

exhaust gases. In the secondary engine the turbine exhaust can be ducted 

into the prim~ry nozz le or expanded through a separate nozzle. 

I 
I 
I 

('2)/ Ilyd 1·oire11 'l'apo ff 

I 
tu) The hytlrogen tapo ff cycle (Fig . 7 ) extracts a relatively small tur-

bine flov; (sec o11clary flm,·) from the main hydrogen fuel flow af t er it 

pass,?s through t he l hrns l c hamber cooling j acket. The m11jor portion o f 

lhc lotal hydrogen flo.,,. (pri mary flow) is t hen injected into the combus­

tion ch runher. Fo r l he main en~i11e 1 the secomlary flow i s directed inlo 

Lhe base of lhe uerospikc nozzle after passin_g through the t urbine. If 

l he tu r bine fl owrat e requirement is grenler lhan lhe optimum base flow 

foi· Ute uerospike nozzle, the excess hydrogen cun be used for propP.llanl 

Lank pressurization, or recirculntcd back into the pump i nlet. For t h is 

compari son. all of t he lurhine flo.,.,· .,.,·us dueled to the nozzle bnse. 

(3) Expander Topping 

( U) In t he e xpunder topping cycle (Fig . 7 ) all of the hydrogen leaving 

t he lhrus l chamber cooling jaclce t is expanded through t he t u rbines nnd 

the n directed to t he injector. For the main engine. n small percentage 

of the turbine flow i s extracted before entering the injector for secondary 

f! ow into t he hase of t he aerospike nozzle. 

(4) Se lection Criteria 

(U) The major areas for investigation of the candidate cycl es were first 

established . Items that did not exhibit a significant difference between 

the candidate cycles were excluded from the comparison. The selection 

criteria provided a comprehensive comparison of the important system and 

component considerations. Some of the basic criteria and items of consid­

eration are summarized in Table 3 
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TUIWl~I: l l :U\"1- CYCLE SEl.l·C:TIO~ C:O~SIDER,\T I O.'\S (U) 

Cene r a l 

Eng inc l'c· r ro l'llliH)CL' 

Turbine Drive l;as l n!L- t 
Tempe rature 

Tl I )' b i rt(• l ll I C t I' !'(' s s 11 r c 

Thrust Chamber ~Ii xture Rati o 

Thrust U1arnb L' r lk' at Flux 

In jector Flo1,rate 

Ptunp ll i schn r gc Pressur e 
l{equi rerncnts 

Thermal Isolation 

Stability 

t-laterials Limitations 

Eng inc l\°c i gh t s 

System Packagi ng 

Eng inL' Start 

Thcnnal l:onditioni ng llequirements 

Hesponse 

llc1watabi Ii ty 

O\"<:•rtempc rat ure Condition 

~lainstagc 

Thrns·t and ~li ·xrure Ratio Control 

Transiti on of Control From Start 

Variation in Turbine Drive 

Gas Inlet Condition 

Shutdown 

Cutoff Impulse 

Repeatability 

!'urge Requirement 

(U) ,\ compa rison of delive re d engine performance was the most important 

sing l e item. Cl osely associated i-·ith engine performance \\'as the result­

ing thrust chamber mixture ratio anJ its influence on combustion clwmber 

heat flux and injector cool.ing capabilities. The turbine drive gas i n let 

temperature and pressure arc important considerations from the standpoint 

of material selection, component si:e and weight, and engine system per­

fonnancc. Pump discharge pressure rcqui rements <li ct ate pump design re­

strictions or Jimitations and over,JJJ engine system performance . Othe r 

engine system considerations such as thenna l isolation between the turbine 

and ptunp and turbine and thrust chamber, engine power cycle stability 

charac teri s tics, the performance vs system weight tradeoff, and system 

packaging may result in significant advantages or disadvantages in the 

candidate engine poh·er cycles. 

18 
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(U) To satisfy the rapid engine start requirements of the AMPS, a study 

of start transient characteristics of the candidate cycles was required 

with consideration given to thennal conditioning requirements, repeata­

bility of start over a range of engine environmental and thennal condi­

tions, and the possibility of an overtemperature condition occurring in 

the turbine . 

(U) During mainstage operation, items such as thrust and mixture ratio 

control, the transition of control from start to mainstage, and the pos­

sible variation in turbine drive gas inlet conditions during throttling 

operations were evaluated. 

(5) Main Engine 

(a) Design and Operating Parameter Comparison 

(C) Prior to detennining the potential delivered engine performance of 

the candidate cycles, the major turbopump design parameters were estab-

1 ished for a nominal engine mixture ratio of 13:1. The resulting engine 

system requirements are presented in Table 4 for the three candidate 

cycles. The effective cooling jacket mixture ratio is the same as the 

engine mixture ratio and is equal for the three cycles. Thus, all of 

the hydrogen pumped passes through the cooling jacket for each of the 

cycles; the cycle selection is not influenced by regenerative-cooling 

considerations. 

(U) The pump discharge pressure requirements are equivalent for the thrust 

chamber tapoff and .hydrogen tapoff cycles, while the fuel pump discharge 

pressure _is approximately 13 percent higher for the expander topping cycle. 

The higher value is primarily because of the fact that all of the hydrogen 

i s expanded through the turbine before injection into the chamber. 
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(C) 'I'he se lected turbine drive gas inlet temperatures arc based 011 the 

previous selection studies (Ref. l and 2) wiLh respect to the t hrust 

chamber tapoff cycle and on the available hydrogen tem_perature for the 

two hydrogen drive cycles . To illustrate the influence of turbine inlet. 

tc:mperul11re (previously selected as 1500 F) 011 the t hrust chamber tapoff 

system performance. results are presented for a 1200 F i.ule l temperature. 

The lower temperature is representative of a minimum achievable for ·the 

combustion gas tapoff concept . 

(u) The lurbine inlet pressures were se lected lo provide fast engine 

s lurt charnc teris tics (low pressure) and s Lill achieve a reasonable dis­

charge prt!ssure and ha ,e flo.,,· c harnc teris tics . The turbine pressure 

ratios were selec ted from design considerations for the thrust chamber 

tapoff and hydrogen tapoff. 'Phe turbine pressure ratios for the expander 

topping cycle were derived from a power balance where the entire hydrogen 
I 

flo,, is e~:pantled t hrough the turbines. 

(b) Performance Comparison 

(C) The engine performance analysis for the three candidate turbine drive 

cycles was conducted over a range of engine mixture ratios to ensure that 

any interrelationship that exists between the en5ine power cycle and the 

engine mixture ratio would be included in the final design selection. The 

delivered main engine performance for continuous operation at full thrust 

vs engine mixture is shown in Fig. 8 for each of the candidate cycles. 

The specific impulse for the thrust chamber tapoff cycle is shown for tur­

bine inlet temperatures of 1200 and 1500 F. Al 1 of the power cycles exhibit 

a slight increase in engine performance as the engine mixture ratio is de­

crer,::Ses. At an engine mixt•Jre ratio of :i3: 1, the thrust chamber tapoff 

cycle (Tw = 1500 F) achieves 1. 3 second higher specific impulse than the 

hydrogen tapoff cycle . At· a turbine inlet temperature of 1200 F, the per­

formance advantage is reduced to 0.3 second. The expander topping cycle 

achieves a 2. 0-second performance advantage over the hydrogen tapoff cycle. 
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(U) The thrust chamber mixture ratio vs engine mixture ratio is also 

shown in Fig. 8 for each of the cycles. The expander topping cycle has 

the lowest thrust chamber mixture ratio because only the optimum amoWlt 

of base bleed (all of which is hydrogen) is subtracted from the primary 

flow. The hydrogen tapoff cycle has the highest thrust chamber mixture 

ratio because all of the turbine flow is hydrogen and is ducted into the 

nozzle base. The resulting thrust chamber mixture ratios are the primary 

cause for the spread in engine performance for the various turbine drive 

cycles because at the estimated hydrogen injection temperature, the peak 

theoretical performance occurs at a mixture ratio of approximately 8:1 . 

(C) The delivered engine spedfic impulse vs engine mixture ratio for 

9:1 throttled operation is shown in Fig. 9 for the candidate cycles. 

The corresponding thrust chamber mixture ratio is also shown. At the 

throttled operating aondi tion, little difference is seen in the perform­

ance capabilities of the three cycles because the thrust chamber mixture 

ratios are nearly equal. 

(c) Operational Features 

(U) A qualitative comparison of the system operational features for the 

three cycles was also conducted and is discussed in the following outline. 

Operation~l 

Stab i lity 
Themal Conditioning 
Possible OVertemperature 

During St art 
Variation in Drive Gas Temper­

ature With Throttling 

Environment 

Corrosivity 
Valves 

Structural 

Materials Limitations 
Estimated System Weight 
System Packaging 
Complexity 

(U) Turbine drive cycle stability was seen to be a potential problem area 

· for the expander toppiing cycle because of the low pressure tatio turbines 

that are required . This would result in subsonic flow in the turb~ne noz­

zles and a direct coupling of any instability between the turbine and thrust 

chamber. 
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(U) The higher turbine operating temperature of the thrust chamber tapoff 

cyc le results in a higher r esidual heat ca.pacity for the turbomachiner y and 

a greater thermal condition i ng requirement under certain start conditions. 

(UJ The thrust chamber tapoff concept could result in an uncertain tapoff 

gas mixture ratio, and therefor e temperat ur e during the engine start tran­

sient and al so <luring throttling operat ions because of dynamic character­

istics of the propellant feed system. The uncertain tapoff_ gas mixture 

ratio could result in an overtemperature condition occurr ing in the turbine 

drive system <luring nonsteady-state operation. The gaseous hydrogen drive 

cycles would eliminate this potential pr oblem area because turbine drive 

gas temperature is controlled by the bulk temperature rise of the thrust 

chamber j acket coolant. 

LU) From a hardware operating envi ronment standpoint , the thrust chamber 

tapoff cyc le is at a disadvantage because of the highdr gas temperatures 

and corrosivity of the IIF content of the combustion gas. These factors 

r es ult in limitat ions in materials that are suitable for the turbine and 

ducting fab rication. 

(C) ,\ prcl ir,11na r y compHri son of cng;i11c system ,~=eigh ls for lhc cw1d idnle 

cycles i11dicuLed that t here ,,ould no t he u significant. d i f fe1·e11ce in 

sys t.cm ,,e ip:h L he l1,cc11 t he thrus L c hnmhe r tapo f f and hydro~en tupof f 

cyc le s . 1101,e vcr , t he expander topping cycle wou l d result in u11 approxi­

ma t e 10-pcrcenl i ncrease in engine syslem weight ( 116 pound s ). This is 

pr imarily a r esult of t.hc inc reased l urbine inlet p r e1:1sure unll t he lnrger 

ducl i 111.r and va lves requ i r ed l o accommodate t he larger turbi ne flowrale . 

lisi ng Lhe propul sion system ..,-eight-specific impul s e exchange factor o f 

15 lb/ sec. this weigh t inc rease is equivalent to 3 seconds o f spec ific 

impulse. (Ref. 1 ) . 

(U) The l a r ge r hot- gas dueling nnd valves required in l he expander top­

p i ng cycl e ,, ould also make engine component packaging problems more 

difficult. 

25 , 

., @®~fFO®~~lf 0/i\lL 

l...-



I.J. 
111f• ll c M~•~-4'11-----~•....WW.., ... ....._ ..... ______ _ :, 

(U) The in jector design c riteria associated \o.' i th the thrust chamber tapoff 

concept woul<l r esu lt in increased complexity in desi gn and deve lopment e fforts. \._ ' 

The accomplishmen t of a uniform tapoff gas mixture ratio during steady-state 

and trans i ent operati on ~ould be a signi fi cant devel opmen t task. 

(1 ,I ·1111 •1·1! •,, ,.u ld ;ii -;q I,,, ii eompl<! .,i I_\' dr,;.id\',llllit/.!C l'or the c,parHlt•r· 1op-

p111I! eycl1: 111 rlw1 111,-l,111<: t,n,as :; d11 1.:1111g 1.·01tld 1,c n :quin.: d 10 1·ed11c-c 

. 1111mp 1111 1,cr t'or lh1·1111 l1!d r1 pcr111 in11. 

(d) l·.11 :_!111c ;-.;,arl Charac·te 1·1,-t 11· s 

c _,·,· le.-; 1,,•r·c 111n•.-:1 ,gated to compa1·1• start l t!nl•,-; 1u11! ntlH•r i tcms n•latPd 

111 lhl' start sysll'm . l h 1 • , ui ii I .,· 8 i ,-; 1, a ,; c o II du" 1 c d ,.- 1 1 h I II 1 • a i rl o f' 1 h c 

d1 /,!1la l 1·11m11t111•r 11111d1• I thill 1,as de1·1•lopl'd 1'01· the ,\.'1J>S 111u i 11 t! lll,!i11c. 

1· 1,r this a11al~·,-;is . the pumps 1,C' f'I ' a,-; ,; 11111ct! 1n he pnmcd a t i 11 i t i at io11 of 

1111: .-;ta1·1 .~<' •111c111· l' .. \II 1'11!!1111' ,.:lar·t,; 1,1•r c ta1il,-hcad :;tart;.; 1,ith ox1 -

d11l! I" ,urd ru,·I tarrl, pr·1• ,;s11rl's of'(>~ and 70 p,-;1r1 , rc,-;pccti \'cl~· . ,\ parnllc! 

lurhim' configuration "·as used for the three cycles . For this analysis, 

no attC'mp t was made to opt i mi:c the start sequence for any of the 

I ' .1·1· IC :-i. llel', 111se 1hi s ;-: t\ld_l' 1,as c 111H·e1·111:d 011ly 1,ith the 11\'ailahlc :;t. a,·1. 

1:111•rg_1· 111' 1•.ich l'_l'c!P. al I s ta1•1 ,; 1,<·1·<· :11.idc 11 s i111-! the f'ol l n1,i n ~ c11g111c 

,-;1'1f11Clll'C. !he 111a111 o, 1d111!r \'al~-p 1,a,; opened to t he '..!U-pe r cc•11t po ,;i tio11 

t,O 1111 I I 1:..:c1·11 11d s ilf t 1: 1· <' lll-!1111' :; tart. This posit ion 1,11s held llllLi! fuel 

111rli11pll!np ,:pl'ed n·al'hcd 1 0 ,000 q,m , at 1d11 r h t imc 

111 ra:np to rt,.: 1Ui1111;-;lil!!l' positio11 i11 1.0 seeo11t!. 

(c) ·11ie h111 -g,1s 1apo rr and h.rtlrogcn bl eed ryclcs 1.·c1·e star ted ,,ith the 

taporr ,·a ]\·1· at :.!OU lll' JT l'lll of mainsl a l-!e p.osi ti 011. The lapor r \'al vc 

1,a,: t hen 1·l11scd t o it~ rnai11 :; tagc p os ition in JOO rnill ii;c <.: orHls 1d1c11 the 

main u.\1di1.<'r nil\'e 1,as ,-;equc111·cd to hegin t o ramp opc11. 

(c) :::itart,-; 1,c l'e made for each cy c le 1,it h the thrnst cha.mhcr l hernrall y 
/ 

c 1H11lit io 11cd t o its predicted 11111:dnurn1 and mi111mum tcmpcn1turc (Jl,60 a11d 

1, 00 n. rc:;pcrt1 Ycl_v ) . 
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(U J Rv compa ring t urbopump speed buildup for each of the cycles under 

identi cal s tart conditions, the po,.-er cycle which had the highest poten­

tial sta rt energy 1,as de t ermined. Fuel turbopump speed for eac h cycle 

at both extremes of t hrust chamber conditi oni ng is shown i n Fig.10 . As 

can be seen , the hydrogen tapoff cycle has the fastes t tank-heaJ sta rt 

under both ex tn.:rnes of thrust chamber the rmal cond itioning. Main c hamber 

p r essure bui lJup for each of these starts is shown in r:ig . 11 . The nom­

inal start times to 90 percent of full t hrust for ea ch of the cycles are 

shown in Table -I 

(c) Sc lc<'tion S11mmnry 

( C) A rev 1 cw of l hc c:yc I e compnr i sons in t he vnrious arena le d to t he 

s elec tion nf the hydrogen lupo ff cyc le us t he mos t fovo rnblc cnndidnte 

for the main crq,dne. A summary of t he mnjo r considerations influencing 

l h iR 9cl cc t1 o n is ou tlined helow. 

l. The hydrogen t apoff cycle hns the fas t.est star t time; 0.5 and 

ll.75 second s foste r lhtu1 t he expruuler lopping and thrust 

clrnmber Lnpo ff, r espectively. 

:.! . The hydrogen l npo ff cycle is t he least c omplex . 

}. Prcdictr.hle lurh ine drive gns temperatures during start nnd 

t rnns 1 col ope ro Li on 

11. Low turbi ne opera t ing lcmpernture (1000 F) 

'.j . Dcsir~ble system stability c hnrncteristics (pr ovides decoupling 

· o f l hrus t c hnmber nnd turbine) 

6. Nonco rrosi ve t11rb ine drive gns 

7. The hydrogen tnpo f f cycle results inn small perfo rmonce penalty 

relative t o other c and idates ; .l.3 seconds less than thrust 

i:llnrobe r t.apoff with a tapo ff temperature of 1500 F, and O.J 

sec:ind lt'i t h a tapoff tempera ture of 1200 F. The expander topping 
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(C) c _,·c Jc h ,1.-; ,1 :: . l -sc t·o rlll perfu rma1wc ad,·w1 t agL' l111t ,,hen ,; y s t C!II 

\,'CJ ~h t. d1 rrcl'(• (:(' \.! S a,·c i11 c lu,lcd . t he hytlro ge11 tap u rr has 0111,v 

,u1 cq 111\",il c11 1 l. (J- s \.'co11d adY.u1ta/!e . ·IIH.' l'C 1 ,; n 11egl i gi1Jlc 

d i f'f' c r c 11 c:e 111 thr11 ttled e 11 gi 11c pe!'f'o rn1a1wc bct,,ec11 the three 

,. y,· I cs . 

1•. 'Ilic c .\c 1• .-.;,-; h_n lr11 gc!11 .-i C<"1111dary l'lo,,. o ,·e r the o ptimum w11111111t 

r1: q 11 1rcd 111 1l11: 1·oz1. l c has t•, has o ther pn t.e11tial t1se s (L!u1h 

jl l'CS ,IIJ' l/. il l, 011. e t c .). 

(1·) All o f' the sc l e<'l 11111 c ritp1·ia c s Lalil if;hcd f o r the ma111 c11gi11c ,,e n .! 

1he11 ap p l 1cd t o 1l11• :- c<· 1111tl an· e11gi11c t o H! lc c t the mo s t faYorahlc c1q.!;i11c 

p11,,c r <':·c l,: . ~l. 111., · n f' tl,1c ("1111 c lus io11 s s tated for t he q11nl i t.11livc co11si d­

e 1·.it 1011 .'i 1111 tile ma 111 enf.!lllf' c y c le CO!ll(HLJ" is un s arc nl s o val i d fo r t he 

s1•1·1,11da r:· 1•11 g 111c. llm•:Pn:? r, cc• rtat11 c11~i11c s : ·stcm c han1c tcristi cs pP. c 11liar 

111 t!I(' s1!c11111l ary c11g i.1H: r e s1il1 e d i n a grc a1ly d i ff c r e 111 l'l! la1 i ,·c cornpar-

1.-.: n11 o f' tile c .uHlid a t c L.\'l·lc ,; . 

(a ) De s i gn a11d Ope rat i ug Panunctcr Compari s on 

(c ) The mn.101· c11 ~ 111c s .,·s 1cm .u1cl 1urhop11111p operating panunct.ers ,,ere 

est abl ishcd l o pro Yiclc a c ompuri s on o f the t urbine drive cycle cffcc t i:L 

Thu~ compa1· isn11 is p1·c s c111cd i11 Tahlc S for an engine mixt11rc ratio of 

11: l. The t,,o tap n fr c.,· c les haYe iclcnl i c al p1unp disc harge prcss11rc 

n·q11ircme 111 s ,,hile the expnndc r topp i 11g c ycle , fuel pump discharge pres­

sure is approximatel y 65 percent higher. The higher fuel pump discharge 

pressure is because of the fact that all of the hydrogen must be expanded 

through the turbine nozzles. One of the major differences between the 

main engine and the secondary engine is the temperature of the gaseous 

hydTogen available for turbine drive, The bulk temperature rise in the 
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(C) cooling jacket of the secondary engine is considerably lower than in 

the ma in engine. For the gaseous hydrogen <lri ve cy-cles, the maximum 

..i va il abl e turbine 11i l e t temperature is 207 r:. However , the thrust 

chamber tapoff system can provide considerably higher energy gases. 

:\s a res ult of the 101,er hydrogen temperatures, the hydrogen tapoff 

cycle requires a higher percentage of the fuel flow to produce the 

required turbine horsep01,cr and this results in a very high thrust 

chamber i11ixture rati o (above stoichiometric). In the expander toppin~! 

cyc le, al I of the hydrogen is jnjected into the chamber after being 

c xpan<led th ro ugh th~ turh i ncs. 

(1) Iii,• 111d1,· ;11!'d 1111·lo111r• 1111,•t l'rcss 111·r· :-: .u1d ['l'C .~s 111·P l'iilios 1'111· the 

11,11 1;ip111'1' l; yc· l 1•,; ar,· IJa,-,·d 1111 ,the p1·c\·1011 :-: rl cs 11!tl 1'111' the SC\'011dary 

C II!! I !IC: 111 rl111!il ,1Cli I IIC r~· (lief'. ) . Tho,;p \·al1:cs s h o 1,11 l'or the e .\p,u1de1· 

(i:) .\ r·,,111p a1· 1,.:,n1 111' tlie dP.]1_,·prc•d !'111-(llle spt•yit'ic 1mp11] ;-;c vs engine 

r::1\ t 11 rc• r;it i,1 .it 1'1il I lhr11 s t 1'11r 1l1c thJ'f'<' c a11cl1d111c <: _',cles is shlll,n 111 

l' i!! . . 1~ ,il1111!.! 1,ith tlH' 1·Psult111g thr .1:-:t ·c hamhe1· mi x ture ratio vn1•j,tfio11. 

'lit<: 1i_, ·d1·11L'.CII tapnl'f' c ~· c !P h,i;" the l m,cs1 perfo r mance o ver t he 111i .-: lu1·e 

t·at 1n r,u1gc p1·1 !11 a1·11_,. lieca11 ,-e of lhc high thnr,;t ch.unhc,· 111ixturc ratio. 

Tltr tl11·11 ,; t C'h,u!1l10 r tapo fl' c ~·c l«' achic\·cs approximate]_\' (1.j secu11d .s h igher 

s111·c· 1l'l<' 11rp11l s ,~. I.cs ;; than l.0-sccund d i ffcrc11cc n~su]1 s heu,·cc11 com-

liu s t i (111 /!.IS i apo r r i <'!llpP ra 111 re .-; () r I '..!00 aJJd I '.>OU F' 

(r) Th<' expander t o pp111g !'_\'Cle obtain" 11.0 ;.;ccorHls h1~hcr specific 

1:np11l.-;c than thl' h:·dro µ:en lapoff c~·clc al ,u, Cl1J!illc mixture rnlio of 11: I. 

!101,·c yer. 1hc1•p is 111 s uffir-icnt eneri..";-· nYai !able i11 the he at ed hydn,gc11 to 

tlriYc the h:·drnge n pu!np at !01,cr mi.\t111·c 1·atios. As the hydro~cn 1'1 01.-i-ut.e 
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(C) i.':! i 11crcus ed (lo~;e r 111ixt11r c 1·,di os ) , the pump h o r sepower requi 1·c111e11L;; 

arc inc reased amt t he hydrogen b11JI; temperature dse i n t he coo ling 

j acket is retluced. ] I' the tur1Ji11e pressure ratio is i11creasetl Lu com­

pen s a t e for the i11l'reased ho r s cpo\,e r r c 11uireme11t, t he purnp d ischarge 

press ure als o i nc r eas e,; . The 11e L resul l is Lha l t he basic expander 

topping cycle \, ill no t operate al c11g;ine mi :,ture r atios below 13:l f o r 

Lh i s engine . 

(C) Tlll' dcli\"cr·cd eng i ne ,: pecific impul s e l'or 9:1 t.hro ll letl operation 

uf t he ,; ccnndary c11µ;111c is s h o\m i11 Fig. 13, The Lhrusl ch amber tapof'f 

cyc l e obtains the hig;he,-t pcrl'on:1ru1cc oyer t he c ng; i11c mix tu re r a ti o 

ra11µ;c. The cxpa11dcr to pp i11g cycle is po\,c r hmi.te<I belo\, an e 11ginc 

mixl11re ru1 io o l' 11 : I. 

(c) Se l ection Swruna1·y 

(C) A review of the cycle comparisons for the secondary engine resulted 

in the selection of the thrust chamber tapoff system. The same disadvan­

tages (corrosivity, material limitations, injector complexity, etc.) that 

were listed for the main engine also exist for the secondary engine; how­

ever, the disadvantages associated with the alternative cycles are far more 

critical. · In summary, the major factors are that the thrust chamber t apoff 

cycle achieves significantly higher perfomance than the hydrogen tapoff 

cycle and the expander topping cycle is restricted to high mixture ratio 

operation. Also, by reducing the tapoff temperature from 1500 to 1200 F, 

many of the potential difficulties of the thrust chamber tapoff cycle can 

be alleviated. The resulting mixture ratio of the tapoff gases will be low 

(~0.8: 1), thus reducing the corrosivity factor. The injector complexity 

and development problems associated with the thrust chamber tapoff concept 

in conjunction with the bell-type chamber are considered to require a lesser 

effort than with the segmented toroidal chamber. 
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1, . Series Versus Pa r alle 1 Turbine Arran2ement 

( I ) A. study was conducted to detennine and compare the des ign and 

n pe1·a 1111111il ,1d,·ai11;11!C -i t h ilt a ,·c 111ltc 1·c111 111 the se ri es 0 1· parnl lei t1i r 

lt111e i1 JT ,u1c:c 111c 111 s iu t o u.ju11c 11 0 11 1,, 1h t he hydro~cn tapo l' f turb ine d 1·ivc 

<·y e IC . 111 pr•·,· 1011.-; .\.\il'S l'<1rnpone 111 s cle<'I 1011 :-;tud ies ( II.cf". 1 ,u1d 2 ). 

tltc p,u·alle! l 1u rlt11H' urTw1gc" :1f' 11t ,,·a s selcc 1cd 111 cun jurl(· t inu ,, 1th t he 

t l1 r11 ,; I t:llil.!:il1c r· 1aporr IU l'llllll: d r i , ·c /.!ilS S llll l'Cl' . ,\ rc-evulu,lltUII or these 

111·•·,·111u .-; s clc1· 111., 11 .-; 111d1c,- 1,:i,; c1111.-;1dc 1·ed In he nec es sa ry i11 Lh is pru/.!1•._un 

ltcn111 s •· 11tc 1111·l,111c drl\·<' /!:HS 1,a s •·h ._uq.(Cd 10 ho t hytl r u~cu ttipo l'f l'o 1· l he 

111 a111 c11 g 111c. l1 cms 11 1' t· u11s 1dP1·a l 1011 i 11 l h 1-; rc-cvuluu11 0 11 i11 c l11rlcd e 11gi 11e 

pc1·l'ur?11ar1c·<'. c11!!.1111· s 1a1·t c-l1,11·actc 1·1stu·s . cu11t 1·ol s y s tC'm comple xity . 

wlviU1la/!l' S 111 111di111c dc ,; 1g11. a111I ,tl' l' - de sij.!11 opcra1 io11. 

(u) fir<' ! 1::1i 11ary dc ;.; 11!11 awl op c rat i n g pa1·iu11ctcr·s ,,ere determ i ned f o r t he 

-1(! 1·1 1!s 1111·lt11p11:•1p dc s1c:11 s . 'the p n•,·1011 s ly establi s hed pa r allel turh111e 

p;11·arnc1crs ,,.-er1• IIH•Jt used f o r a 1·11111pur iso11 or the tu rb i ne dcsi~11 re1j11 i 1·e-

11c11 1s . . \ s 11!:c11a 1·~- 11 1' lhc p 1· 1111a 1·~· l11 1·li u 1r- dc:-:iµ:11 1·cquiremc11t s is prCSl'll l Cd 

111 ·1;11,ie 6 

T,\JlLI-. 6 

TITUI I~ E DES I li\ IU.l/l" 1 llE.'tl·:~TS 

( ll'LL TI•!\'ST; ~I:\ I\ t XG I NE) (U) 

-
rrt~': [?~@~S'.!10~!L S€: r i e s ,\rrangemcn t Seri cs Arrangement. 

Pnnu:ie t er Ox.i d i ze r F'uc I Ox j dizer Fuel 

Tur bine Pressure Ril l i 0 ' I -- , ) ,, • '.i 10 10 

J n l c t Prcss u re l!at.io, ps1a 66 300 300 300 

Turbine FI01,rnte, lh s e c 0 .6811 0 .6811 0.:.!60 0,539 

Ef fe e t i , ·c Turhine \ ozz le ~ . :2:! 0 . 511:} 0.275 O. 3911 

Arca , . ') 
l 11. -

P o L ar ~l0111e11 t o f lne r t i a, 0 .00186 0.00262 0 .00186 0.00262 
lb-ft-s ec:! 
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,. ,...,.a._ __ 

(L) The l url,t11c pre.,;:;ur ~ 1·atios and 111let p ressure s were se l ected Lo 

prnv i de a f' ns t c 11 gi 11c s ta rt Lrruisient. The rec1uirecl f! o\•,ratc s were 

appro:,; imaled f rom an e11gine po1-.·e1· hulance ruli.dysis , nm! Lhe 1urhine 

rrnzt.le e l'f'c c tivc areas 1-.·cre compu led a s a I Luir- t.io11 o f f! owi:n t.es nml inlet 

press ure. Th e cs1.imate1I 111rhopLw1p pu lar mume11ts o f i nert i n sl1own in 

Tab l e 6 1,l· r·e u s ed i11 t he c 11 g i11c s tart rnudc l unaly;;is. 

( 1) E11 gi11e Pcrl'o11n,u1<·c 

(C) An c11gi11e ha lruH· <• iu1,tlys i s was c (rnd11 c l ed f or the ma i n e111~ 111c nt 

1'111 1 thrust and 9: 1 tllro lt l c tl opera tion with t he s P.ries ru1tl parall e l 

lurhine n rrungement. At full l hrusl opc ra tiun, the series turbine 

u1Ti.U1ge111en l provi ded a 0 .7-second h iµ;her de l ive red s peci fic impulse. 

Th i,; alfvw1tage 1-.·as reduced to 0 . 5 s e c ond at Lhe l hrot !.led operalin~ con­

di liuu. The se tliffcrences III e ngine performance arc cons ide red t.o be 

ncg l.ip;i lde , and , f or t he purposes o f t h is compari son, t he l 1-.·o t urbine 

arnU11-(C!llents provide equal engine performm1ce. 

(:.!) I:nginc Opera tional Featu r es 

(1 ' ) ,\ tnulcoff s tudy was conduc ted to inves tiga te and compare the engine 

s tal't cha rac t e ri s t ics of the l wu t urbine arrangements . The analysis was 

comluclc rl ,,i t h t he compu te rized AMPS engine slarl m(nfol. 

(c;) The compar i son o f engine slar l characteristics is made at altitude 

condi t i ons . The se ries t urbine , .,i t h a fuel inlet pressure of 300 psia, 

prod uc e s faste r engine start (appro ximately 100 milliseconds) than the 

parallel cycle . At hi gher inle t press ures, t his relative l y slight advru1-

t age is s acrificed and , clepentlit1g on t he selected pressure , t he series 

Lurbine arrangemen t start t ime may be slower t han t he parallel turbine 
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(C) arrangement. lhe pa rallel system start time can likely be shortened 

by optimizing the s tart sequence and initially directing the entire 

turbine flow t o the fuel turbine to increase the fuel turbine start­

ing torque. Th is opt.ion does not exist for the series arrangement . 

("'i) Ile"' 1 !!II l,011 s I tll' 1·a 1 1 011...; 

(1) .\ 1•1·«·1 1:11 111,11·~ 1•,·i1l1u111<111 1J1" 1•1 1;_! Jlll' pac: l, ;q.! 111 g and 1·1111trol s_ys1cm 

1·1•1111 1 n ::111•111,.; 1, ;1.- , 1111dtH ll'd for t l1P l\,o 111d,111c ,H-ra11gcra1•11l s . 'lhe lar/!c ,· 

h ol - :,.!as d11c· i.J11 /! a11d val v 1• rr•q1111·Pcl he11,ce11 11lc i.'11<•1 a11rl oxidi1.e 1· lu r hine 

111 1hc ,-e 1·1 l' !-' ;11.,- ,u1gc•:m•n1 1,11 I 1·P,rnl 1 111 g rca ic r d i ff ic11l 1~- 111 1·ompo 11e n1 

pac hatii11:,r a11d ;1 prol1 ,1ld1• ~·.v.-; 11•111 1,·cii.rht i111·re a :,c. ,\ c· u 1·,;0 1·y tU1al~· .. ;i,; or 
thP Cll:,!llll' thnJI 1 I 111 c charac1cn ,; 1 ic· s 111tl ic· all'd that lhe series urrangc -

1:i1..•11t 1,· j 11 1·cqt111·c a l1~·pass ,;~· s 1c:11 ,11·0111111 the o:-.i<l11.cr t111'1,i11c to a ccom-

jJl 1s h 1h(• rPq111rcd c 11p;i111· thrn1 ti i11g. The p,·ol.,al,lc system 1,·cig:ht 

i 11n·P;1,-c 111 c111·1·cd 1,1 th laqrc,· duel inl,! a11d bypas s syst e m 1,011)0 :110 ,;e Lh;u1 

1· 11111 1J1•11 s;1 tt• 1"01· 111c s l q !l1t pe1· f n rmiu1 cc adva11ta/!e o l' the sc 1· ics t11rld11e 

arraJl:,.!et:1e111 . 

(U) Based on the findings of these studies, significant reason docs 

not exist to· justify a change to the series turbine arrangement. The 

parallel system provides essentially equiva l ent engine performance and 

equivalent s t ar t time, greater system flexibility, and a less complex 

control system for off-design point operation. 

c . Mixture Ratio Se lection 

(c) Previ ous mixture ratio se lection stu<lies (Ref. 1 un<l 2 ) "·ere con­

<111cted for t he .-l'IPS nn<l led to the selection of M engine design mixture 

rolio or l}: I. Thes e stu<lie s were primarily based on t he op timizat ion 
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(C) of veh icle pe r formance , and showed that t her e was only a slight 

v ru·iaL1on in A \' c apah1l11y o ,·cr a 1·elaLively wi de range o f sys Lem 111i.x­

i1 11·c rnl io;-; . These p r eYI11u;-; :-; 1ud1e s i nc·lud e1l Lhe i11f111ence o r lite prc­

d1!'1ed crq41111J pc1·J'o1·11uu11·c. e11~!i 11c sy,nc1:I conIpo11e111 upc ru t1 11 µ: r c s lri <.: tious , 

a11d p r op(~l lani r ecd ,1y ,; tem ;,e i ght v n r ia1.1011s 1,i1h !lli .,t lll'<' 1·at.1n, 

(t ' ) 111 1·e - cva l 11aLi<111 o f the 111ixt11re l'ulio s clc<.:11011. r c l' i 11emc11l.'! in l ite 

cn ~ u,c pert' t11·111a11 c c c al c ulation s and e 11µ:i 11c dcs il,!11 panu11cten; ur·c <.: 011 -

:-: rdc!'ed a l o 11 µ: 1,-111! !Jr'" fwll;u11 fe ed s ~·s t cms 1,1t lt ellipsoi d al ttullu;. 

(1) The purpose.; of this analysis were t o determine the influence of these 

rc<.:c11t s ~·,dc•rn r c f' i11cmc11is .u1d 1,, i1ll'l1ulc addi111,11a l co11s i tl c r aLions s ll l' ll 

as 11rh1 ta l p r ope l la11t ,-; I 11 1·,qt<', pl'11pl· l la11i I1 1 I I 11.ui 10 11 rcq11i n !111C11i s . and 

C II I,!; 1111• d u rah 11 i 1 ;•. 

(1) rlic rn a .io r t·o r1s1der·at I 0 11 s 111 the mixt 11rc 1·alio se lect i on u1·c e1q.!:i 11c 

pc 1· l' o r mall('C . s~·s I £?!11 we i git 1 , and t he r c:; 11 It i 111.! 1,1 i ss i 011 /::. V capabi I i t y . 

. \cld i 11 1111al l'ac i ors ihat 111 I 1malcly i 11fluc11cc Lhc I;.\' p erfo r 111.u1cc are pro­

pel I ant s to ral-(e capabilit ies and pro pell.uJi. ulllizat io11 syslcrn rcrp1irc-

11H'11 t s. Olltc1· i11de1wntl<'11 t con s 1derali ons a re cnl,! i.ne comp one nt operating 

,uul desi u:11 rcs trirLiun s awl rluruhility o r l.1fe . 

( a ) 1-:uµ; i ne Pc rf o rma11 c e 

(C) The de ! ivc re d engi ne perfonnan ce info rma tion used in t h is evaluati on 

was generated in r11njunct1011 .,, ith t he turbine 1lri vc cyc le s election studies 

mul is sh o'-11 in Fiir. 8 throu gh 13 .. 1\.,o possibl e engine design philoso-

phies may he assumed in determining the influence o f engine mixturP. ratio 

39 

, 



(C) on ,.;pe ci f 1c· impul se . One approach 1s Lo c hoose a maximum combustion 

diarnlicr w,d l temperature arnl v a ry the coolant tube si ze and outlet pres­

su re us the hyd r ogen flo1,rate is vul'icd. The other approac h is lo main­

tain a co us tnnt. tube size, lettiul! 1,all temperature and pw11p outlet 

pres sure become t he variables. The later approach was used in this study 

l'or engine du1·aliili1y consi dernti u11 s . Thus . as e ng ine mixture rat i o i s 

de c r eased from the r101:1111al .de s i~n o f 13: 1, t he thrusi- chwnber ,;all tem-

perature decreases but t he pw!!p dis c harge pressure increases. If con-

s iaul tube hu11dlf'? dc s ig:11 i " asstrn1etl, the thrust c humber is capable of 
·.' 

1Jpera111111 at all mi:-.Lure ratios :;hn1,11. ln /.!eneral. engine specific 

impulse increases as the engine mixture ratio is reduced. This tren,· 

was exhibited for all thrust levels and for each of the candidate 

pump drive cycles. 

(1,) Feed Sys tcm \{e i a;h l 

(r) The propellant fe ed syRtcm s11hco11 l ruc tors. Convair Divi sion of Gen­

eral (lyn.unics (GD1 C) all(! Locl<hecd ~1i ssi les and Space Comp,uiy (LMSC), pro­

dded fH'C'liminary feed syslem 1,•f.!il,!;hl cluta for their respective design 

con cep Ls . Thes e relative slagc incrl ,,·ei~hl trends arc s hown in Fig. 14 

al on~ 1,·ith the c urve labeled llocketrly nc whid1 was the propellant feed 

~.n; tem 1,·cight trend developed in Hcf, 1 and used i. 11 the mixture ratio 

optimi1.atio11 studie s conducted fu1· Ref. 1 and 2. Eac h 1,·eig;ht c urve is 

1·cfe rc11cccl to t he 110111i11al de s ign value o f 13:l because only t he 1,·eight 

variation wilh c hange in mixture ratio is importa11t. 

(c) Mis s i on Performance Capnbi Ii ties 

(L' ) The combi ning of the engine perforniance and propellant feell system 

weight i nfurmation i11to the system /), V capabilities provided the ultimate 

comparison of the effect of mixture ratio variation. 
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(r) .\ 11 111:11tc r o r possi b le 111 i ss i o 11 profile s \,e r e co11si1lerctl (Tnhle 7 ). 

Th<' e qual Lhrus t u s e c ase ( all Lhrus l Jeye] s used e 1J11Ull~·) \, as uppro .xi­

matctl liy asswn i11/.! l h a l une quar te r o f the prope ll.u1t l oud \,as used at 

each o f 1hc four end po inl s 01' the throlllin l--( c·11rves: (he 111ai.11 cng: i 11e 

a t maxirmun u11d !11in im1u:1 thrust , .u11l Lhe seco111lury e11:.dnc a l ma x i1111un ruul 

rn i 11 i t11um thrus t. The 1·cndezyous missi ons were performed in the slamlnrd 

mm111e r \,i 1h Lhe in l e rce p tn r- l' o ll m,· i1111; 1u1 0;; 1 imwn traj ec to r y 0 11 Lhe l'Wl/!C- ­

nui l--(e ra Le pl.uic (Ile I'. 1). 

TAHU: 7 

POSSIBLE MlSSlON TIUUJST PHOFlLES (U) 

I. AP ro s pi Im lhrus t chnmher ut ful 1 lhrus t 

• l Acros pike l hrus l c hamber ul minillllUU thrus l 

) . Scconclary thrus t chamber ul full thrust @®~WOIID[[~'iTOli.\ll. 

'• . Secondary t hrus t chamher at minimum i.hrus t 

:; . 1-:tf ll a 1 propel lcu1t usa~e al all thrust level s 

G. Series o f rendez vous with pas sive t argets \d l h a 
!.!000 ft / sec plnne ch1u1ge be tween nrnilezvous 

7. Series o f rendezvous with pas sive tar~e t.s 

8 . Serie s of rendezvous \,·i lh evad i11g targets h aving 

(I-', \1 - Thrus t / 1,·e igh l ) 

F/W = 0.7 

(r) The 1:::. \1 data are pres ented us a limi t region of loss or gain ,u1d au 

average l oss or gain. Thi s method of averuging all cycl.cs a,11I weigh ! 

e s timates t ogether "·011ld he l!Ueslionahle if actual hard,, are were involved. 

bec aus e t he prolrnhility or actually ope1·ai.inl--( al the average point "·ould 

he z ero . llo\,evcr. h ccuus e purame lric da la are he i11g used aud i l i s the 

s lope s o l' t he \,eiirht and s pec ific impulse curves that arc of interes t , 

the ui,;e of an avera~c Yalue is j us tified by the rac t that the l'inal dcsi~ns 

are no t firmly eslaul ished. 
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(u) The D,V var i a t i ons wi t h mixture r atio for the ellipsoidal tank 

veh ic l e are sho,,.n in Fig. 15 and 16 for typical mission profiles. The 

averaire change in 6. V and t he limits within which all cycles fall are 

g iven. ln t he cas e o f equal t hrust level use (Fig.15 ), the limits rep­

res ent t he average o f the limits at each thrust level. In the case of 

t he rendezvous missi ons , t he limits at each mixture ratio represent Lhe 

limi ting cycle, mi ssion , and weight es t imate. Thus, all variations cal­

cul ated are enc l osed within the limit region. 

(c ) The maximut:1 change in b,V for any possible miseion thrust profil<' 

is shown in Fig . 17 , This range represents all cycles considered for 

t he e llips oidal tank v ehicles. The lower limit line is of primary impor­

t ance because it indicates the maximum possible loss in performance that 

c ould b e incurred by changing the nominal engine mixture ratio. For the 

e llipsoidal tunic vehic le, the nominal mixture ratio could be reduced to 

11. 5 with l e s s than a !--percent (approximately 200 to 220 ft/sec) loss 

i.n /:J V and wi th a possible gain in performance for some missions and 

we i ght c s Limates . However, as shown in Fig. 15 and 16 by the average 

var i aL ton , t he los s i n l:::.V Pvcn at mixture ratio 10 would probably be less 

tha11 1 pe t·c cnt for most 1:J'i ssions. 

(u) 'l'he corres pond i ng curves for the performance including the spherical 

i.m1k vehi c le in add ition t o t he previous weight values are shown in 

Fig . 18, 19, and 20. Because the spherical tank vehicle has a shal-

1 0\,Cr we igh t slope with mixture ratio (Fig . 14 ) , the addition of this 

\,e i gh t estimat e raise s t he average change in 6V and the upper limit 

c urve. 'I'he lower limit curve remains the same. 

(u) The analysis showed that the variation in 6V capability between the three 

engine power cycles was negl'igible rutd well wi tbt"n the limitations estab­

li shed hy the feed system weight effects and mission duty cycle effects. 
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(1) .\ c: 11 :!1pa1· 1s11 11 o r t he pc r1'0 1·!:1.u1c:c c,H1!11at cs u .3 i 111! t he C' llq1,;01 d a l 1a1d, 

\,C1.!,!hl ,; 1,; .: h r11,11 Ill 1 1/! , 2 1 t o r Ill<' lapurr (;_\ l ll• a11d a , ·,11· 1Cl~' ld l hl'IISI 

('1'111'1 JP ;-; , IIIC! 1.oc l,hc e d e ,; 11 :nau•.-; rend t o l,! f\·c a 6\' (ll'ah at l111,c 1· m1.\tu r e 

!'ill lll 'i 11ta11 "" lit(• ('1111 , ·a 1 r l' ."' I l!llalcs . 

(ii) P1·11pcl l a11t S1onq.!C El'l'cC't s 

(c) TI il· 11!'11 1t n l li1' (' 1i nw P f' the ,\.'!PS c,u1 hL• i 11 c rcu.-;cd h,v 111i l il'. i11;.r tank 

:a 1., 1111·c 1·,111 0s 1111,1! 1· , ha11 Ila <' l':·1• ,.;p11t 0 1· i l,!111al \'a luc o r 11:1. "111i s 

err,,,. , 1;-; s lun,11 Ill I I:,! . 22. l·,11· C.\IC111led !ll ls . ..;iu11s ill 1,hieh t llf! 11Jlt11.!C 

vo l 11!111• 1s i11c n· ascd ,u1d 11tc l1~·d 1·ou1• 11 1,ulli i s , ·e 11 l<•d to r cfri1£C J·a t1! the 

rt11111· i11c 1a11l, . 1111' l,!c11n s m ·allnhlc 111 6\' pcrrc,r:nw11·c obta i 11ctl h~ rcd11('-

111 1,! 1hc 1a111
, 1:1i,1111·c n11io l>Pco:nc> c , ·c 11 111u 1·c sq~11ir ic ant. Th<• a:110111 11 or 

11,vtlrol,!ell 1ha1 i s , ·,1po r i1L•d cl1u·ing a 1·eprcsc111a1 i\'c mi s s ion pro f i le i s 

ii l11 s1 1·.i1 1:d in I I:,! . 23 . lit<> s clcf'tcd mission ,,as a 90, J O du ty cycle 

1. 1!11'!1 1,;i ... tl1•1e 11:i111ccl ( I/er . 1 ) 111 l,p n·i1ind from u hy cll'ogc11 storaµ;c 

,, 1 and I'" i 11 1 . ·1 II is 111 1 .-= ,.; 1 0 11 1,;1!-' de r i ncd hy a p ropu 1 s i "" m.u1cuve r immctl i ate I~· 

upon achieving or bit in which approximately 90 percent of the propellant 

is consumed. The propulsive maneuver is followed by a 14-day orbital coast 

after whi ch the rema ining propellants are burned. In Fig. 23 ,the weight of 

unvaporizcd hydrogen remaining in the tanks is shown at the beginning of the 

coast period and at the end of the 14-day coast versus tank design mixture 

r·at I l> . Ilic dirrp1·c 11 ee bc11,cc11 the ;w c un·c :; imlicatcs the amo,m t of 

hytlro:,!CII nq 111 ri zed iu1d 1111a\'a i lahl c f o r pr opul s i on. Thes e 1· 1tl c ulnt io11 s 

a rc liasc•d 1111 lht• 0 !'11i Lal · pl'•>pc ll ant storag<' ana l ysis presen t ed i11 lief. 2. 

"llu•rc a !'c , ·a 1·1ou:; aµproac h1• :; Khi c h 11111y he fol 101,c:d to <·ompcns ule for 

t hese ;; 101·a/.!c l oss e s and L' l'ft' c t ,;im1ll t a11co11 s d epiction ot' t he oxidizer 

a11d f ue l. .\11 o r t h e s e a pp !'oaehcs 1:iay he de l' i11cd a s a f o 1,n o r propellan t 

11 t i I i 1. a t I o II s tr a I t' /.!Y • 
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(c) Pr opellant 1· ti l izatiuu Effe cts 

(L) To n1tLxi1ili ze t he propel l an t ut i li;rntion for all l!lissions. the sys tem 

!!JU!'ll have a fuel bias to off set hydrogen vapo r ization losses . Th is h ias 

cun IJe ac h ieved ei t her hy setting the tanl, des ign mi :: ture ratio equnl to 

t he nominal eugine mixture rutio amt off-l oading oxidizer for some mis­

sions, or !Jy designing t he tanks for a l ower mi.xture ratio t.hnn t.he nom­

ina l. The lat t er method makes t he most efficient use of t he system ' s 

capacity llll l requi r es t he capnbi li t.y o f operating the engines at lower 

t.ha11 11omi11ul mixtu r e ratio for some missions. 

(U) Two appr oaches lo propellrnit utilization strategy ,1crc considered 

in t h is study . 

(u) In t he sin~le mode propellant u t ili zat ion system , the tank design 

mixture ratio is equal to t he nominal engine design mixt ure ra t io, and 

t he engine operating mi xture ratio is constantly adjus ted t o correspond 

to t he propellm1t mixtur e r atio ex i sting in the tank. In t hose missions 

where large amounts of hydrogen are vaporized, very high engine operating 

mixture ratios could result for the final propulsive maneuvers and may be 

intolerable from an engine cooling standpoint. 

(u) The second approach has been termed a dual mode propellan t utiliza­

tion system an<l i s defined by loading t he system with nn excess of hydro­

gen to compensate Tor the maximum vaporization t hat might be expected to 

occur. The t anks would be designed for a lower mixture ratio t han the 

nominal engine des ign mix t ure ratio corresponding to the amount of hydro­

gen bias. The engine would t hen be operated nt the nominal design mixture 

ratio for the first 90 percent of the propellant consumed for all mission 

profiles. The remaining 10 percent of the propellants would be consumed 

at the t hen exis t ing mixture ratio of the propellants in the tanks. 

S4 
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(U) 'fhe advantage o f the dual mode _propellant utilization system is 

illustrated in Fig . 24 for a range of nominal engine and tank design mix­

ture ratios for the previously described 90/ 10 mission profile. The 

engine operating mix ture ratio for the last firing is shown for bo t h pro­

pellan t utilization s trategies versus the nominal tank design mixture 

ratio. In t he case o f the dual mode system, t he engine mi xture ratio 

during t he last firing is also t he nominal design engine mix t ure ratio 

because t he hydrogen t ank was bia·sed wi t h exactly the amount t hat was to 

be vapor i~ed. The single mode sys t em results in intolerably high engine 

mixture rat ios duri ng t he last firing. 

(U) Since the AMPS must be capable of a wide range of mission profiles, 

the propellant utilization schemes must be examined at the opposite oper­

ational extreme where all of the propellants are consumed immediately upon 

achieving orbit and a minimum of hydrogen vaporization has occurred. In 

the case of the single-mode system, the engine would operate at its nomi­

nal design mixture ratio. The situation is illustrated in Fig.25 for the 

dual-mode propellant utilization . 

(U) The upper curve in Fig . 25 is the same as that shown in Fig. 24for 

engine operation with dual-mode propellant utilization. The lower curve 

in Fig . 25 shows the mixture ratio at which the engine must be operated to 

effect simultaneous propellant depletion on the first day. These results 

show that the dual-mode propellant utilization method requires that the 

engine be capable of operation at three mixture ratio units below its 

nominal design value. 

(U) Relatively high nominal mixture ratios are desirable for propellant 
' ' 

utilization because of the excursions to lower mixture ratios that are 

required with the dual mode of operation. The lower the nominal value, 

the lower must be the minimwn allowable mixture ratio to achieve complete 

depletion. A desirable design feature, however, is to provide a thrust 

chamber regenerative-cooling system desigo that will permit operation at 

ss 
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mixture ratios above the nominal design value. Often the capability of oper­

ation slightly above nominal is required to ensure complete propellant deple­

tion . Also, maintaining engine mixture ratio precisely on a throttling engine 

is difficult, and excursions above nominal could be unavoidable. 

(C) '111e cl'fc t l of the tlual htude pro pellant u tilization 0 11 rni ssi o11 per-

f'or:1ur1t e c·apalii I i ties 1,as approx1!11ated h~· se t ti 11g the tank design mixture 

ratio t o a \'alue LCJ\,Ct· Lha11 t he 110111ir1al cngi11e clesign 111ixture ra Lio a111l 

1·e pcat i n g the prev i ou:; ly de :;c rihed relat i ve 6 \1 calculations. The resu lls 

ur•~ s h mm 111 Fi/,!. 26 anti 27, a11tl a gain the maximum possible pcrfor111m1c:e 

) (I ,; ,; i s l ess t ha11 I pertent fur 11 0111.i na l cn~i11e desi gn m~xture ratios 

ali11 vc I I . 'j : I . 

(c) ,\i1 al tet'llatc ,·ariat ion to t he dual mode propellant uti.lizutio11 sys-

tem mi.1.!111. he co11s i dc1·cd. The ox idizer ta11k cou ltl be off-loaded lo pro-

\'idc the h~1 tlrOf.!Cll hias to c ompcu s ate f or storage losses. In t hi s c ase, 

the l a11I, dc si/,!11 mixture ratio 1,ould be equal to t he nominal engine design 

mi .tu1·c 1·at i o, but t he <111,tl mode propellant ut i l i zation sys tem would 

otherwise function as previously described . As a result, less propellant 

would be available for propulsion and the tank weight associated with this 

unfilled oxidizer tank volume must be carried through the propulsive man­

euver as inert·weight. A degradation in system 6V capability would result 

in comparison with the fuel bias tank design. The magnitude of the 6V loss 

is illustrated in Fig. 28 versus nominal engine design mixture ratio for the 

90/10 mission duty cycle. The 6V values have been normalized to the 6V 

achieved with a single firing at a mixture ratio of 13:1. The off-loaded oxi­

dizer tank results in an approximate 2.5-percent loss in 6V in comparison 

with the fuel bias tank design. 
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(C ) .\ ,.: 1:;1,-; prrJ viou ,.: I .'· l!1 ,.:v11,.: ,; cd. t he e 11 1.!i 11 c tl c,.:i).!11 philos nphy ;1s ,-;1ur1l• tl 

1'11 1· n :dtr <.: t!d c11µ 111c d c•:-.i!in ::1 i,1.u r c r·a Li os 1,a,-; t.o I PL till• thrus t c hamhe1· 

l,!a s s ide 1, all tewpc r aturc liec·wn1• the va1·i,1bl c . . \ ,; t he 111i .\tt11·c rc1li11 i. ;; 

r c1 iu c ed. t he 1,al l t C!11pe r,1t un• dc c rcuscs, b11t the tu be bund l e p1·c ss111·1• drops 

and, th11s. the p11!11p d i.,-;c·lrn1·1-!c p1·c ,;s111·e i,; i11<·rcasc d, The 1·c duc·ctl thn1st 

c h .. u11 1Jcr ,,all IP111pc n1l111·e 1,oul d ,·c!:'u l t i.n ,u1 imp 1·o vc111cnl i11 e 11gi11c tlu,·a-

hLl i ty 1,it h th e presently ,;c•Jcl'tctl 1111,c :11at r!'ia l . The e ffe c t o f rcd111: -

i11µ the 11 011d 1ia l c u g i111• dc ,;.i ~n :111x t un• rn1 i o 1,t th a co 11s 1,uil t ulle dc s ii.p1. 

0 11 1,all t cmpcratur·e a nti lube bundle prP ssu1 ·<.• dro p. i s :-.h0\'11 in J,' ig . 29 

l'o r· the 1:wi 11 e1q.d11c. The s e rc ~ult s ,;ho,, llrn t the .,,·all lcmpcrature i s 

reduced 100 F for· 1' a c h 1111it reduc1io11 i11 mi x 1u1·c rat i o . l'he pre ssure 

drop i s i nc reas ed j0 p;;i 1'0 1· eac h 1111i r reduction in mixture ratio. 

("'i) ~li x ture Hu tio Se lcct i o11 Summary 

(u) ,\ s11nu11ary o f Ute major 1·esulls of t hi s ru1alysis is 011lli11ed hclo.,,·. 

I. l;e11eral ly, decreas in~ 111ixtu1·c ra t.io resul ts in inc reas in~ 

s pec ific impulse. 

., 
Dccreas i nir t anked mixture ratio re su l ts in inc reasing stage 

1,e i~h l . 

'3. Mi ss ion bN i s on ly s lightly affected over the mixture ratio 

range c ons idered. 

11. A propellan t sto rage 11dYantuge exists for lower t ruik mixture 

ratios . 

j, 1'he propellant utilizali<:n system requires that the engine 

be capable of operation at 3 mixture ratio units below the 

nominal design value (dual mode) . 

6. Thrust chomber hot-gas side t11be-wall temperat ure is 100 F 

lower per unit of mi x t ure ratio decrease , 
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(C) A review of these system studies has led to the sel ecti on of a nom­

inal engine design mi xture ratio of 12: 1. This engine mixture ratio pr o­

vides near maximum 6.V capability, reasonable mixture ratio excursions 

(both higher and lower) for propel lant utili zation , and increased engine 

durability over the previously selected va lue of 13: 1. 

(C) A propellant tank desi gn mixture ratio of 11. 5 :l is recommended based 

on the Rocke tdyne orbital propellant storage studies (Ref. 1 ) . Propel­

lant feed system subcontract or experience or anal ysis may indicate lower 

hydrogen tank heating rates \oo'hi ch may alter the recommended tank design 

mixture ratio . Also , a lower tank design mixture ratio may result from 

the consideration of fuel-rich start and cut off trans.ients and the wide 

variations in expected engine restart requirement s. 

d. Basic Engine Design Parameter Definition 

(U) The basic engine design parameters for the engine were defined, and 

are presented in Table 8 . Primary changes from the original design para­

meters at the start of the program include the main engine thrust chamber 

pressure, expansion area r atio, turbine drive cycle, thrust chamber design 

configuration, and engine mixture ratio for the main and secondary engines. 

Other differences between the original parameters and current design para­

meters l is ted in Table 8 are either related to the differences listed 

above or are the result of refinements in the description of components, 

lines, and manifolds. Pressure ·anrl temperature distributions throughout 

the main and secondar; engine systems are presented in Fig. 30 and 31 . 
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' ; .• 

Parameter 

Thrust at Vacuum, pounds 

Nozzle Stagnation Pressure, psia 

Total Oxidi ze:r Flowrate, lb/sec* 

Total Fuel Flowrate, lb/sec * 

Thrust Chamber Mixture Ratio, o/f 

Thrust Chamber Oxidizer Flowrate, lb/sec 

Thrust Chamber Fuel Flowrate, lb/ sec 

Oxidizer Turbine Flowrate, lb/sec 

Fuel Turbine Flowrate, lb/sec 

Turbine Inlet Temperature, R 

Hydro8en Injection Temperature, R 

Nominal Specific I_mpulse . seconds 

System Pressure Losses, psid 

Injector 
Cooling Jacket, Manifolds, and Ducts 
Line and Manifolds 
Line 

Pump Discharge Pressure, psia 

Pump Inlet Pressure , psia 

Pump Horsepower 

9: 1 Engine Mixture 

Main Engine 

}0,000 

654.3 

58 . 80 _. 

6 . 53 

11. 52 

58.80 

5. 11 

0. 431 

0.997 

798 

848 

459.2 

3330 

77 .4 
! 

6-.. &6. i' J 
;'6. 76 ·· I,:,' 

9.44 

6.86 

0. 727 

0.0055 

0.0295 

1440 

1490 

436.8 

33 

75 

6. 

o. 
10 

-6. 

o. 
o. 
o. 
15 

51 
45 

Oxid. Fuel Oxid. Fuel Oxid. 

194 

39 

887 

45 

405 
1249 

15 

25 

0. 1 

2319 102 

60 45 

195. 7 1205.6 2 .16 

90 
202 

0.1 

370 

364 

38 
38 

1235 

60 45 

25.8 42.3 

*Nominal propellant inlet temperatures to the pumps are 157 and 47 R for 



TAB '~E 8 

ENGINE SYSTEM OPERATING PARAMETERS (U) 

1ixture Ratio 12 :1 Engine Mixture Ratio (Nominal Design) 

Secondary Engine ~lain Engine Secondary Engine · Ma 
I 

3330 370 30,000 3330 3330 370 30 ,000 

757.0 88. 4 650 .0 77.8 749 . 4 87. 9 647.2 

6 .53 o. 771 60.20 7.21 6.70 o.799 60. 72 

0. 725 0. 086 5 . 02 0.60 0. 559 0.066 4.67 

10.26 9. 21 14.81 12 . 50 13.62 12.30 15.91 

6 . 47 0.769 60.20 7.21 6 . 66 0 . 797 60. 72 

0.630 0. 083 4.06 0.57 0.489 0 . 065 3.82 

0.055 0.0018 0.342 0.0045 o.055 0. 0017 0 . 325 

0 . 100 0.0016 0.610 0. 0189 0. 059 0.00 10 0.529 

1535 1775 1038 1870 1660 1980 1108 

517 729 1088 1920 642 960 1158 

459 . 0 431.9 460 . 0 426.5 458.5 427 . 5 458.8 

Oxid. Fuel Oxid. ruel Ox id. Fuel Oxid. Fue l Oxid. Fuel Oxid. Fue l Oxid. Fu 

364 316 43 37 200 335 25 90 375 244 44 29 204 32 

-- 257 - - 30 -- 1036 - - 167 -- 198 -- 23 - - 87 

38 188 0.5 2.2 -- - - -- -- 40 105 0.6 1.5 -- --
38 34 0. 5 0 .4 39 12 0. 1 0 . 1 40 20 o_.6 0.2 39 11 

1235 1591 137 163 889 2033 103 335 1240 1354 138 146 890 U! 

45 60 45 60 45 60 45 60 45 60 45 6(1 45 6C 

42 . 3 125 . 8 0 . 61 1.02 201. 9 808.8 2. 27 18 . 0 43. 6 73.8 0 . 61 o. 72: 204.7 6E 
. 

' R for the oxidizer and fue 1 



ninal Design) 

Se condary Er.gine 

330 

49.4 

• 70 

.559 

3.62 

.66 

.489 

1. 055 

1.059 

.660 

142 

(58.5 

Fuel 

244 
198 
105 
20 

I 

370 

87.9 

0.799 

0.066 

12.30 

0.797 

0.065 

0.0017 

0.0010 

1980 

960 

427.5 

Oxid . 

44 

0.6 
0,.6 

Fuel 

29 
23 
1.5 
0.2 

13:1 Engine Mixture Ratio 

~-lain Engine 

30,000 

647.2 

60. 72 

4.67 

15. 91 

60. 72 

3.82 

0. 325 

0.529 

1108 

1158 

458.8 

Oxid . Fuel 

204 

39 

320 
876 

11 

3330 

77 . 9 

7.31 

0.56 

13.51 

7.31 

0 . 53 

0.004 

0.0 171 

1970 

2020 

423.0 

Oxid. Fuel 

25 

0. l 

85 
158 

0 . 1 

Secondary Engine 

3330 

745.9 

6.75 

0.519 

14. 77 

6. 71 

0.454 

o.oss 
0.052 

1705 

686 

457.9 

Oxid. 

377 

40 
40 

Fuel 

226 
184 
89 
17 

370 

87.7 

0.806 

0.062 

13.33 

0.805 

0.060 

0.0011 

0.0009 
2045 

1030 

425.9 

Oxid. 

45 

0.6 
0.5 

1354 138 146 890 1857 103 321 1241 1300 138 

60 45 60 45 60 45 60 45 60 45 

73.8 0.61 o. 72. 2'.)4. 7 685 . 3 2. 30 1.60 44.0 64.4 0.61 

6S 

3 

Fuel 

27 
22 
1.1 
0.2 

142 

60 

o.65 
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'1P • 5 PS I --.,J 
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VALVE 
.1P • IO PS I 

p. • p . • 237 PS IA 
I I 

300 PS IA T. • 
T. • 1038R 1 

I 

l038R 

Ti • 47R 

P. • 60 PSIA 
I w z 

FUEL ..Jm 
PUMP t----'""'1 w a:: 

~~ 
"- I-

pd • 2033 PSIA 
T d • 68R 

pd• 
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T d • 7]2R 

LINE .1P • 11.5 PSI 

P. • 45 PS IA 
I 

i. • 157R 
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~-~OXIDIZER pd• 890 
~ ~ PUMP PSIA 
>< ~ 
o 1- T d • 160R 

p • 
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ANO RETURN LINES)• 
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Figure 30 . Pressure and Temperature Values for Main Engine at Full 
Thrust and 12:1 Mixture Ratio (C) 0 



FUEL TANK 
PRESSURE• 70 PSIA 

MAIN FUEL 
VALVE 
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2 
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PRESSURE - 70 PSIA 

T. = 47R 
Ti • l660R Ti • l660R 
Pi • 200 PSIA pi • 200 PSIA 
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I 

P. • 60 PS IA 
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T d • 70R 
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I 
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I 
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Figure 31. Pressure and Temperature Values for Secondary Engine 
at Full Thrust and 12: 1 Mixture Ratio (C) 
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e. Thrus t and Mixture Rati0 Envelope 

(C) An engine sy::.tem :-: tudy was conducted to define the !'ange of thrus t and 

mixture rat ios wi. th in whi ch the engi ne i s capable of operation. Previous 

component and engine system design and operational studies have been con­

ducted at the nominal eng ine mixture ratio of 12:1 and over the r equired 

throttling thrust range. Ho1vever. mixture ratio selection and propellant 

s torage studi es have indicated tl1at off-design mixture ratio operation will 

be required to accolllp li sh the range of poss ihle mission applications with 

(C) 

a maximum performance capabi lity . As a result, the engine system must be 

capable of operation over a range of mixture ratios at any thrust leve l 

within the requi r ed throttling range . The exact limits of the required 

mixture ratio exc11rsions were not known at the time of this study because 

the propellant management subsystem studies had not been completed . How­

ever . previous studies concerned wi~h AMPS mixture ratio selection, pro­

pel lant s torage capability, and propellant utilization requirements , have 

indicated that for efficient propellant utilization, the engine must be 

capable of operating three mixture ratio units below the nominal design . 

The analys is also determined that the capability of operating slightly above 

nominal mixture ratio is a lso required to ensure complete propellant 

depletion. 

Based on these earlier findings , engine and component thrust and mixture 

ratio envelope s·tudies were conducted over a mixture ratio range of from 

9: 1 to 13: l and over the required thrust range for both the main and sec-

ondary engine . This mixture ratio range is anticipated to be adequate 

for the propellant utili zation requirements. 

( 1) ~lethod of Analysis 

(U) A flow chart describing the various steps involved in t his study is shown 

in Fig . 32. The analysis was begun by conducting an engine system power 

balance and performance analysis for a range of engine t hrust levels and 

mixture ratios. The current engine and component design and operating 
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(U) parameter •~·ere input to t h is analys i s along with the current pump and 

turbine ope r ating maps. pr edicted t hrus t chnmber r-fficiencies. and reaen­

e r at1vc cooli ng heat t rans f e r values. 

(r) The r esults of thi s analys i s provide de tai led information pe r tain­

ing to the engi ne system and componen t operating r ange, such as, propellant 

flow ra tes. tu rbine fl o1, ra tcs , valve pre s sure drop requirements , and tur-

1Jinc speeds vs t hrust and mixtu r e ratio, l'h i s i nformation t hen estab-

1 ishe s t he ideal or desi r ed range of operating conditions for each of 

the e ngine i,;ystcm components over the r ange o f thrust and mixtur e ratio 

cons idered. 'rhis informntion is t hen fed into the individual componen t 

de s ign and nnolys1 s studie s to indica te the desi r ed operating range in 

s pel'd, pressur e drop. flowrat<', and pump head rise . \,'here t hi s operating 

run~c cannot be sati s fied without seriously compromi s ing t he des ign, the 

r estri ct ions imposed by that s pecific component arc imposed on t he engine 

s)· s t,em operating ran~e. The ne t res ult 1,ill be to define t he th rust vs 

mixture ra tio envelope within which the overall engine system is capable 

of o pc ra tion. 

(2) Results 

( U) The e ngine power balance and performance ana l ysis was completed for 

the main and secondary engines over their respective thrust and mixture 

rati o ranges . The result s of this analysis have been evaluated to deter-

minc · the range of operating conditions and design requirements for each of 

the sys t em component s . An examp l e of the t ype o f in format ion tha t i s ob-

taincd from this analysis j s presented in Fig. 33 through 38, which show 

the operating ranges of the main engine fuel and oxidizer pumps and the 

turbi ne hot-gas valve to satisfy the required range of thrust and mixture 

r atio. 

(C) The main engine pump design studies have furnished pump maps (head 

vs flow curves) indicating permissib l e r egions of operation. The required 

operating regions from the engine power balance analysis were then super-

imposed on these maps. The r esults are shown in Fig. 39 for the main 

engine oxidizer and fuel pumps . ·1ne r equired operating regions are shown 

for the oxidizer pump with either single or dual turhine hot - gas control () 
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(C) valves . 'lhe fuel pump is unaffec t ed by this option . The results shown in 

Fig. 39 indicate that the oxid izer and fuel pumps will no t impose any res tric­

tions on engine operati on between th rust levels of 30,000 and 3330 pounds 

anJ mixture ratios of 9:1 to 13:1. 

(r) The fue l und ox idizer turbopump a !"!'!emblif' s arf' capuble of ope ra tion through­

out t he des ired operati ng envelope. The oxid izer pump is capable of operiti~g 

over a wi de r ang~ of mixture ratios and at flowrates correspond ing to a thru s t 

leve l of upproximotely 31,000 pound s ( curve I, Fig. 40), The maximum thrust 

achievab le with the fuel pump (curve 2 , Fig . 4Q) is more dependent on the 

01wrati ng mi xture rnt i o. These pump limita t i ons nre due to t he combined 

effe c t of pump cavitation and max imum speed re s t r ictions, The pump speed 

IHI!" heen lim i ted to 111 pe r cent of the nominal de si gn speed (nomina l design 

a t. 10,000 pound t hrust ond 12:l mixtl1~e r at io). 

(u) The moin engine th rust und mix t ure r atio wi 11 be control led by a va lve 

loruted ut thr inlet of each turbine. The tu rbine-control vu l ves are 

l imited only by totol fl ow area available . The engi ne system operati ng 

lim1 tntionia with re~pect to t he fu e l and oxidizer turbine- control va lves 

we re determined from data obtained with the a na l og control model. 

(U) The thrust/mixture ratio envel ope for the secondary engine is similar to 

that of the main engine . Preliminary anal yses indicate that there ar e 

no component limitations which restrict the envelope within the required 

range. Verifi cation of the analyses is t o he made as further detailed 

des ign of the hardware is accompli shed . 

' 
( U) f . ~lain and Secondary Engine Per fo rmance 

( 1) Main Engine Balance 

(C) A main engine system power balance and performance analys i s was conducted 

to determine the effects of component modifications and experimental 

results t hat have occurred s i nce the initiation of the progr am. The 

system performance ana l ys is was conduct ed for maximum and minimum thrust 

and for engine mixture ratios of 9 : 1 to 13:1 . The system changes that 
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(C ) were incorporated into the revised performance es timates are an accumulation 

of design modifications and refinements in the predicted operating character­

is ti cs o f various component s. A list of the accumulated change~ that we re 

included in this analysis is as fol lows: 

(U) 

I. Rrfinements in fue l anti oxidi zer turbine and pump efficiency 

estimates 

2 . Decrease in oxidizer turbine pressure ratio hy the use of iden­

tical furl an<l oxidizer turbines 

3. H<'mova l of cavi tating venturis from propellant high-pressure 

r'ee<l system 

4. Slight increase in theoretical values of c* anti spec ific impu lse 

from a revision in the heat of formation of HF 

S. The change to a single-pass channel-~a ll chamber cooling ci r cuit, 

resulting in a change to the coolant circuit pressur e loss and 

hulk temperature rise,with a subsequent effect on fue l injector 

inlet and turbine drive gas inlet conditions anti pump discharge 

pressure requirements. 

These changes or r efinements in engine component design or operating 

characteri s t ics were input to t he computer ized turbopump power balance 

and engine ~ystem performance analysis. The results of t he main engine 

system performance anal ysis are shown in Table 9 for full thrust and 

minimum thrust .operation over the i ntended range of mixture ratio . . Some 

of the maj or operating conditions of the component s also ar e presented. 

(2) Secondary Engine Balance 

(C) The secondary engine performance estimates and operating parameters were 

revised t o inc lude changes incorporated since the initiation of the pro­

gram. The revision to the anal ysis inc luded the most recent turbopump 

operating par ameter s , slight refinements in chemical properties used in 

the theoretical propellant performance calculations (HF heat of formation). 

and the reduced pump discharge pressure require~ents due to tlte elimina­

tion of the cavitating venturis from the high-pressure propellant feed 

lines. The engine balance was conducted with a constant tapoff gas mix­

ture ratio over the operating range . 
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(C) The in jec t or and t apoff sys tem design that has heen established for the 

seconda r y engi ne has been anal yzed t o determine the tapoff gas properti es 

and fl ow char ac t eris t ics over the intended oper at i ng range of thrus t anJ 

mixture r atio for the thrus t chamber. The simpl es t and mos t practical 

approach wa s to design fo r a cons tant tapoff gas mixture ratio at all 

thrus t chamber operat ing conditions . However, the hydrogen temperatures 

at the exit o f the thrus t chamber coo ling jacket varies with thrust and 

mixture r a ti o . This influences the combus tion gas temperature and the 

di I uent (1 12) temper ature which compose the tapoff gases. Therefore, 

even with a constan t t apo ff ga s mixture ratio , the turbine inlet gas t em­

perature will vary . The anti cipated r ange of turbine inlet temperatures 

has been es tablished as 1200 to 1500 F over the thrus t and mixture ra tio 

range . Ac tuall y, it i s difficult to predict accurately what the tapoff 

gas properties will be over the operating range due to the many possi ble 

variabl es. The exact information wi ll be available onl y after thrust 

chambe r tes t exper ience is obtained. At thi s time, the constant tapoff 

gas mixture ratio and 1200 to 1500 F turbine inlet temperature appear to 

be the mos t accurate theoreti ca l model. 

(C) The result s of the eng i ne performance analysis, over the intended range 

of operating mi xture ratios , a re presented i n Table 10 for full-thrus t 

ope ration and Table 11 for minimum-thrus t operation. Only very minor 

vari a tions in the fl owrates and operating conditions have resulted due 

to the above rev i s ions . Figures 41 and 42 show the variation in tapoff 

fl owrate and i t s influence on thrust chamber mixture rat io for a constant 

eng ine mixture ratio of 12 :1. 

g . Engine Influence Coefficients 

(C) A set of pre liminary engi ne influence coefficients (Tables 12 through 15) 

were pr epared for the main and secondary engine at their respective full 

and 9 :1 throttled thrust operating levels and , in both cases, a t the 

nominal design mixture ratio of 12:1. The selected independent variab l es 

include external engine effects such as propel lant inlet pr essure and 

temperature conditions, and internal engine design or operating condi­

tions such as sys tem pr essure drop and coolant bulk temperature rise . 
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(C) lne system pressure drop effect is characterized by the oxidizer or fuel 

injector 6P, and may be interpreted to have the same percentage effect on the 

dependent variables as ~p variations in other parts of the system. The anal­

ysi s was conducted based on the assumption that the control system would 

always maintain the command thrust and mixture ratio value with any system 

perturbation. liased on thi s assumption, engine thrust and mixture ratio 

remain constant, and the delivered engine speci fic impulse becomes the pri­

mary dependent variab l e. Other dependent variables are presented to indicate 

the effect of the independent variables on engine system component operating 

characteristics such as pump and turbine speeds, flowratcs, and horsepower 

requirements. lhe da t a in Tables I .? through l S show that there is minima l 

effect rea l ized by var ying any one independent variable. This should be 

expected with an engine utilizing both thrust and mixture ratio cont rol. 

h. Engi ne Start and Cutoff Analysis 

( 1) Preliminary Sequence Selection 

(U ) Start and cutoff sequence logi c analyses were conducted for the main 

engine. Although differences existed in the secondary engine transients, 

they were considered to be inconsequential for this preliminary analyses. 

(C) The busi c philosophy adopted for start and cuto ff engine sequences 

wus that the transitions would be accomplished without exposing the thrust 

c ham'Jer to excessive temperatures that may result in shortened service 

Ii fe. Because mainstage oxidizer/ fue l mixture ratio (12: l) operation is 

planned to be on the fuel-ri c h si de of stoichiometri'" (18:l), it was 

conc luded that start must he a ccomplished .,.-ith a fuel lead Md cutoff 

must be accompli s he d .,.·ith a fuel lag. In this .,.-ay, the maximum mixture 

ralio experienced during t he stnrt or cutoff transient would be less 

t han l~:l. and the high t emperat ure associated with stoichiometric mix­

tu re ratio would be averted. 

• 
, 



( 1' ) \o.' 1. 1h t h e f ue l ltJad cJurin~ s tart, mcas11rc s arc r c q111rcd t o prcvc111 

11J c o.x1 d11.e 1· sys tem 1'1·0111 beco111111~ p 1· 1,11<.- d 1,1 t h l!,1-;c o11;: f 11 P l. \\I th tl1i ::1 

(; 1111<11 111111 pre:-;e 111. pn,pc l li.int 1g_111 11 o n 1,01tld 1>1·1,l ial,I_\' 01· c 11r i 11 t h e oxi­

d11c!' 111.J1:Ct 111·, dt1 c.: 11 111!: , mUJ11fold,-. , va lve :; , .u1d <1 1· p 11mp 1, hc 11 11lc o .,1d1zer 

\· a l v •• ope11c cl. Co11 s eq1u?11tly. a h1°l11L111 JHt r gc wa)'. dcf111cd \ 11 prov ide a pos -

1 1 J\'(: p1·e .- :;111·e 111 1111· o .,id11e r s ~·s tPm and hl od, t h1• f11 e l 1'101, r,·0111 11Jc 

r· r1mli11s t 11111 c· ll ;u11l,cr t l1 n111,11;ll t lH• o .,1 d1 1.c 1· 111,J1:cto1· . 

(t) \11 111 rlie .-; e <:0 11 :-;1dc 1·a111,11 ,; . a 1'101, d i a l!r.un t or 11J1° s 1ar1 >iC CJliCII C l! 

1,;1s dcl'111 e d (l-'11! , 43) . l· r wu 1lH• f'ICI\, d1al!r1c11. iu1d t h e prcl1m 111a1·~· data 

1.!t:1wr11t•·d r ,·,,:n the 111 a1 h l0 !11,1tr e ;d sia1· 1 111od1•I used 111 t he c y c l e ::;e l ec- 11011 

s 1111l1es . th e s 1a!'1 s 1•q11L0 11 c e .~11 ,11,11 111 1· 1l,!. 44 and 45 wc,·c df'f'1.11cd. 

( UJ The majo r Ji ffercnc c in till' pre l iminary moJ e l work pr esent ed and the 

f ina l sta rt sequence anal~·~ i s that is p r esented later in this s ecti on i ~ 

that o r unp r imeJ turl.Joputnps at star t . The pr elimina ry model :inalysis 

assumeJ primed pumps . 

( U ) ;\ fl01,, diag ram o f the cutoff seque nce was p r epar ed (Fi g . 46) on the 

basis o f r eali:ing a fue l - r ich cutoff transient. From thi s 1Liagr am , a 

cutoff s equenc e was estimated and i s shown in fig . 47 and 48. 

lC) Because the e ngin e i s to be de s igned fo r rap id r esta r t capability , 

the engine r equires the nec essar y condit ioning fo llowi ng cutoff t o pr e­

pa r e for an immediate r es tart or , in the other limit ing case, for a 

r estar t afte r an extended coast pe r ioJ . An eva luation was made , usi ng 

t he pr edi c ted vo lumes fo r the oxid i :er sys t em, f r om which it was dctc r ­

mincJ that a 100- sc fm he lium purge in i t iated coi ncident with main oxizier 

valve c losure a nd introJuceJ upstream of the ox i di :er pump 1~ould purge 

the r esidua l oxidi zer (e xc l usive of t raps) from t he ma i n engine s ys tem 

in appr oxi mat e l y 1. 0 second. TI1i s pui::ge should fulfill the restart condi­

tioning requirement. 

l 



I START SEQUENCE SIGNALj 

ENG INE SELECT I ON I -

I I I 1 
STANDBY FUEL OXIDI ZER 

OXID IZER 
OX IDIZER PURGE OFF 

TANKS VENTURI VALVE VENTURI VALVE 
PURGE ON (GROUND 

PRESSUR IZED 
FULL OPEN 20 PERCENT 
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l 
- I I I 

r--- -- -- - ----- ENGINE START SIGNAL 
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LI MITER TIMER 
(CUTOFF- START 
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Figure 43. Start Sequence Flow Diagram (Preliminary) (U) 
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(U) A control logic fo r the main engine was defined that would provide 

the ~tart and cuto ff sequences previous ly described, together with the 

conditi oning purges , and is discussed in the Control s section, page 416. 

A fuel sys tem purge a t cutoff is included in the logic to produce positive 

fuel expu l s ion to the corr.bus ti on chamber during the cutoff transient. 

l2) Tran si ti on Between Main and Secondary Engine 

(Li) fn cer toin mi Ps ion applications t here i s o requirement for continuous 

engine t hrottling in t hrust reg ions ,.-here it is necessary to s"Witcb from 

t he mai r, engine to t,be secondary engine. A brie~ eva luation of t he impact 

of Lh i ~ con~idcrnti on on the cont r o l system star l and cutoff l ogi ~ and 

sequencing wa H co nducted. 

(t_;) Under t he most seve re of engine operating condi t ions , t here could 

be a si gni f i cnnt. time lag be t ... •een t he time ,,.,hen t he main engine is s hu t 

down and t he !lecundary engine i s br ought up to full t hrust unl ess special 

pr ovi s i onR arc mode. Thi 8 t ime log i !'! due to the poss ibl e r equirement 

f or engi ne chil ldo.,, n, a heli um purge of t he secondary eng i ne feed system 

before stnr tup, and t he nominal start t rans ient time. 

(C) An estima te was mode of the AMPS engine switching time lag for a 

rendezvous mi ss ion opplication based on the preliminary engine atart 

end cut.off transients presented in the previous quarterly report. This 

estimate assumed tha t the secondary engine start signal would occur si­

multaneously with the main engine cutoff signal. An estimate of the 

delivered engine thrust vs time is shown in Fig. 49 for the main and 

secondary engines. The dotted line indicates the total thrust produced 

during the overlap period when both engines are producing thrust. The 

total time leg bet~een cutoff and the re-eetabliabment of thrust is seen 

to be approximetely 2 seconds . Thia tim~ lag is satisfactory for a near­

optimum rendezvous approach trajectory baaed on the studies of Ref. 1 . 
and 3. . The results of this study for these type minions indicate that 

special control system provisions are unnecessary for the main/ secondary 

engine throttling transition ; however, they would be provided if other 

type missions dictate the need. 
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(3J Main Engine Thermal Conditioning Requirements 

(U) A stu<ly was conducted to determine the effects of fuel feed system 

thermal conditioning upon the main engine's start transient~ 

(C) The anal ysis was conducted with the use of the digital computer 

model of the engine start dynamics. Simulated tank-head engine starts 

were made with fuel and oxidizer tank pressures of 70 psia and 65 psia, 

respectively. The lower oxidizer tank pressure was used to prevent high 

mixture ratio excursions during priming of the oxidizer feed ~stem. 

The main stage tank pressures were assumed t o be 70 psia in both tanks. 

(U) Engine thenne1 conditioning requirements were investigated for two 

extremes of initial feed system thermal conditions . The first cage simu­

lated an immediate restart; t he pumps would be at the propellant liquid 

temperatures and t he thrust chamber would be at an average bulk temper­

ature of approximately 1000 F. The second case simulated the engin~ 

thennal conditions after attaining equilibrium during an orbital coast 

period. This ·latter case represents the most stringent thennal e0n~i­

tioning requirements, because the pumps and thrust chamber temperature 

would .be approximately 60 F. It bas been determined that the initial 

pump temperatures will always be within t hese approximate extremes. The 

analytical model used in establishing t he pump thennal conditions was 

verified by comparison with analytical predictions and actual engine 

firings studied under contract NAS 8-20324, "Thennodynamic Improvements 

in Liquid Hydr.ogen Turbo pumps. " The r esults of the current AMPS analysis 

were found to correlate close ly with t he results of the previous studies. 

(C) With the fue:i. pump and ducting at liquid hydrogen temperatures, the 

engine will reach full mainstage in approximately 2.0 seconds. Ho,~ever, 

with t he warm pump and ducting, the engine will require approximately 

4.3 seconds to reach mainstage. The warmer pump and ducting increases 

the engine start time by lengthening the time before the ·pump begins to 

generate positive head and by reducing the fuel ·fiowrate through the 

system • 



(U) The vaporization of the hydrogen entering the 1"1varm" pump r esults 

in increased r esistance to liquid flow by the downstream feed sy~tem 

components such as the hydrogen control valves and cooling jacket tube 

bundle. Thermal condit i oning requ i rements of the oxidizer feed system 

were found to be nonr est r ictive r elative to the fuel feed sys tem. 

(U) Several methods ~ere considered to reduce t he magnitude of the hea t 

flux t ransferred to t he f ue l and/ or reduce the effect of the hardware 

tempera t ure upon t he star t time, Methods of reducing the downstream 

resistance to flow were also investigated. The following sys tem vari­

ations were considered: 

1. A 0 . 002-inch Kel-F coating on the rotating parts of the fuel 

pwup 

2. A 0. 010-inch Kel-F coating on the high-pressure ducting ru1d non­

rota ti.. ng parts of the fuel pwnp 

3. A 0.002-inch Kel-F coating on t he rota t ing parts of the fuel 

pwnp plus a 0.010-inch Ke l-F coating on the ducting and non­

rotating parts of t he fue l pump 

l1 , neplacement of the fuel cavitating venturi with a large flow 

area va l ve 

(U) Figure 50 shows that the amount and location o( the Ke l -F coating, 

or any other low-conductivity coating, determines how effectively the 

fuel is thermally isoiated f rom the metal and how quickly the fuel 

reache s liquid temperatures. Once the fuel has reached liquid tempera­

tures, t he fuel density in the feed system is dependent upon t he pressure 

generated by t he pwnp. Thus, pump speed buildup ,\·i 11 influence how quickly 

liquid densities are attained, Figure 50 also shows fuel density at the 

pump discharge for each of the system alterations considered. 

(U) Chilldown and priming of the fuel system is hampered by choking of 

the cavitating venturi with gaseous and two-phase flo,w, Thus, a chill­

down was made with the cavi titting venturi replace~ by a low-resistance 

butterfly valve. The resul ts of this change are included in Fig. SO. 
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(U) Use of the butterfl~' valve instead of the cavitating venturi reduced 

chilldown an<l fuel pump pdme by approximate}:,· 1.0 second. The 1.0-

second gain in start time 1s•as achieved by inc reasing the amount of fuel 

flow through the system in the early phase of engine start. 

(U) Using the same engine sequence for each of the above systrm vari­

ations, the total elapsed time from start to mainstage is given in 

Tabl e 16. 

(LJ) An alternate control system configuration, usL1g two hot-gas turbine 

control valves, may also provide a benefit fo1· the "warm" start condit.ion 

through greater sequencing flexibi 1 it:,· during the start transient. 

(4) Preliminary Start Sequencing Optimization 

(U) /1. start sequencing control system optimization was completed for 

the main engine using a single hot-gas turbine control valve. The 

optimization analysis fwd t he primary ob,jectives of providing a rapid 

stn r t with 1 ittle or no overshoot of pwnp speed or chmnber pressure, 

mnintnining engine mixture ratio within a tolerable range for thrust 

chamber cooling considcrn tions, and providing control function signals 

thut urc independent of ini tinl engine thennal conditions. That is, 

the control system will automatically compensate for variations in in­

itial t hermul conditions by taking the sequencing function signals from 

selected engine system operating parar.ieters. A further requirement is 

thn t t he nlrnve engine s tarting fea t ure .;; be achieved at starts to any 

thrust l evel within the throttling range. 

(C) The analysis was started by assuming the basic start sequencing con­

trol logic tlwt was previously discussed. Tank-head starts were simulated 

with the ai<l of the computerized engine dynamic start model. Start char­

acteristics were evaluated with both cold and warm initial conditions. 

foll-thrust chamber pressure was 650 psia with a mixture ratio of 12:1. 

A cavitating venturi was used for the oxidizer flow-control valve,and a 

large flow area valve was used for the fuel flow valve. Both oxidizer 

and fuel turbine flow was controlled by a singl e hot-gas valve. 
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TABLE 16 

EFFECT OF FUEL SYSTEM THERMAL VARIATIONS 

ON ~GINE START TIME (U) 

Fuel System Variation 

No Alteration 

O.OO2-Inch-Thick Kel-F Coating 
on Rotating Ports of Pump 

.Q,O1O-Inch-Thick Kel-F Coating 
~n Ducti~g and Nonrotating 
Pnrts of Pumn 

O.0O2-Inch-Thick Kel-F Coating 
on Rotating Ports of Pump, and 
O.O10-Inch-Thick Kel-F Coating 
on Duc~ing and Nonrotating 
Parts of Pump 

Butterfly Valve 

103 

Engine Start Time, 
seconds 

Instant Start After Long 
Restart Coast Period 

2 . 0 4.3 

2.0 J.9 

2.0 3,0 

2.0 2 ~49 

2 .81 



( c) l'he ,main chamber prc s;c;ure and prnnp flo,.i·,lle s ns a function of time 

during t he start trnns ien t ure s hmm i n Fig . 51. . The T ei:;u] ts sho,,n in 

Fig. 51 c.ll't' t·t•pre s cntul i,·•~ of t he opt imized f; Lar t s equenc e for t he s ingle 

hot-ga s v,1 l vc system , 

il]ustr;tcd sta rts. 

The fo 1 loidng sequence 1,ns e s tnhl isheil for the 

l. .'lain fuel and oxidizer valves opened nt e ngine start 

r, , Fuel-control valve opened t o muinstage pos i tion at. engine star t 

'j , i llo t - gas vuh-e opened to +200 percen t o f mai nstuge at engine 

star L 

l1 , Oxidi zer co nt r ol Yulvc o pened to 35 percent of m.iins t agc 1,·hen 
. . "· 

f'uc ·1 injection press ure r eache s 50 p;-;ia (1 iquicl is in pirn1p) 

]. l·\ 1e l cont ro l valve , oxid ize r c ontrol valve •, und hot-gns valve .-,' 

turned ove r to mu insLngc controls ~hen o~iclizer inj~ction pres ­

s ure r ea c he s 200 psi..i ( ox i dizer ducti ng p r imed) 

(U) The res ul ts s ho,m i n F1g ·. 51 ind icafo t hn t the follo,,ing bas ic engine 

stnrt olJ, jectives can he acliievecl 1,ith t his sequence , 

l. 

f) -· 

Hapi.d st,1 r Ls can he achieved , 

\1ur111 pump starts can he nchi cved, 1d1i ch are fn s ter tlinn s h·o1m,. 

by uti l iz i ng t he preYiously di scussed feed system variutions 

t o i mprove t hc1111n ] conditioni ng effects. 

3. Cood t hrust control is obtained. 

4. No overshoot occurs. 

5 . Engine mi xture r a t i o is maintained at or belo~ the mainstage 

command valve through the start transient. 
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(SJ Engine Control Configuration Selection 

(CJ The contro l sys tems fo r the AMPS engines is required to \.'.Olltro l thrust 

over a t hrottl e range of 9:1 an<l over a mixture ratio range of 12 :l to 

9: l (oxidizer weight:fuel "·eight). The orig i nal confi guration at the 

start of the program utili zed liquid control va lves locateJ in the high­

pressure propel lant duct and a single turbine control valve located in a 

1 ine cvmmon to both oxiJi:er an<l fuel turbine inl ets . 

(u) In the original engine start sequence anal ys i s (Ref. 1 ), some major l imi­

t a tions ex isted . .-\s a result, severa l variations i n the number of valves 

useJ, toge ther 1dth the l ocation of the valves in the engine , were <l 0f.ined 

fo r control of the ,1\,\IPS e ngines, an<l a tradeo ff analysis was conducted. 

The analysis was made for the main e ngi ne, but the results are cqualJ y 

appl icablc t o the seconda ry engine. 

(ll) Thi' variat,io11!' (Fi!!.52) inclucl<'d rombi nat,io n~ o f one turbine control valve 

wi Lh 0111• 1111d lwn I iquid co11l1·ol v11lve~ , and t,1,·o !,urbi11e cont,r o l valves wi tit 

c, 11e , two, a nd no liquid control v,ilve s . 

(C) In ncldilio 11 lo lhn1sl a nd mi xture l'illio contrnl , t he objective!' for the 

AMPS e nR i nc conlrol sys tem were c~t.al>li s lH•d in lc t·ms o f t hru st ramp l'lltc 

hc>twPc 11 10 amt 100 percent t,l,ru s t , and cngi nf! resta rt rttpabilit.y. An 

nb,il'1·Live o f' 1)0.-pPr·r••nt, t hrni-tl pe r ~ccond was estahlished ns a rcalisti1· 

n1mp ralc ob,i ec t.ive 1'01· ci LhP r· inl't·casing or drl' l'ensi11g t11rust. The mnxi­

rn11m throlLle rnle rN1uircd f o r a pa ssive ta r g11 t, intercept was found to he 

0.:2 percent pe r second for n11 initial rn nge r.it.e o f :2000 f t/Rec and a range 

o f 50 11 mi (Hef. 1 ). Simi hll·ly, the f'.quivalenl rnmp rate nt Rtart i s 11'., 

pe,·ccnt pe r second ( t he stn rt !-IC!Juence to 90-pc r·cent thruHt i !:! ac<'ompl i Rhed 

in 2 se conds). Ho-..·(,ver, du I' i ng o portion o f the sta rt sequence the t hrust 

,·amp is in the ord er of 90 percent per second . Also, rapid restart of the 

cngiues or switching fr om one engine to the other is consi dered n primary 

objective. In this respe c t, a cutoff sequence objective in the order of 

2.0 seconds and n switching time objective of ::! . O second !' were established. 
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(u ) In addition to satisfyi ng these objectives, it was considered importnnt 

that a relative ly simple control system be defined. To be consistent 

with the s tart and cuto ff sequence object ive~, the ramp rate of 90 percent 

per second was establ ished. 

(u) At the outset of the tradeoff analysis, major i nfl uenci~g fac t ors were 

found to be the number and location of turbine control valves . The tur ­

bine control valve arrangements ar e discussed below. 

(a) Single Turbine Control Val ve Syst em 

(U) The original configuration consisting of a single t urbine control valve 

and oxidi zer and fuel liquid control valves was found to have more than 

adequate thrust and mixture ratio control . Resul ts from the mainstage 

control analog model indi cated t hat a thrust ramp rate in excess of 200 

percent per second is achievable while maintaining engine mixture ratio 

within 1 unit of ta rgeted, Although the configur ation was not tested, 

similar resu lts are predicted for a control system consisting only of a 

si ngl e turbine control valve and a single oxidi zer liquid control va lve 

(Fig . 52b). 

(u) The liquid control valves defined for the origfnal conf iguration were 

variable area cavita ting venturi val ves. In addition to providing engine 

control, the valves were expected to provide decoupling of the engine mani­

fold and thrust chamber fluid systems from the pump and feed system and 

also provide the mechanism to de termine flow for engi ne mixture ratio con­

trol. lbe model tests showed that with the ~avitating venturi val ves in 

cavitat ion during increasing thrust, the maximum ramp ·achievabl e from 10-

percent thrust to 100-percent thrust was approxim~tely 60 percent per 

second. 'l11e limitation was generated by inability to accelerate the fuel 

pump at a rate sufficient to pr.ovide adequate venturi valve inlet pressure 

for cavi tat ion during higher ramp rates . Conversel y , the design of the 

engine and feed sys tem can likely be accomplished to minimize the pr oba­

bility of fluid sys tem coupling (e.g., high injection velocities and system 
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(U) tuning), and the cavitating venturi valves would not be nee<led for that 

7 purpose. In this case, the operating level of the pumps would he reduced 

by :::::::15 percent; that amount of pressure required to maintain the liquid 

valves in cavitation. 

(C) Considering mainstage operation while using a single turbine control valve, 

the analysis showed that at low mixture ratio the oxidizer pump would be 

required to operate at a level ~30 percent above nominal operation. 

The turbine feed system would be balanced to provide optimum pump discharge 

pressures during nominal engine operation . However, at low engine mixture 

rotio (9: l) the single turbine control valve would be opened odditionolly , 
to p:-oduce the higher fue 1 flowrate. At the same time. the oxidizer pump 

speed would be increased, requiring that the oxidizer liquid control valve 

compensate for the corresponding increase ·in pump discharge pressure. 

(u,) The single turbine control v·alve was found to cause considerable restric­

tions in the operation and sequencing associated with engine start and 

cutoff. The analyses show~d that the small area· of the fuel cavitating 
' 

venturi valve _would restrict the thermal conditioning rate of the fuel 

pump. The predicted effect on start was to increase the sequence during 

a warm pump start in excess of 4 .0 seconds. No appreciable effect was 

predicted for a cold pump start. 

(U) Even more serious was the requirement that wi th the single turbine con­

figuration, the oxidizer and fuel pumps start spinning together. A fuel­

rich start was considered mandatory to maintain reasonable thrust chamber 

wnll temperatures (and therefore maintain hardware integrity) during the 

engine start sequence. To accomplish this, the fuet' system-!J1us:t be · 

fully primed and at a reasonable operating mass flowrate prior to entry 

of the oxidi'zer into the combustion chamber. To accomplish this in a 

2 Rec.ond start, fue 1 pump power is required to pump the fuel through the 

· engine during the fuel system prime. With a co1111on turbine control valve 

' these .conditions require that the oxidizer turbine and pump spin with no 

· fluid in the pump. This prospect is completely unsatisfactory because the 

'· 



(C) condition could be catastrophic either as the result of unusual rotating­

parts deflection or as a resul t of a detonation in the heated bearing 

cavi ty when the coolant (oxidizer) is admitted to the pump. 

(U) At cutoff, the single turbine control valve restrains the rate in which 

t he residual propellants can be expelled. The method to expel the residual 

propel l an ts was with the use of gaseous purges after cutoff had been initi­

ated . To do this without causing hardware damage, the thrust chamber wall 

temper atures mus t be maintained at a low level (i . e. , coo lant flowrate 

must be sufficient to cool the walls) . This probably could be accomplished 

by maintaining a sufficiently low mixture ratio (i .e. , adequate fuel flow) 

during residual propellant expulsion. 

(c) After t he single turbine control valve closes there are two options nva i l­

abl~ to expel the residua l propellants. The first option is to simultnneously 

close· both oxidizer and fuel shutoff valves and purge both systems free of 

prope l lont. By computing the compari tive residua 1 weights it was estimated 

l ) 

thut the weight ratio wa s :::::20:l (oxidizer/fuel). Consequently, a low (j 
mixture rat i o could not be maintained for the entire expulsion. Addition-

ally, helium hos le ss heat capacity than that of hydrogen; thereby, the 

thrust chamber cooling would be reduced when helium entered the tubes. 

(c) The second option would be to permit fuel to continue to flow under tank­

head pressu·re unti 1 .the oxidizer was expelled, then purge the fuel residua 1 

from t-he engine . In this case, as in the first option, the cutoff time 

(including purges) would be long ( ~ 5 seconds). Also, in both options, 

the injection velocity of the propellants would be extremel~• low. Heat 

transfer analyses have indicated that,at excessively low injection veloci­

ties,the injector heat flux is correspondingly high and is undesirable . 

. (U) Combining all the factors associated with the single turbine control valve, 

the conclusion was made that the restraints were excessive and could cause 
I 
!· serious compromises in the engine design and operation. 
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(b) Two Turbine Control Valve System With 

Liquid Propellant Control 

(U) The AMPS engine control system cons.i.sting of two turbine control valves 

and liquid propellant control valves (Fig. 52a nnds2b) has all the advan­

tages of the single turbine control valve configuration. Additionally, 

during mainstnge operntion individual turbine control permits near-optimum 

operation of the fuel and oxidizer pumps at all thrust and mixture ratio 

operating levels. 

(U) The greatest advantages of individual turbine control are realized in the 

operational factors associated with the start and cutoff sequences. With 

the use of two turbine control valves,the fuel and oxidizer pumps would be 

operated independently of each other at start and cutoff. At start, the 

fuel system could be primed, and sufficient pressure could be established 

prior to opening the oxidizer shutoff valve and oxidizer turbine control 

valve. Also, the oxidizer would be admitted to the pump prior to opening 

the turbine control valve , thereby avoiding operation of the oxidizer pump 

prior to providing bearing coolant, 

(c) At cutoff, the fuel turbine would continue to operate at approximately 

the throttled thrust level Wltil the residual oxidizer was purged free 

of the engine. In this way, the oxidizer expulsion time would be reduced 

to less than 2.0 seconds, and the issue of overheating the injector face 

because of low injection velocities would be avoided. 

(U) The major disadvantage of adding a second turbine control valve would be 

that of adding control system and engine complexity. The configuration 

could result in four control valves in the engine where two liquid propel­

lant control valves were also used. The conclusion was, however, that 

two turbine control valves were required to provide the flexibility needed 

in development of the AMPS engin~s. 



(c) Two Turbine Control Valves Without 

Liquid Propellant Control 

(U) Because a simple engine control sys tem was a primary objective for the 

AMPS engines, and individual turbine control was apparently a requirement 

to accomplish satisfactory start and cutoff sequences, the decision was 

made to evaluate the possibility of eliminating the liquid propellant 

control valves from the system. Two configurations were initially con­

sidered (Fig. 52d and 52e); however, the dual (parallel) configuration 

was found to have more positive mainstage control; therefore, the major 

analysis was made on the configuration shown in Fig. 52d . 

(C) The analysis showed that the thrust r amp rate capability for this con­

figuration was in excess of 100 percent per second while maintaining mix­

ture ratio within ±1 mixture ratio unit. ·me turbine-control-only con­

figurat ion has all the advantages of the turbine and 1 iquid propellant 

control except that provisions would be required to determine and control 

engine mixture ratio if the venturi valves were removed from the system . 

An analysis on this subject is presented in section III, 2, n of this 

volume. 

(U) Because fluid system coupling of the engine system frequencies with feed 

system critical frequencies may be avoided by engine design considerations, 

the penalty in control system complexity attendant with the addition of two 

variable area cavitating venturi valvee (four control valves) is not war­

ranted. Ase. result, the control system consisting of two turbine-control­

valves-only was adopted for the AMPS engines. Figure 53 persents the flow 

schematic for this configuration for the main and secondary engines. 
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t6J Optimization of Start and Cutoff Sequence for 

Se l ected Control Configuration 

(a) ~lain Engine Start Sequence 

(U) The fir st sHics of model tests condu l'ted using the two turhine-l'ontrol 

valve co11fi gun1ti on also utilized a two-position, high-pre ssure ox idize ,· 

pro pel lnnt valve . A block diagram of t he model for t hi s con figura tion is 

shown in Fig. 54 , . The opening seque n ce for the vnlves is s hown in F ig. 55. 

At engine start signnl the main fuel va l ve and the fuel t u1·binc - c-ontrol 

valve were opt?ned. Wl~cn t he f ue l injection pressure incrcnscd to 50 psi, 

ind icating that the fuel system wa s pr imed, the mai n oxidizer vulve nnd 

the oxi dizer turb i ne coutro l valves wer·e opened . The mairastoge control 

system was activated by a chamber pressure monitoring s wi t<'h. The chnmher 

pressure trn nsicnt predi c ted by t hi s start sequence i s s hown i n Fig. 56. 

TI1e analysis showed that there was an overshoot in chamber pressure of 

approximately 8 percent. 

(C) Several attempts to optimize the start sequence were made by changing the 

open sett ing of the two-position valve , but these had no appreciable effect 

on the magnitude of overshoot . 'lhe decision was then made that the turbine­

control valves could possibly be used to control both overshoot and the 

rate of thrust buildup . With this philosophy, the use of the two -position 

oxiJizer valve was not necessary. A block diagram for the model of this 

configuration is shown in Fig . 57. lhe sequence evaluated (Fig. 58' con-

s is ted of simultaneous opening of the main fuel valve and fuel turbine­

control valve. The signal to open the main oxidizer valve and oxidizer 

turbine valve was initiated when the chamber pressure reached 50 psi, 

which indicated pump and fuel system priming were completed. In this test 

sequence, all valves except the oxidizer turbine valve were opened full y 

dur ing start. TI1is valve was held at the IO-percent open posit i on until 

chamber pressure reached 80 psia. At this point, ·the mainstage control 

was activated, and the val ves were driven by t he respective thrus t and mix­

ture ratio commands. The resulting s t ar t sequences to full thrus t and 

throttled thrust , as r eflected in chamber pr essur~ and pump flowra tes for 
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-----~ 
HAIN 
OXID IZER 
VALVE 

OXI DI ZER 
PUMP 

OX IDIZER 

FUEL 
PUMP 

HA I N 
FUEL 
VALVE 

THRUST 
CHAMBE R 

INLET 
MANIFOLD 

TWO- POSITION .__ _ _ ...J 

VALVE 

INJECTOR 
MAN I FOLD 

FUEL 
INJECTOR-------­
MANIFOLD 

TURBINE CONTROL 
MA IN CHAMBER ......,__., VALVES 

FUEL OXIDIZER 
TURBINE TURBINE 

Figure 54 , Main Engine Cont rol System Consisting of Two Hot -Gas 
Control Valves and One Liquid--Line Valve (U) 
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Figure 55. Sequence Used for Main Engine Control System With Two 
Turbine- Control Valves and One Liquid Line Valve (U) 
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"----ll 

HAIN 
OXIDIZER 
VALVE 

OXID IZER 
PU MP 

INJECTOR 
MANIFOLD 

__ _,, 

FUEL 
PUMP 

THRUST 
CHAMBER 

MAIN 
FUEL 
VALVF 

INLET 
MANIFOLD 

FUEL 
I NJ ECTOR~------­
MAN I FOLD 

HA IN CHAMBER 
TURB INE CONTROL 

VALVES 

FUEL 
TURBINE 

OX IDIZER 
TURBINE 

Figure 57. ~lain Engine Control System Consisting of 
Two Turbine-Control Valves (U) 
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100% 

FUEL PUMP 
PRIMES 

MAINSTAGE 
SIGNAL 

Figure 58 . .• Sequence Used for Main Engine Control System 
· · Consisting of Two Turbine-Control Val vts (U) 
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(C) cold pumps and warm pumps, are shown in Fig. SY and 60. Figure 59 shm\ls 

that an over shoot to approximately 40 percent of full thrust was experi­

enced during the start to the throttled thrust level for both co ld and 

warm pumps; otherwise, the s tart predicted for each of the four extreme 

cases was satis factory . 

(C) The cause of the overshoot \"as the r ~~11lt of th.~ oxidizer control valve 

opening in an attempt to correct the mixture ratio error . Therefore, the 

fuel control va l ve 1"as programmed to close down from 180 perce-nt of the 

full-thrust position to t he des ired mainstage position at the time the 

fuel system pr i med . The mains tage contro l was activated at the time cham­

ber pressure achieved 80 psia. (The pressure level used to actuate main­

stage control was later changed to 50 psia.) This sequence completely 

eliminated t he overshoot during start to the full-throttled thrus t l evel . 

llowever , when the same sequence was attempted to the full -thrust l evel 

the chamber mixture ratio (MR) became excessive. The cause was a result 

of the fact t hat the fuel turbine control valve closed to correct the minus 

MR error and the turbine speed s lowed below the mainstage val ue. After the 

MR error was r eversed, the high fue l pump i nertia (relative to the oxidizer 

pump) pr evented the fuel pump from accelerating sufficiently to avoid a 

large position mixture ratio error. Also, the time to 90 percent of full 

thrus t was extended to approximately 4.0 seconds. This start sequence i s 

shown· in Fig. 61 and 62. 

(C) Because the mixture ratio control cr ossfeed con.pensation was strong 

enough ·t o override the thrus t command during the start transients , 

the decision was made that the solution would be either to reduce the cross­

feed compensation gain during the start transient, or merely to program the 

valves to the desired thrust and mixture ratio levels and delay the control 

system activation until the error was reduced to an acceptable level. The 

initial approach was to utilize the latter method . The mainstage signa l 

used in this case was reduced to a Pc of SO psia, and this signal initi­

ated programming of both fuel and oxidizer turbine control valves to the 

desir ed thrust and mixture ratio operating levels. Significant in this 
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(C) sequence is the fact that the travel time of the fuel control valve was 

the same for programming to the full-thrust level and the throttled,. 

thrust level, This sequence produced a predicted start time ; to 90-percent 

full thrust of approximately 2.7 seconds for a start following an extended 

coast period (warm pumps) , and there was a fuel-rich mixture ratio through­

out the transient period. The start sequence is shown i-n Fig . ~3 through 65. 

(U) Using the same basic sequence, a start was made to the full-throttled 

thrust level (again with warm pumps). This test is shown also in Fig. 63. 

through 65, As in the case of the full thrust start, mixture ratio dur­

ing the entire transient period was fuel rich. 

(C) The developed start model wa~ then used to predict the start transient 

to full thrust for the main engine considering an immediate restart 

(cold pumps). The resulting transients in chamber pressure and propel­

lant flowrates are shown in Fig. 66 together with the starts to full and 

throttled thrust levels after an extended coast period (warm pumps). 

The relatively large oxidizer pump flows shown at start (between 0.5 and 

1.0 second for cold pumps) in Fig. 66 are the result of priming the oxi­

dizer system. 

(b) Secondary Engine Start Model 

(U) The secondary engine utilizes hot combustion gases tapped from the thrust 

chamber to drive the parallel turbopump system. A digital start model 

describing the configuration was constructed to investigate the start 

transients for this turbine drive. 

(C) Requirements placed on the start of the secondary engine were as follows: 

; 

1. The engine must .be able to start satisfactorily with either 

warm or cold turbopumps (a factor dependent on the length of 

time elap~ed since the last engine firing) . 

.,. ... ·~· •;,I(. 
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(C) 2. Start under tank-head conditions 

3. The oxidizer turbopump must not rotate until oxidizer is in 

t he pump. 

4 . Start times on t he order of 2.0 seconds maximum 

(U) The secondary engine contro l system is bas ita ll y the same as the main 

engi.ne, consisting of main shutoff valves upstream of the fue l and oxi-. 

dizer pumps, pl us t wo par a ll el hot - gas valves ups tream of the turbi nes 

t hat contr ol turbopump speed . This system is s hown schemat ica ll y in 

r:ig . 67a . 

(C) The foll owing sequence "·as used to obtain the fastest start possible -with 

the bas i c engine configuration: 

1. Main fuel vah·e opened f ul l nnd fuel ttu·bine hot-g.i s vnlve opened 

to +200 percent o f mains tnge position at engin·e start. 

2. ~lain oxidizer valve opened full and oxidizer turbine hot-gas 

va l ve opened t o 10 percent of mainstage position at fuel system 

prime. 

(c) All s t nr t s ...,ere made ,,..i th fuel and oxidizer tank pressuru of 70 and 65 

psia, res pectively. 

(C) Fo r n ho t-gns tapoff engine, the po,,.·er avoilnble to drive the turbines 

i s propor t ional to main chamber pres sure -which, in turn , is primarily a 

function o f t he amount o f oxidizer flo,,.·ing into the chrunber. As a result, 

the hot -gns t apoff eng i ne s tart i ng under tank-head conditions realized a 

s l o"· buildup rate becaus e of the low po,,..er available to drive the turbines 

cl'ur i ng the initial fuel-lead portion of ·the start. Thus, because of low 

fuel turbopump s peed, ·a relatively long time ,_.as required to prime the 

f uel pump and h igh- press w-e ducting. The resulting time required for 

mn i n chamber press ur e to reach 100 psia '\o'as approximately 5.0 and 2.8 

seconds, res pectively, for warm and cold p"mp start- co11ilitiona. 
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(c) As a result of the long start ti:mes required with the hot-gas· tapoff engine 

system, modifications to the sy!tem were investigated to shorten the start 

ti.me. The first system mod ification investigated utilized a bypass from 

the fuel injector manifold to the fuel turbine inlet manifold (Fig. 67b). 

111is bypass would be used only during the initial part of the start to 

increase the power available to the fuel turbine (additional gas flowing 

through the turbine at a higher pressure) and, also, to help speed up 

thermal conditioning of t he fuel feed system (resistance of the fuel in­

jector is bypassed). The ·bypass would be closed as the oxidizer side 

pr imes. Start times with this system modification were found to be 

approximately 4.0 and 1,9 seconds, respectively, for the varm and cold 

pump conditions. 

(U) A second bypass system (a bypass from the pump discharge duct to the fuel 

turbine inlet manifold) also was considered; however, no start transient 

data were obtained for this system. 

(U) The third system change that was considered utilized helium from the helium 

purge \lQttle to drive the turbines during the in.itial part of the start 

(Fig . 67c) . For this systcm,helium at a constant pressure vas provided 

to the fuel turbine i nlet at engine start. When the fuel feed system 

primed, the oxidizer turbine control ynlve opened and helium was used to 

drive the oxidizer turbopump. \\11en ma i n chamber pressure l'eached a pre-

dc te rmined l evel, the he lium supply was shut off, and hot gas ·from the 

chamber was directed to the turbines to complete the start. 

(U) As in the case of the main engine sequence , programming of the valves 

through start was requi red to achieve a repeatable and rapid start 

sequence. This type of start was slightl y more difficult to achieve for 

the secondary engine because of r elative l y large pump and turbine inertias. 

Consequently , the valve sequences for the secondary engine were not the 

same as those for the main engine. The val ve sequences for the secondary 

engine are shown in Fig. 68 for a warm pump start (start after an extended 

coast per-iod) . 
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(U) A programmed two-step fuel turbine valve was required to control the rate 

of bui.ldup of the fuel turbine speed and, at the same time , accelerate the 

pump to mainstage to effect a rapid start sequence. The two steps were to 

the mainstage position (100 percent) and to 200 percent of mainstage 

position. 

(C) Overdriving the oxidizer turbine valve also was required . For the case 

shown (Fig. 68), the valve was opened to 150 percent of the mainstage 

value. In practice, the degree of valve opening will be required on the 

basis of the error signal to the valve . Both va l ves were signaled to the 

desired mainstage position by a timer referenced to the time at which 

chamber pressure r eached 80 _psi a. The start transients for chamber pres­

sure and propellant flowrates arc shown in Fig. 69 for starts to full 

thrust considering warm and cold pumps, and for a start to throttled 

thrust considering warm pumps . The propellant usage for the warm pump 

s tart condition to 90 percent of full thrust was computed to be 4.61 

pounds oxidizer and 0.570 pound fuel. This results in an excess of 0 . 186-

pound fuel for the start. The 90-percent value coincides approximately 

with the predicted point at which the mixture ratio error was reduced to 

less than 0. 5 unit. For the start to throttled thrust, 0. 71 pound fuel 

and 3.28 pounds oxidizer were used before t he mixture r atio error was 

reduced to within 0.5 unit. The excess fuel in this case was 0.44 pound. 

No correlation was made with the thrust buildup in this case because near 

achievement of target thrust was realized rather early in the sequence , 

arid a relatively large mixture ratio error existed considerably beyond 

this r ,'in t (Fig. 69 J. Helium usage for the start sequence was predicted 

to be 0.12 pound per start and was found to be approximately the -same for 

.: . .both · start to full thrust and throttled thrust . .. . . . 

(c) Main Engine Cutoff 

(U) In the previous work, the mathematical start mode l was developed for the 

main engine, and a start sequence was developed. The same computerized 

mathematical model was used to develop a cutoff sequence for the main 

engine. The model utilized the basic sequence shown in Fig. 70, The 

factors considered important in the sequence were to expel a ll r esidual 

oxidizer from the engine i n a controlled manner and accomplish cutoff 

without exposing the thrust chamber to a marginal cooling situation. 
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(C) To accomplish t hese objectives, the engine t hrust is ramped to the fu ll 

throttl ed thrust l evel , at which time the main oxidizer valve is c losed 

and the oxidizer in the engine downst ream of the shutoff valve is purged 

through the injector and burned at the throttled thrust level . The fuel 

turbine and pump are driven at a compatible level unt il the residual oxi­

dizer is expelled . The resu l ting cutoff transients are shown for the 

engine flowrates and chamber pressure in Fig. 71. The predicted quantity 

of propellants that will fl ow i nto the engine during the cutoff from 

full thrust was computed from the curves of Fig .71 and were found to be 

approximately 33 pounds of oxidi zer and 5 pounds of fuel. The time 

required for full decay of chamber pressure was pr edicted by the model to 

be approximately 3. 0 seconds . This decay time, however, does not restrict 

the engine r estart capability because the cutoff and start sequences are 

designed so that the cut off could be interrupted at any point in the 

sequence and the engi ne restarted in a normal sequence from the point of 

interrupt ion . 

(C) Assuming a linear relationship between thrust and chamber pressure, and 

using the chamber pressure decay in Fig. 71, the cutoff impulse for the 

main engine from full thrust was predicted to be approximately 20,000 lb-sec . 

The cutoff impulse for the full-throttled-thrust case was predicted to be 

that impuls e i:epresentecl from the point of oxidizer purge "on" to oxidi zer 

expulsion. This impulse value is approxim~tely 5000 lb-sec. 

(C) The impu lse value associated with full thrust and the amount of prope llants 

used during cutoff were predicted by the model to be slightly greater than 

those predicted previously in Ref. 2. The primary differences in the 

predictions, were the rate of slowdown of the oxidizer and fuel pumps and 

the logic in sequencing the main oxidizer valve closed. The previous pre­

dictions had been made strictly on the basis of the predicted pump response 

to a step input while the computer model considers the residual power avail­

ab le to the turbines during the shutdown. In the case of the main oxidizer 

valve sequencing, the valve was closed in the previous prediction as soon 

as the oxidizer turbine valve reached the full-closed position . In the 

cutoff sequence shown in Fig . 70, the main oxidizer valve was closed when 
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chamber pressure r eached 80 psia. Both var iations resul ted i n lengthening 

the cutoff sequence slightly, and, at the same time, increased the propel­

lant consumption and cutoff impulse. The amount of excess fue l usage 

(used at less than 12: l MR) was virtually unchanged i n the two predictions. 

Previously, an excess of 2.2 pounds fuel was predict ed compared to 2.1 pounds 

exces s fuel predicted by the cutoff model. 

(d) Seconrlar~ F.nginP. C.utoff 

(C) The developed secondary engine cutoff sequence (Fig . 72) was essentially 

the same as the main engine sequence. Engine thrust was ramped to the 

full-throttled level,and the residual oxidizer was purged and burned at the 

throttled thrus t level. The propellant flows and chamber pressure tran­

sients for cutoff from the full thrust level are shown in Fig . . 73. The 

total propellant flow into the engine during shutdown was computed to be 

2.8 pounds of oxirli zer and 0.8 pound of fuel. An excess fuel usage of 

approximately 0.5 pound results (compar ed to a 12:l mixture ratio). 

(C) The cutoff impulse for the secondary engine shutdo.wn fro.m full thrust w::is 

estimated to be approximately 3300 lb-sec. For cutoff from the throttled 

thrus t level, the value was det~rmined to be 500 lb-sec. 

(J) Effect of Unprimed Feed System Lines 

(LI) There have been indications that maintaining fully primed feed system 

lines during extended coast periods may be a difficult objective to 

achieve. As a result, a brief analysis was made to evaluate the effect 

of unprimed lines on the main engine start sequence. The main engine 

digital start model was used for this investigation. 

(U) All previous start analysis and control system optimization of the main 

engine have been performed with the assumption that liquid propellants 
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(U) 1"ould be present at the inlet to both engines at engine start. If, how­

ever, J-iqu i<l could he mainta ined only at the inlets to the 1, ropel lant 

prcvalvcs, then the i nl et lines for bot'.h propellants would have to he 

thermally conditioned and primed befor~ the engine could be programmed 

into mainstage . 

(c) The following inlet lines were programmed into the start model: 

Fuel Inlet Line 

Oxidizer Inlet Line 

90-inch length 

2.5-inch outer diameter 

0.02-inch wall (lnconel) 

'•6. 6-incb length 

}.0-inch outer. diameter 

0.02-incl~ 'Wllll (lnconel) 

(U) Exterior line insulation wns not considered because , the times involved 

ma<le the effects independent of insulation. 

(C) 'I\.·o computer model sta rts 'Were made with these lines warm (530 1n) and 

w1primetl at engine start. One run assumed the internal surface of the 

lines to he coated with a low thermal conductivity material (0.002-inch 

-Kel-F on the fuel aide, 0 .002-inch ceramic coating on the oxidizer side). 

(c) 

The second run was made assuming the lines to be bare. 

The start times from engine start to 90 percent of mainstage P for a 
C 

warm start witl1 coated lines were predicted to be approximately 4.0 sec-

onds. The start time for the coated, unprimed lines was predicted to be 

approximately 5.0 seconds . The analysis showed that, at best, the un­

primed feed system line would extend the main engine start by 1 to 2 sec­

onds, or 50- to 100-per cent longer than the start time objective . Extrap­

olating to predict the effect on the secondary engine start sequence , the 

impact was concluded to be even greater. 
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i. Final Definition Main and Secondary Engine Start 

and Cutoff Sequences 

(U) The major portion of the engine system start and cutoff model analyses has 

been discussed in the previous section of this report; however, some final 

analysis and refinements were accomplished during subsequent portions of 

the Task I efforts, therefore an updated or final discription of the engine 

start and cutoff procedures is presented along with the selection of se­

quencing signal sources and values. 

(U) The engine system start and cutoff signals are initiated through the 

vehicle guidance system. The guidance system supplies thrust and mixture 

ratio command values to the engine selection circuit. Depending on the 

command thrust value, either the main or secondary engine is selected and 

a start signal is fed to the proper engine. There is no direct feedback 

from the engine system to the vehicle guidance system. However, there 

is an implicit feedback because the guidance system monitors vehicle 

thrust and mixture ratio of the remain1ng tanked propellants. TI1e actual 

feedback is done within the engine controller package by comparing the 

delivered thrust and mixture ratio (determined from chamber pressure and 

propellant flowrat~ measurements) with the command values from the guid­

ance system (Fig. 74). 

(1) Main Engine Start Sequence 

(C) Further refinements were made to the main englne start sequence. A flow 

schematic of the engine system and a diagram of the main engine start 

procedures and fWlctions are shown in Fig. 75 and 76. A limiter timer 

is used to initiate a cutoff procedur~ if a mainstage monitor signal is 

not achieved in 5 seconds. The engine start and valve sev,uencing is 

illustrated in Fig. 77 for a start following an extended coast period 

(H2 pump temperature of 550 R). The engine employs a tank-head start. 

The start signal opens the pneumatic system isolation valve which acti­

vates the pneumatic system, and the oxidizer pump seal cavity purge is 
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START PRESSURE 

3.3K AAIN FLUORINE VALVE 

3,3K Fl.lJORINE PUHP 
SEAL PURGE 

30K FLUORINE 
TURBOPUHP 

30K 
FLUORINE 
TURBINE 
CONTROL 
VALVE 

3. JK I 
• --.1111•-•--• 11 i FLUORINE f TURJINE 
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30K HYDROGEN 

TURI I NE 
CONTROL VALVE 
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I _______ .J 

VALVE ---HEAT 
'EXCHANGER 
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FLUID SYSTEM LEGEND 
0 _ PURGE ANO CONTROL HELIUM 

~0-~ 30K LIQUID HYOROGE" 
~ 3.3K LIQUID HYDROGEN 
f¥§ 30K LIQUID FLUORINE 
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Figure 75, AMPT Engine Flow Schematic (U) 
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SEQUENCE START 

THRUST REQUIREMENT] I 
1 

ENG INE SELE CTION I 
I 

SECONDARY 
ENGINE 

MA I N ENGI NE START START 

I I I l I 
FUEL TURB INE HA IN FUEL VALVE PUMP SEAL STANDBY OX ID IZER SYSTEM CONTROL VALVE 100% OPEN PURGE ON PURGE OFF PURGE ON 18o% OPEN 

NGINE .. I 
UTOFF • I 

I 
I 
I FUEL SYSTEM PRIMED l 

5- SECOND 
LIM I TE R Tl HER 

' AA IN OXIDIZER VALVE 
100'.i OPEN 

I 

OX IDIZER TURBI NE I I 
CONTROL VAL VE OXIDIZER SYSTEM OX IDIZER SYSTEM 

10% OPEN PRI MED PURGE OFF 

' HAINSTAGE MONITOR ---------- -- SI GNAL 

I 
I 

FUEL TURBINE CONTROL VALVE OX IDIZER TU~BINE CONTROL VALVE 
TO HAINSTAGE POSI TION PROCi~ED TO KAINSTAGE ,ostTION 

I 

MAINSTAG[ CONTROL 
ACTIVAffO 

Figure 76. Main Engine Start Sequence (U) 
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STANDBY PURGE 

FUEL SYSTEM 
PURGE VALVE 

VALVE (FROM GROUND CONTROL) 
0 

2 3 
TIME FROM ENG INE START SIGNAL, SECONDS 

Figure 77 . Main Engine Start (U) 
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• I ____ ., __________ . __ , _:_ 'i."-' . 

initiated automatically when the pneumatic S)'Stem is activated . The main 

fuel valve is ramped to full open, the fuel turbine control valve is open­

ed to 180 percent of its full thrust position , and the oxidizer S)'Stcm purge 

solenoid va lve is opened . The main engine fuel turbine control valve is 

designed with a maximum flow area that is 180 percent of the required flow 

area for the full-thrust operating condition . 

(C) The full-thrust operating position is, therefore, termed the 100-percent 

position. These valve positions arc held unti 1 the fuel side primes, in­

dicated by a pressure switch which is triggered at a fuel injection pres­

sure of 50 psia or greater. When the pressure switch senses fuel -side prime, 

the oxidizer main valve is ramped to full open,and the oxidizer system 

purge solenoid valve is closed . Also, the oxidizer turbine control valve 

opens to a position of 20 percent of its full-thrust operating position. 

(C) The ':alves are then maintained in this position until a mainstage mon-

itor signal is received (pressure swi tch indicating SO psia or greater 

chamber pres~ure). This signal indicates oxidizer side prime . At this 

point, both turbine control valves are ramped to a position corresponding 

to the command thrust value at nominal mixture ratio (12: 1); mixture ratio 

control is not initiated at this point. A I-second time delay is then em­

ployed before mixture ratio control is activated. Computer start model 

analysis has shown that if mixture ratio control is introduced simultane­

ously 1,ith thrust control , there is a tendency for a thrust overshoot be­

fore the command thrust value is obtained , This thrust overshoot is 

caused by the oxidizer turbine control valve going full open in an attempt. 

to rapidly increase the oxidizer (lowrate and achieve the nominal - or com­

mand engine mixture ratio value . The delay in introducing mixture 

ratio control results in a low engine mixture ratio for a s lightly 

longer portion of the start transient. The start time or buildup of 

chamber pressure and propellant flowrates to mainstage are shown in 

Fig. 78 for an immediate restart and a start after an extended coast 

period. The start procedures and va lve sequencing shown in Fig. 77 a re 

for a start following an extended coast period (H
2 

pump temperature of 

550 R). A sequence corresponding to an immediate restart (cold H
2 

pump) 

can be obtained by subtracting 0. 7 seconcl from the time to the fuel 

sys tem prime complete signal and a ll subsequent events in the sequence. 

Starts to lower thrust levels are made using the identical sequence. 0 
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Figure 78. Main Engine Start Tr ansients (U) 



(2) Nain Engine Cutoff Sequence 

(C) A flow diagram for the ma i n engi11e cutoff fu11ct ions and procedures is 

shown in Fig. 79 . The cutoff sequence is shown in Fig . 80. At cutoff 

signal , both the fue 1 and oxiJizer turbine control valves begin to ramp 

closed. The oxidizer turbine control valve travels to the fully closed 

posi.tion,and the fuel turbine control va lve is s topped and held at 20 

percent of i ts full-thrust position, \\~1 en the chamber pressure is 

reduced to 80 psia, a pressure sw itch si gnals the main oxidize r valve 

closed , and a helium purge (85- psia injection pressure) of the oxi dizer 

systen is initiated. 

tu) Because the purge pressure is greater than the oxidizer tank pressure, 

the main oxidizer valve must be closed to prevent the hel i um purge f rom 

blowing back into the main oxidizer tank. For this reason , the purge 

shou ld be activated by a delayed signal so that the main valve will be 

closed prior to initiation of the purge . This actuation is .accomplished 

with a 100- millisecond delay timer. A 2-second timer switch is then acti­

vated at the time the oxidizer purge is started to close the main fuel 

valve and the fuel turbine control valve. A 100-millisecond time delay 

is then employed before opening the fuel system purge valve. This del ay 

allows time for the fuel main valve to reach the fully closed position 

before introducing the higher pressure fuel system purge. The fut.'! sys­

tem purge may not be necessary in the flight engine as the fue l will 

quickly vaporize and disperse through the injector in the vacuum environ­

ment. However, the fuel system purge is considered to be a necessary 

safety precaution for ground testing. The purge injection pressure was 

determined by making the conservative assumption that mini mum thrust 

chamber pressure exists in the charrber at the time the fuel purge is in­

troduced. The purge pressure requirement then continuously decreases as 

chanoer pressure decays. The higher pressure also provides a fast, posi­

tive purge of the residual fue l. However, thrust chamber testing will 
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ENGINE CUTOFF 

I 
OXID IZER TURBINE FUEL TURBINE VALVE 

VALVE CLOSE FULL THROTTLE POS ITION 

l 
HAIN OXIDIZER VALVE OXIDIZER SYSTEM 

CLOSE PURGE ON 

2-SECONO DELAY 

I FUEL TURBINE VALVE CLOSE· 

I I 
HAIN FUEL VAL.VE FUEL SYSTEM 

CLOSE PURGE ON 

2-SECONO DELAY 

I . I I 
FUEL SYSTEM OXIDIZER SYSTE" OXIDIZER PUMP STANDBY PURGES 

,uRGE OFF PURGE OFF SEAL PURGE ON (GROUND TEST) OFF 

Figure 79. Main and Secondary Engine Cutoff Sequence (U) 
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O% VALVE 

FUEL TURBINE VALV E 
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o .,_ ____ .__ _ ___ ..._ ____ ..._ ____ ..._ ____ ..,__ ___ ~ 

,-.. OX IO I ZER' TURB INE 
II) VALVE 
~ ___ o_i"'-----.-------.-------.-------------------
~ 100% <( 1------....._ _________________ ..--_....._ ___ ----1 
z -
X: 
0 
z 
IL. 

SYSTEM PNEUMATIC SUP PLY ISOLATION VALVE 
0% 

0 100 I- ..... __________ ......, ______________ .--______ ---1 

z 
UJ 
u ENGINE PNEUMATIC SUPP LY ISOLATION VALVE 

~ ....... ---------~---------------.,..0 __ % ___ ---1 
~ 

OXIDIZER SYSTEM 
O% PURGE VALVE 

0% 

100% 

FUEL SYSTEM 
PURGE VALVE 

100% 

STANDBY PURGE VALVE (FROM GROUND CO NTROL ) 
0% 

0 

CUTOFF 
SIGNAL 

2 3 4 
TIME FROM ENGINE CIITOFF SIGNAL, SECONDS 

Figure 80 , · Main Engine Cutoff (U) 
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( U) provide more detailed information which may indicate that the fuel purge 

injection pressure can be reduced. If the pressure can be reduced below 

tank pressure, the need for tl:e delay timer between closing of the main 

fuel valve and opening of the fuel purge solenoid valve would be elimi­

nated. A delay timer will then close both fuel and oxidizer system 

purge control valves approximately 1. S seconds after the fue 1 turbine 

control valve is closed. The transient values of propellant flowrate 

an<l chamber pressure are shown in Fig . 81 as a function of time from 

the cutoff signal. 

( 3) Secondary EnS?ine Start Sequence 

(U) An auxiliary energy source is required to provide power to the turbines 

during the early part of the start to speed up the thermal conditioning 

and priming of the fuel pump and high-pressure ducting. Helium from the 

pneumatic s ystem is used as this energ)' source. The tank-head start 

used with the main engine resulted in excessively long start transient 

times with the smaller thrust chamber configuration and the thrust cham­

ber tapoff turbine drive used in the secondary engine. A flow diagram 

of the secondary engine start sequence is shown in Fig. 82. The engine 

start and valve sequencing as a function of time is shown in Fig. 83 for 

the warm pump initial condition. A sequence corresponding to an immed­

i ate restart (cold pumps) can be obtained by subtracting 0 . 65 second 

from the time to the fuel system prime complete signal and all subse­

quent events . The transient values of propellant flowrate and chamber 

pressure during the start transient are shown in Fig. ,84. 

(C) At engine start, the fuel main valve is opened full and the fu~l tur­

bine control valve is opened to its full-thrust oper ating condition 

(100 percent). The pneumatic system supply valves and the turbine start 

valve (helium turbine spin supply) also are ope_ned at the engine start 

signal. The helium is introduced (turbine start va l ve) at a pressure 

of 200 psia and a nominal temperature of 530 R upstream of both of the 
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HA I N FUEL FUEL TURI I NE 

-· 
VALVE OP[N CONTROL VALVE 

SO-PERCE NT OPEN 

I 

r 
FUEL TUR9 INE 

CONTROL VALVE 
IOO·PERCENT OPEN 

·-------------------------,~c 4 

STUT S[QUENCE 

I r THRUST R(QUIR[M(NT 
I I 

ENG INE SELECT ION 

l I 
S£CONOARY (NCI NE STAR1 I "AIN ENCIN[ START 

I 
I I I I 

TUR I IIIE s:-- x:...~ STAN09Y OXIDIZ£R SYSTE" OXIO IZO PU"P 

VALVE Cil'tN PURGE OH PURCE ON S[Al PURCE 
ON 

I 
FUCL SYSTEH PRIHED 

I 
HAI N OXIDIZER 

VALVE OPENED 

I 
I I I 

OXIDIZER SYST[H PRIHEO 
OXIOIZ[R TUIIIIN[ OXl() IZER 

CONTROL VALV[ SYSTl" PURG[ 
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HAINSTAGE MONITOR r-------------- SIGNAL 
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I CONTROL VALV[ 
I VALVE CLOSE 150 PERCENT OF COHHANO : 0,8 S£CONO 

I ERROR POSITION 

I I 

S·S£CONO I 
Ll"ITE!I. TIMER FUEL ANO OXIDIZER TURBINE 

I 
CONTROL VALVES PROGRAAHEO 

I 
TO HAINSTAGE POSITION 

I I 
• 

ENGINE HAINSTAGE CONTROL ACTIVATED 
CUTOFF 

r-igure 82. Secondary Engine Start Sequence (U) 
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START 
SI GNAL 

100% 

FUEL PR I K£ 
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(C) turbine: control valves. Ambient hcliur.i 1.·:is useJ i11 th<' start model anal­

ysis. llo;.·evc r, if lower temperature he l ium is introducC'd at the same 

press ure but at a !oh·cr temperature t.2~.00 R) , the estimated effect 

on the start transient will be negligible . The t urbine s tart 

va lve is dcs~gncd so that the hot-gas floh· passage to the thrust chamber 

is closed and the heli um h' ill flow onl~· co tlte th·o turbine control valves. 

The turbi ne control valves arc then used to control the helium flow to 

the proper turbine. 

(CJ These valve position s are held until the fu('l side primes , indicated by 

a ful:l inj ection manifold pressure signal of2.100 psia. \\11en the pres­

'iu re switch s ignal s fuel side prime, the oxidizer mai.n valve opens full , 

the oxidizer system purge valve is closed. and the oxidizer turbine con­

trol valve opens to 20 percent of its full-thrust operating position. 

\\fben th~ oxid izer turbine control valve is opened to the :?0-percent 

( u) 

position, the turbine drive helium begins to power the oxidizer turbine, 

The valves arc held in these positions until the oxidizer side primes. 

Oxidizer prime is indicate<l by the mainstage mo11itor signal which occurs 

1-1hen the combustion chamber pressure reaches 75 psia. At this point , 

tht.: helium supply to the turbine is shut off.and the turbine spin valve 

is posit ione<l so that the turbines are driven by thrust chamber tapoff 

gas es . The mainst ,~ge monitor initiates a l-second timer and also sig­

na l s the oxidizer turbine control valve to be rampe<l to a second or 

intenncdiatc position which is determined by the following equation: 

second pos1t1on 
(percent of mainstage) = 

first position 
+ 

(percent of mainstage) 

C C 

[ 

P command - r minimum thrust ] 
130 percent r full thrust - r minimum thrust 

C C 

(U) Using the above equation , the control system wil 1 select a second posi­

t.ion of 150 percent of mainstage for a full-tllrust start while, for a 

minimum-thrust start , the valve remains in its initial position . This 
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(C) methoJ o f Jetermining the intermediate position for the oxiJizer turbine 

control valve all01,s the oxidizer pump to be ove rpowe red during the lat­

t er porti on of t he start , t hus reducing required sta rt time. The fuel 

turl,ine control valve remains in i t s initial position, and the valves 

arc held in th is position until the t e r minatio1J_ of the 1- secund timer 

wh ich was initiated l,y the ma ins tage monitor s ignal. At this point, 

the turbine con trol valves a r c ramped to thei r mninstage command values. 

Engine starts to throttl ed thrust levels arc made using the same star t 

sequence as a ful I- thrust start. The only di ffcrences arc the ca lcu­

l ated value for the oxidizer turb ine coni:rol va l ve inter.mediate position 

anJ the fi na I positions for the turbi nc cont r o I va Ives which are dictated 

by the command thrust value . 

(4) Secondary En~ine Cutoff Seouence 

(C) The 1"1 01,• diagram for the secondary engine cut off procedures is iJcnt i cal 

to that shown in Fig . 79 for the main cngi nc . The scconJary engine valve 

sequenc ing, propellant flowra tcs, and chamber pressure values as a func-

t ion of time from the cutoff signal arc shown in Fig . 85 and 86, At 

the cutoff signal , botll the fue l and oxidizer turbine ho t -gas valves 

begin to ramp close<l . The oxidize r turbine cont r ol valve ramps full 

c loscd,and the fuel turbine contro l valve s t ops at 20 percent of its 

full-thrust operating position. The valves arc he ld in this position 

unti 1 the main ch amber pressure is reduced to 100 psia. /\t this point, 

the main oxidizer valve is ramped closed,and a 100- millisecond timer is 

activated whi ch then si gnal s the oxidizer system purge on ( 100-millisecond 

delay allows suffici e nt time for the main oxidizer valve to c lose before 

introducing oxidizer system purge) . This purge , at a pressure of 80 ps ia, 

is introduced ups tream of the oxidizer pump and result s in an oxidizer 

purge flowratc approx imating that required for minimum t hrust opera t ing 

flowrate . The f uel turbine and pump are still driven at the minimum thrust 

power l eve l. A second timer is initiated when the oxidizer purge is 

start~d to pr ovide nn approximate 2 . 5- second delay (oxidizer system purge 

,. 'J I• 
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(C) requ i r es approximatel y 2 . 5 seconds ) before the main fuel valve and tur­

bine cont rol va l ves are ramped closed and the fuel system purge is intro­

duced . ,\ third timer then closes both the oxidizer and fuel system purge 

valve s app roximat e l y 2 seconds a fter the fuel system purge is started. 

(5) Future System Variations 

(U) 1\s thrust chamber and engine system test experience is obtained, more 

informa tion will be available to define the engine start and seque ncing 

requirements more accurately . ,\lso, further design and a nal ysis of the 

con trol system components may indicate pos sib le areas of improvement. 

Consit.lcration i-•ill be given to using the thrust control chambc ~ pre ss ure 

readout for those sequence fun ct i on s t ha t arc current 1 y being s i gnal ecl 

by indi vi.dual chamber pressure t aps . This would greatl y reduce the num­

be r of pressure taps r equired in the engine system. 

(U) The t imes specified for the various delay timers are approximate values 

based on theore tical calculations or es timat es . As test res ults become 

avai labl e , revisions 1vill probably be made in the specified time delays, 

with possibly some additions or exclus ions to the present number of 

delay t ime functions. 

·. ' ·. 
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j. Engine Base FI ow Analysis 

(u) ,\J1 investigat.ion ,,as conducted lo cva lunte l hc effccl of recircu­

l ation of lhe main engine thr ust chamber primary combustion gos into t he 

hel 1 thrust c humbe r ,,hen t he rnniu t hrust c hnmber i s firing. 

(U) The flow field 01 ·1 lypi cnl nr. r os pilce engine firintr ni high nltitude 

i s i1lustra Lccl in Fi g . 87 , Low- veloc ity gnse s in t he nozzle bnse r egion 

camio L neJo Lin Le t he JH'e~surc r i sc n t t he r ecompre ssion shock, nnd , ns a 

res ul L, t hese gnse~ arc t urned hnck to,,,'.lrd t he ho s e. 'I'hc gus i n t he busc 

regi on fonns a rm tu r ,, 1 r eci r cu lu Li on [Hl ttcrn, wi t h i he cen t ru l core of 

t he 1'1 01, movi ng tcward nnd stagna ting nL t he cen t er of t he hose . Co lcl ­

flow model tests inve s1, i guLi ng hn sc r ~ci rr; ul ution hnve been perfon ncd 

on n munber o f ne r ospi l<e configuru lions. Also , 1111 extensive wn t er inble 

study itweslignLing base 1·eci r culnLio n phenome na hos been perfo rmed. 

(U) From Lhe sc studies, il ha s been concluded t ho t, if no l ow- t emperature 

s c condnry ble ed ga s i H exhausted inLo the nero s pike hose, t he tempcrnture 

o f Lhe rec irculn t inp; gos is near t he primary combustion tempernture. I n­

t r oduction o f low-LempcrnLure s econdary gns into the bose str ongly offects 

Lhe bu Re recirculn t,ion pattern nnd i nfluences t he t emperuLure of t he go s 

in t he ba :-e cavity. \,'ith t he prope r s e condary flo,..· and or i entation of 

inJection fo r n pnrticul nr base conf igurriti on, t he ba se t emperature cnn 

be mni n Lained nenr t he tempero t,ure of t he secondary flow. 

{U) 1'0 evn lunte t he effect of t he s e condary fl o,, ( l percen t of primar y) 

on t he reci r culation pattern of t he main engine t hrust c hamber , Ro cke t dyne 's 

water table facility (locat ed at the Rocket Nozzle Test Facility at 

Los Angeles Divi sion of North .\merican Rockwell Corporation) was used . 

In previous water table te:. ts, the results showed that directing the 

secondary flow to oppose the natural recirculation of the fl uid in the 

base r egion t eil<led to retard entry into the base cavity of the mix t ure 
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of primory and secondary fluid s circulating from the hose jet boundary 

sheor loyer. The succe ss of this test method to qualitatively reproduce 

trend a ob s erved wi th cold-flow air testing suggested that the water toble 

could be used quickly ond success fully to simulate the cir~ulotion of 

gose s in the s e conda ry engine be 11 chamber and hose region. 

(U) The water tohlc (Fig. 88) can b~ used to s imulate t,,.•o-dimension.o l 

!>upersoni c fl ow o f o gos, becau s e of the prop-:?rties of surface waves on 

o shee t of shallow water. The hydraulic analogy to compressible gos 

flow rests on o similarity of equations of o constant-density inviscid 

liquid flowing in o s hnllow, hodzontal, open c hannel of r<'c t ongul nr 

cross s ecti on, .,.·here the free surfac e c urvature i s small compared with 

t he depth; and the isen t r opic flow of a perfect gos "'ith specific heat 

ratio y = 2, in a t1,·o-dimens ionol channel of rectangular cross s ection 

with no di scontinui ties in the flow. 

(U) To simula te gos reci r culation in the main engine ba se region, on 

AHPS mode l (Fig . ' 9 ) wn s installed on the water table. The model wos 

ploced on the gloss fl oo r pla te os sho,..·n in Pig. 90' and 91 , 'l'\io strips 

of formed alurninwn were inserted into the hose cavity; the inner strip 

to simu late the s econdary engine bell chamber and the outer e trip to 

fonn o chonne 1 which '-'OU ld penni t injection of secondary flow. Weights 

"·ere place_d un the oluminwr. strips to prevent movement during woter flow 

conditions . During flow condit i ons , white foom part icles were scattered 

over t he wat e r surfocc ,ond sti ll photographs were taken from which flow 

po t hs could be identified, A 2 . 5-inch head of water was established 

upstream of t he mode 1. This head simulates the pri_mary stagnation pre r.­

surc ossoc io t ed with the combus tion chamber of a real engine. A voriable­

hcigbt s luice gate pennitted the establishment of the moflel primary flow 

field with proper MAch numbe r simulation. The primary flow path can be 

observed in Fig, 90 . 
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SUPERIMPOSED 
AEROSPIKE 
CONTOUR AND 
FLOWFI ELD 
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Figure 89. AMPS Model Installed in Wnter Table With 
Sluice-Generated Primary Flow (U) 
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SIMULATED BELL NOZZLE 
IN AEROSPIK E BASE -------

Water Table Wi t h 
Simulated J\J\ff>S 
Engine ease 
Region 

AfD1S Engine 
Dase Region 

Figure 90. Primary Flot.path for Affl>S Engine Base Region (U) 
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(U) Four secondary flo.,,. combinations ,,·ere used: (1) ze r o secondary 

flow, (2) annula r (or axia l ) bleed, (3) i nwa rd ( r adi a l) bleed, and {It) 

a combinati on of the t.,,.o bleed flo.,,.s . Figur e 91 sho-..·s a ske tch of the 

fl ow puths associated ,,·ith t hese combinations . 

( UJ I II the case of no secondary flow, a 1 though a strong natural recir-

culation pat t em was es tablished, very little motion· occur.red within the 

bel 1. In t he case of pure axia l secondary flow (1 percent of primary 

fl ow) , the primar y gas ci r cu lated into the region that simu lates the 

secondary thrust charit>er cavity. Comparing the case of axial secondary 

flow with no secondary flow , the r esu lts show that the presence of pure 

axial flow may actually promote penetration of t he recircu l a tion gases 

i nto the bell chamber region. The actua l gases in the recirculation 

fl ow would be a mixture of secondary gases and primary gases . The 

temperature of these gases is not known si nce t here are no data to iden­

tify the amount of mixing . lhe temperature , however , would likely be 

excessive . 

(c) Figure 91 sho.,,. s II simulation of 1-pe r cent s econdary flow di rected 

rad in l l y to.,,.ard t he t hrust c hamber centerlines. The na t ural recirculation, 

s til l a mixture of primary and secondary fluids , has been forced away from 

t he bell cavity. As s hown i n Fig. 91, t he par tic l es ore nearly motionless 

in t he bell and in t he region irmnediately aft the be ll. The pattern sug­

gests t hat t he temperature of t he gas es in t he bell chAmber cavity would 

be appr oximately equal to t he stagnation temperature of t he secondary gas 

(:::: 61.0 F) . 

(U) On other aerospike thrust chamber test programs, the base region 

has been successfully protected with the use of secondary flow; however, 

t here have been no gas temperature data obtained to define the environ­

ment. I t bas been generally a ssumed from the test results that,where 

secondary fl ow has provided a buffe r zone, the gas temperature at the 

base plate has been near the secondary gas temperature. 
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(C) From this study, the conclusion was that to maintain the gas tempera­

ture at the base of the AMPS engine at a relatively lowtenq:,erature ( 640 F) 

during firing of the main engine, it will be necessary to provide a sec­

ondary flow which has a radial injection component (Fig . 92). 

k. Engine Exhaust Plume Heating Effects on Thrust Chamber Tubes 

(C) Because the radiation heating to the thrust chamber tubes of the non­

firing engine from the exhaust plume of the firing engine could present 

a serious problem, an analysi3 was performed to evaluate this condition . 

Inst ead of attempting to compute the radiation from a rigorous analysis 

of the exothermal p 1 ume , the heat source was assumed to be an isothermal 

cy lindrical (constant diameter) extension of the thrust chamber. The 

temperature of the cy 1 i ndri cal surface was assumed to be the mean tempera­

ture between the thrust chamber exit plane and the M = 6 (Mach No. ) isotherm. 

This isotherm approximates the cylindrical extension. The heat transferred 

to the nonfi ring engine thrust chamber tube walls was assumed to be the 

same as that radiated to a projection of the thrust chamber tubes on .the 

thrust chamber exit plane. The resulting heat flux to the main engine 

thrust chamber as the result of the secondary engine plume was'-~omputed 

to be 43 Btu/hr-ft
2

. Because the tubes do not store all heat absorbed, 

but irradiate to space and conduct heat to adjacent parts, an equilibrium 

temperature is approached for any given heat flux . Assuming the tube-wall 

equilibrit.Dll temperature to be 1000 R without the plume heating effects, 

the analysis showed that the maximum increase in temperature would be 10 R 

for the additional 43 Btu/hr-ft
2

• lvith higher tube-wall temperatures, the 

effec t is even less significant. 

(C) Using the same approach for the situation of tht, ·main engine exhaust 

plume radiating to the secondary thrust chamber, the analysis sh<Med that 

the maximum heat flux on the secondary thrust chamber walls was 282 

8tu/h r-ft
2

• The resulting increase to a 1000 R tube-wall temperature 

would be t>0 R. 

(U) Because the heating effects predicted from the qualitative analyses 

were negligible and the analyses assumed "worst conditions," a more 

rigorous analysis was not considered. 



DIRECTION OF SECONDARY 
FLOW INJECTION 

figure 92. Turuine f-xhnust Dnse Injection Technique 
to nestrict Base Flow Recirculation Into 
the Dell Chamber (U) 
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1. Purge Requirements 

(U) To defi ne the i nert fluid requirements for the engine system, a purge 

requirements analysis of the engine system .,,;as conducted. This analysis 

necessitated consideration of the properties of the propellants used, en­

gine operational requirements, serviceability, engine and component config­

urations, orientation of hardware, and residual propellant expulsion rates. 

(U) From the anal ysis , the total purge fluid requirements were estimated. 

These are summar i zed in Table 17. The following discussion presents the 

analysis conduct ed in arriving at these estimates . 

TABLE 17 

ENG I NE SYSTEM PURGE REQUIREMENTS (U) 

Regulated Purge Purge 
Purge Purge Pressure, Flowrate, Temperature, 

Item Medium psia scim R 

Main Engine Operation 

Oxidizer System Helium 750 75 >180 
Fue 1 System Helium 750 100 
Oxidizer Pump Seal Helium 750 4.4 >180 

Seconc!ary En£ine Ooeration 

Oxidizer System Helium 750 Not defined >180 
Fuel System He litun 750 Not defined 
Oxidizer Pump Seal Helium 750 1.0 >180 

Main and Secondari Ensine 
Ground Test 

Fuel System Standby Gaseous 750 ~l Ambinet 
Nitrogen 

Oxidizer System Gaseous 750 ~l Ambient 
Standby Nitrogen 

(U) The approach taken in the analysis was to define the hardware decon­

tamination necessary strictly on the basis of hardware storage, then to 

define the requirements necessary to restart the engine and, finally, to 

evaluate various methods of minimizing the impact of these requirements on 

the restart capability of the engine. 
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(1) Decontamination for Storage 

(ll) As the fuel and oxidizer are cryogenic, no major problem is expected 

with r egard to decontamination for purposes of hardware storage. However, 

t he propellants exhat1sting into the thrust chamber W.Juld result in finite 

thrust witil all propellants were dissipated. Given sufficient time, 

both propellants in the propellant feed system would dissipate to the 

atmosphere through the t hrust chamber and leave no residual which would 

require specia l t reatment (i.e,, dra ining, flushing, etc.) to expel. Also, 

there ar e sufficient sources in all situations of operation to provide the 

necesr.ary heat to vaporize the residual. The ground operation presents 

t he gr~atcst problem in thi s regard because of the gravitational condi­

tions which tend to "puddle" the fluids a t low points. As the result of 

" puddling" evaporation of res idua ls would be retarded because of the in­

creased amount of hea t t ransfer required at t he low poi nts. In a zero 

·gravity environment, the evaporation would be uniform throughout uniform 

volumes. A hypothetical case was assumed where all of the residual oxi­

dizer for the main engine (0.116 cu ft)was contained in 1-inch x 0.085-

inch stainless steel tubes with a zero gravity field. Under the probable 

e1:vironrnent imposed following engine shutdown, it would require in excess 

of 100 seconds for the oxidi zer to evaporate. Less time would be required 

for evaporating the fuel because the majority of the residual fuel would 

be in the vapor s tate a t engine shutdown, and the heat input required to 

vaporize the remainder would be much less than t hat required to vaporize 

the oxidizer . 

(2) Engine Start Conditions 

(U) From the s t andpoint of the start sequences contemplated for the AMPS 

engines, where a significant fuel lead is to be used, the possibility exists 

tha t the oxidizer system could become primed with fuel before the oxi­

dizer valve opened. The result would be that coni>ustion would occur 

upstream of the oxidizer injector. This problem could be avoided if a 

gas purge was introduced into the oxidizer system during the period of 

fuel lead. The magnitude or locat i ,,n of entry for this purge is not 

174 

/ 

u 

u 



,, ______________ , ___ _ 

critical as its purpose is to merely provide a positive pressure at the 

oxidizer injector; however, both magnitude and location become important 

if one engine has been operating and the other eni?ine is started. Because 

the turbine gas is t0 be expelled into the base region, the atmosphere in 

the nonoperating engine fuel and oxidizer !systems is expected to be fuel 

rich. Consequently, the entire oxidizer system nust be purged free of 

fuel prior to opening the main oxidizer valve (MOV). In the case of re­

starting the engine immediately after shutdown, virtually no propellant 

evaporation was assumed to occur, and the engine propellant system would 

be fully primed at the time engine start would be requirod. To avert 

preignition with the residual propellants, procedures are required which 

would produce an inert chamber atmosphere during fuel system prime. 

(3) Effect of Purges on Restart 

(U) Analyses were made to evaluate and reduce the impact of the required 

purges on the restart capability. An initial analysis was made to deter­

mine the rate at which oxidizer expulsion could occur. For this analysis 

a 100-scfm helium purge, with an entry point immediately downstream of 

the main oxidizer shutoff valve, was assumed. In this configuration, 

the entire engine oxidizer system (~0.116 cu ft) would be purged free of 

oxidizer. For the calculation, the assumption was made that the properties 

of the oxidizer would be the same as mainstage until the expulsion was 

complete, and there would be virtually no mixing of the oxidizer and purge 

gas. In a zero gravity field, the assumption would probably be valid. 

With the influence of gravity (or axial thrust), the purge would probably 

not be as effective. A calculation was made to estimate the effect of 

heat transfer on the effectiveness of the purge. The assumption was made 

that the purge gas was supplied at a temperatuTe of 400 F and a pressure 

of 750 psia and dropped to 150 Rand 25 psia upon entering the engine. 

The change in enthalpy between the two conditions is 400 Btu/lb. On the 

basis of the 100-scfm (0.0174 lb/sec) purge flowrate, the heat available 

for i • .:ating the oxidizer is 7 Btu/sec. Since the heat of vaporization for 

the oxidizer is approximately 80 Btu/lb, the heat input from the purge gas 

is relatively insignificant. 
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(C) A potent i al problem in the purge procedure is tha~ to expel all the 

oxidj ze r with a ze ro c hamber pressure, there must be 110 fuel flow . Con­

sequent l y , the mixture ratio mus t increase through stoichiometric and, 

thereby , expose the chambe r to a short period of high comb ustor chamber 

temperature . To assess the magnitude of this problem, a heat balance was 

made usi~g the 'data ( film coefficie1h, heat flux, etc . ) de rived from the 

5-inch (Ge contour}· segpl~ testing . 111e data used was that produced 

during 70-psia chambe'r pre,.sure operat10n. The tube wall temperatures 

( gas and coolant) and coolan t wall film coefficients we re computed on 

the basis of combustion temp_erature , coolant temperature , and heat flux 

at the nominal mixture r a tio , 'lhe assumption was made that the coolant 

temperature and gas and coolant film coefficients would remain the same , 

and the heat balance was computed for stoichimetric mixture ratio . The 

gas-side tube wall temperature increa!'e as a result of the mixture ratio 

increase was computed t o be 20 R ( 1680 K to 1700 H) • The assumption of 

constant wall film coefficients is probably optimistic; however, the 

case may be approached if the main fu, l valve is left open until the 

oxidi zer purge is completed, 

(C) Because of the uncertainty associated with the oxidizer-rich purge, 

an analysis was made to define a purge which would avoid the high mixture 

ratio condition. A fuel flowrate is requ~red during the oxidizer expulsion 

which will maintain the thrust chamber mixture ratio at or below the 

nominal operating mixture ratio. The maximum fuel weight contained in 

the fuel system vo lume (0.26 cu ft) is approximately 0 . 6 pound and could 

be as little as 0 . 5 pound . The residual propellant mixture ratio would 

then be in the range of approximately 17:l to 20:l. To maintain the mix­

turt:: ratio <luring purging at , or below, the nominal operating mixture 

ra'tio, the fuel shutoff valve cannot be closed simultaneously with the 

oxidizer shu r ~ff valve . 

(C) The approach considered for providing adequate fuel flow during the 

purge involves the use of the two turbine hot-gas valves . Since allowable 

expulsion flowrate of the residual oxidizer following cutoff is a function 
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(C) ., of the fuel flowrate (lower than nominal mixture ratio), the fuel flow­

rate could be ma intained a t the full throttled thrust level during the 

period of oxidizer expulsion if the hot-gas valve controlling the fuel 

turbine flcwrate was left open until the oxidizer was expelled. With 

this fuel flowrate, the oxidizer flowrate could a lso be maintained at 

a compatible flowrate during residual expulsion. Computations revealed 

that under t hese conditions the oxidizer expulsion time would be less 

than 2.0 seconds. During the purge, the injection velocities of the 

propellants would be comparable to the velocities achieved Juring full 

throttled operation. Therefore, injector face heating would be no prob­

lem with this purge configuration. The restart would be faster than 

normal ; however, no problems are anticipated as a result of the condition. 

(U) The conclusion was that the two hot-gas valve configurations of the 

control system provide a method for unlimited restart capability and, at 

the same time, avoid the question of the effect of lo,., injection velocities 

on injector heating. 

(U) Total fluid requirements for the oxidizer system purge were computed 

as a function of the maximum nurrber of starts and restarts required of 

the main engine. With these criteria, an estimated 250 scf of helium is 

required (Table 18 ) . The thennal conditioning of the purge is to be such 

that the oxidizer does not freeze (~82 R) when helium gas is introduced 

into the oxidizer system. The calculations were made with an assumed 

temperature of 200 R. The purge is to be supplied to the engine from a 

regulated pressure source cont>ined with proper orificing to meet the flew 

requirements. 

(U) Becaus~ secondary engine volumes had not been defined, similar 

ana lyses wert not possible with respect to the oxidizer system purge re­
quirements. However, in the interest of detennining preliminaiy require­

ments , a volume of 100 cu in. was estimated . By scaling the purge re­

quirement from the main engine as a linear function of volume, the total 

purge fluid requirements for the secondary engine were estimated to be 

US scf. 

, • 



'l'ABLI~ 18 

TOTAL l.:.:i"~GINE SYSTF}I OPEHATIONAL PURGE FWlD HEQUIH.EMENTS 

F'OR EXTIIDIE DUTY CYCLES (U) 

Main Engine (31 Sta rts ; Maximum Duration) 

Oxidizer System 

Fuel System 

Pump Senl Purge 

'l'o t11l 

Secondary Engine (31 Starts; Maximum Duration) 

Oxidizer Sys tem 

Fuel System 

Pump Senl Purge 

Total 

'rotal Al-fl'S P.ngine (29 Sho rt Main Engine Burns 
\vi th 1 Long Secomla IJ Engine Durn) 

,, 
I 

. . 

Helium 
Purgr Volume, 

scf 

250 

100 

150 

500 

125 

50 

300 

475 

u 

l 

u 



(U) Although the pressure value of the regulated source is not particu­

larly critical , the number of accessory requirements should be maintained 

at a minimum. Consequently, a regulated pressure source of 750 psia was 

identified as the purge source because the pneumatic pressure planned 

for engine va lve actuators is 750 psia. The same regulator could possibly 

be used for bot h pur poses . 

(4) Fuel System Purge Requirements 

(u) Al t hough t her e is no r equirement for purging the fuel system from 

t he standpoint of hardwar e storage, t he use of a purge after shutdown 

i s advantageous t o minimize t he time interval in which the res idual fuel 

expel s from t he t hrust chamber . If t he propellant i s permitted to boil 

off I a finite residual thrust wi 11 be present unti 1 the boiloff i s com­

pleted. Using the same approach that was used for the oxidizer system, 

the time required for the residual fue l (22S cu in. at 3.9 lb / cu ft) to 

evaporate was estimated t o be in excess of 90 seconds. By supplying a 

100-scfm helium purge, expulsion of residual fuel could be accomplished 

in slightly more than 1.0 second. 

(U) Inclusion of t he fuel system purge in the cutoff sequence puts no 

restr aint on t he restart capability, and the purge can be overridden by 

an engine start si~al . 

(C) The fluid requirements of the purge were computed based on the maxi­

mum number of starts required (jl starts) and for a 2-second purge follow­

ing each engine shut down sequenr.e (Table 18J. The total volume requirement 

was 100 sc f for the main engine. 

(U) Estimating the fuel system volume for the secondary engine to be half 

that of the main engine results in a 50-scf fluid requirement for the sec­
ondary engine fuel purge. 



(U) There is no temperature requirement for the purge (50 R waa uaed 

for the calculations). The purge is to be supplied from a re1Ulated 

source pressure and combined with proper orificing to meet the flow r e­

quirem~nts . The entry point of the purge to the engine ia to be i11111edi­

a t ely downs t ream of t he fuel shutoff valve. 

(s) Turbopump Seal Cavity Purge 

(U) Purge requirements for scavenging and preasurizing the cavity beb'een 

the moin engine oxidi zer pump sea l and turbine seal hove been specified 

to be 7500 scim helium during operation and 1500 scim helium during static 

condi tions with propellants i n the pump. The resulting seal cavity pres­

sure for t hese flowrates was computed to be approximately 50 paia. Analyz­

ing t hese requirements with reapect to the anticipated start and cutoff 

sequences of the main engine , a dual requirement for operation of the en­

gine was concluded to be not warranted . This conclusion is based on the 

fact that, under present operating concepts, fuel and oxidizer will be 

present in the seal area onl y while the pumps are turning, except for 

brief periods du ring start and cutoff. However, t o attempt to progr am 

a s t at i c pUTf!e of diffe rent magnitude than the operating purge for these 

brief periods (on the order .of 1.0 second) would be unpr actical. Conse­

quently , a 7500- scim helium purge was identified for the main eng ine oxi­

di zer pump seal cavity . To program the purge "on" and "off'', consistent 

with the en gin·~ sequencing, the purge is to be sequenced " on" with the 

signal to pressurize the propellant tanks, and "off'' with termination of 

the oxidizer system purge following engine cutoff. The control would 

provide 750 -scim helium flow at any time that oxidizer was in the pump. 

(U) The secondary engine oxidizer pump seal purge logic would be the 

same, but the magnitude would be 1500 scim, 
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(U) Maximum fluid requirements for providing the purge arc based on the 

poss i bility of only secondary engine starts conbined with maximum dura­

tion (minimum thrust) of operation . With these conditions, approximately 

300 ~cf helium would be required for operation (Table 18). If the main 

engine ope rated for a m~x imum duration (minimum thrust) , 150 scf would 

be required. The conditioning requirements for the purge prior t o entry 

i nto the s ea l cavi t y are that the supply pressure is a regulated pressure 

and , t o avoid format ion of fluid in the cavity , the gas temperature of 

t he purge must be above the saturation temperature of the oxidizer. In 

t he case o f · 50 psia cavity press ure, the temperature would be above 

180 R ( 200 R was assumed for the calculations) . 

( 6) Ground Requirements 

(U) An aspect of the engine s ystem purge requirements was the procedures 

unique to the ground testing . The altitude environment (100,000 feet) of 

the engine is t o be simulated during the actual ground test firing. The 

envi ronment was assumed to be maintained sufficiently long before and 

aft e r engine s tart t o permit utilization of the operational purges de­

fi ned prev i ously . Since ground testing of the AMPS engine is to be ac­

complished in the confinement of an environment charmer, the atroosphere 

inside the chanber must be maintained at a neutral atmosphere as nearly 

as possible t o reduce the possibility of damage to the facility. To ac• 

complis h this, both oxidizer and fuel systems of the engine are to be 

purged free of propellants prior to shutdown of the altitude environment. 

ll1e purges defined for the fuel and oxidizer systems ·in previous para­

graphs will satisfy this requirement. 

(U) Since both purge systems will be cold following engine tests and the 

environment exposure of the systems will eventually be that of the test 

site environment, continuous purges in both fuel and oxidizer systems 

during all periods of nonfiring conditions will be necessary to maintain 

moisture control . Moisture in either system could result in severe 

damage either as a result of ice formation in the fuel system and ice 

formation or coni>ustion in the oxidizer system. 
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(U) Fo l.l ow ing peri.o<ls of e:1gine maintenance during which the purges are 

r equi red t o be shut of f , other contaminati on p re ven ti on measu res wi 11 be 

11ecessary Le , g,, purge a nd passivation) , ·n1 c magni tudc of the s tandby 

purges is no t critica l s in._: t; t heir only purpose is t o p reven t moisture 

or oth er contam i nants from entering the propel lant S)'Stems . These purges 

appea r t o he the on ly ope rat i ona l requirement unique t o ground testing the 

AMPS eng ine , 

m. L:ngi nc System Pneumatic and Electrical Requirements 

(U) Estjmates of engine system pneumatic and e l ectrical requirements were 

es tabl ished for coo rdinaUon with the feed S)'stem subcontractors . The pur­

pose of thi s initial effort i s t o provide a basis for the integration of 

the ove r a l 1 propul sion sys t em pneumati cs and e l ectri ca l systoh\s. The en­

gine system requi r ements presented here are estimates of the maxi mum r equire ­

ments based on the current engine contro l system concepts and calcul ated 

es timates of engine purge r equi r ements . 

( I ) Pneumati c Requirements 

(U) The engine system pneumati c contro l package will supply r egulated 

pressure for opening and closing control of the main propellant val ves, 

regulated purge flow to the oxidi ze r turbopump seal cavi t y , and regulated 

purge flow to the duc t s downs tream of the main propellant va lves. One 

integrated pneumatic package is anticipated for each engine (main and 

secondary) . A schematic of the basic pneumatic system for each e ngine is 

shown in rig, 93 . ,\ single regul a t or is used for both main and secondary 

engines and, therefore , an additional two-way solenoid va l ve is provided 

for the oxidi zer pump seal purge to restrict the purf?e fl ow to only the 

ope ra ting engine . The solenoid va lve upstream o f the regulator will iso­

late the regula t o r t o reduce helium l oss during periods when the engine 

is not operating. ·1he pneumatic fluid is helium, Bureau of 1fines grade 

" ,\." The opera ting conditions are as fo llows: 

Temperature 

Fl uid 
Environment 200 to 600 R 

Fluid Pressures 

Regulator Inlet 800 to 3500 psig 
Regul ator Outle t 750 ±25 psig normal operation 

900 psig maximum 
(relief valve set pressure) 
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(U) The l eakage rates for the various pneumatic system components used in the 

analysis were best es ti ma t es of achievable l eakage rates based on previous 

experience. The va lues used are shown below for upstream helium conditions 

of 750 psig and 200 R. 

Leakage Rates 

Three-Way Solenoid Valve 

Two-Way So lenoid Va lves 

Regulator and Re lief Valve 

Main Va lve Ac tuator 

60 scim each 

10 scim each 

50 scim total (external) 

150 scim each 

(U) Leakage of the three-way solenoid valves, the two-way solenoid valve used 

in the purge lines, the extema1 leakage of the regulator and relief valve, 

and leakage of the main valve actuators will be experienced throughout 

engine ope ration. During nonoperative periods (orbital coast), the leak­

age through the two-way solenoid v~lve upstream of the regulator is assumed 

to be lost. 

(U) Pneumati c fluid usage for engine start and cutoff is determined from the 

engine purge requirements and valve actuator system volumes . Pneumatic 

system volume vented during each valve actuation was estimated from lay­

outs to be S cu in. These helium flowrate requirements were then combined 

to describe the main and secondary engine system pneumatic volumetric flow­

rate requirements for each engine start and cutoff, per minute of engine 

operation, and per hour of orbital coast. These volumetric flowrates are 

presented in Table 19 for each of the pneumatic system functions. All 

volumes are given for standard temperature and pressure conditions. 

(C) The established helium usage rates were then used to detennine total pneu­

matic system helium weight requirements for a range of possible mission 

applications . The total helium volume requirement is dependent on total 

engine burn duration, number of engine starts, and total orbital coast 

duration. Helium flowrate requirements were calculated for maximum and 

minimum burn duration for both the main and secondary engines . The burn 

durations shown in Table 20 are based on the entire propellant load (~15,500 

pounds) being consumed at the accompanying specified thrust level. 
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TABLE 20 

RA.NGE OF ENG INE BURN DURATIONS (U) 

Burn Duration, seconds 

Engine Maximum Thrust Minimum Thrust 

Main 238 2 ,020 

Secondary 2200 18,000 
(~@~[?0®~~'\l'O&\[L 

(2) Electri cal Requirements 

(U) Engine system electrical requirement s also estimated to provide a basis 

for determining power source and total e11eriW requirements. This analysis 

also provided a starting point in an effort to maintain commonality be­

tween the feed system and engine system electrical requirements. The 

engine system concept requires electrical power for solenoid valve actua­

t ion, turbine-control valve actuation , engine controller package, and 

engine instrumentation. 

(U) 'Ihe total power requirements for each of the engine system electrical 

components are shown in Table 21 along with the estimated voltage and 

current requirements. Values shown for the engine controller electrical 

package are es timated based on pr evious experience. The 110-vac source 

1s desired for the indicated components if available, but other power 

sources may be acceptable. Engine ins trumentation requirements were not 

sufficient ly defined to estimate tl1eir e lectrica~ power requirement s; 

however, these requirements are expected to be· ve·ry. low relative to the 

other e l ee trical power requirements. 

(C) Maximum electrical energy requirements were determined from the established 

power requirements anJ the most severe mission duty cycle. Energy require­

ments for those components requiring continuous power during engine opera­

tion were based on the maximum firing duration of 18,000 seconds. 
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(U) 'Ihe resulting total elec trical energy requirement of 1425 watt-hr is con­

sidered to be an estimate of the electrical euergy required by the engine 

sys tern. 

n, l:. ngine Fl()w ~!easureme nt and ~lixture Ratio Control 

( UJ Propellant utilizat ion for the AMPS requires that the eugine cont rol sys­

tem be capable of sensing and controlling engine mixture ratio over a 

suffic ient rauge to accomplish simultaneous propellant depletion for all 

defined mission requireme nts. ·n1e se nsing devices used in the propellant 

utilization sys tem to de t e rmine relative propellant liquid level in the 

tanks could be the accL.:mulati ve type (measures flow from the tank) or the 

liquid leve l type (measures propellant in the tank). Upon determining 

rel ative propellant load from either method, the engine would be com­

manded to operate a t a comparative engine r.iixture ratio. In operation, 

the value and control of engine mixture ratio is important, while the 

values of the prope llant flowrates are not particularly important unless 

they a re required to determine mixture ratio , Therefore, mixture ratio 

control is considered a pnma ry engine requirement, and flow determination 

is not. 

(U) !11 this analysis, methods were considered where operating characteristics 

or levels of engine components could be used to sense and control mixture 

ratio. Hiis analysis did not include direct measurement f l ow devices 

( i.e., turbine meters, e lectromagnetic meters, etc.). In some of the 

methods cons idered, only a mixture ratio indication feedback signal would 

be i;enerated by the engine control system,and there would be no accom­

panying in.formation from the engine which would indicate propellant flow­

rates. ln these cases, the relative propellant tank levels are required 

to be determined by a feed system device. 
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(U) In each of the methods considered, cali bration of the engine and component 

would be required during t h<' static tests on the engine. Methods considered 

inc luded: ( 1) pressure !1,se in a component (i.e. , injector 6P) from whi ch 

flow and eventually mixture rati o could be determined and controlled, 

(2) fuel-to-oxidizer system pressure balance fr om which only mixture ratio 

could be sensed and contro lled, (J) thrust chamber coolant temperature rise 

from wh ich only mixture rutio could be sensed and c·o11trolled, (4) pump 

operati ng parameters ( speed and propellant density} f~dm whi ch flow and 

mi xture ratio can be computed and controlled, and (5) fuel turbine valve 

positi on programmed as n function of command mix t ure ratio for given 

eng ine operating leve l . 

(U) I n the analysis no attempt was made to predict the resolution of the con­

troller because t he va lue would 1Je comparable with each type of measuring 

device, The predicted resolution for control of mixture ratio was made on 

the basis of present capability associated with transducers and, where 

engine hardware was involved, the repeatability experienced with similar 

pieces of hardware on existing engines. 

(1) Head Loee for Flow Meaeurement and Mixture 

Ratio Control 

( ~) Use of heed lose in the propellant syeteme for determining flow and mixture 

ratio has been · coneidered a remote poeeibility for the AMPS engine. The 

hesitancy to use th1 a type of "meter" l!lteme from the fact that, while the 

propellant flowrates vary by a factor of 10 over the en1ine operatin1 range, 

the 6P of the meter variee by a fartor of 100 (i.e., 6 P ~ w2). Since 

pressure i11 the primary indicator, the reaolution of flow would. p~coae very 

difficult at low 6P. 

(U) To demonstrate th~ mix ture ratio uncertainty obtained for the above flow 

measurement scheme, a ventui-i section was assumed (d
1 

= 1. 12Sd2 , fuel; 

d
1 

= l.lu7d2, oxidizer), and pressure differential measurement was ob­

tained between the two sections of line (diameters, d
1 

and d
2
). Assuming 
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( U) both µ ropell ants t o be l i quid at the meter an<l with the us e of the ene rgy 
' } 

equat ion ( J> • v- /2g = cons t a nt) , the a na l ys is sh owed that the static pres-

sure di ffe r e ntial be t\\·ec n the two sections was 1Y 8 . 8 psid and 125 . 8 psid 

fo r the f ue l and oxid i zer mete r s , respe ctivel y , a t full engi ne t hrust , 

Combining th e effec t s of unce rta i nty in the pres s ure r:1easureme11ts , the 

mixture ra tio unce rtai nty ~ould be ±0 . 45 uni t . 

(U) \\lhen t he computati on was made for the throttled thrust case, the /JP dropped 

t o 2 . 8Y ps id a n,· ' i ps i d for the fue l and oxidize r meters, respectively. 

.'fo r es olutio n o f n,,.xtll r c ra tio would be possible i f the uncer t a inty of the 

p ressure trans duce rs remained a t ±0 , 5 pe rcent . 1\lith these con<litions, 

ne gat i ve pres s ure drops cou ld be r ecorded and caus e an uncertainty in 

mixture rati o ra ngi ng from - 7 .55 units t o virtually infinity , The propel­

l ant de nsi ty Eac tors we re not inc luded in the analys is and would increase 

the unce rtainty by a n add i tiona l factor. Ob viously, this approach needs 

cons iJe rab l e ins trume nta tion improvement if it is to be used, 

(U) Du n l range pressur e trnnsducers could be used to redu ce some of the uncer-

tainty. One nppron ch would be to ca l i brate a single transducer for maximum 

precisio11 at two ope r nti ng l evels . The fa ct that the transducer is designed 

for· hi gh pre ssure operaUon "·ould st ill limit the degree of prec ision at 

low pressure operation, and any significant improvement at the minimum thrust 

level is doubtful. 

(U) A Recl)nd approach wou Id be to use dun l t ran s duce r s, one transducer des igned 

a nd en 1 i bra ted for high pressure o pe rati on and the second transducer des igned 

a nd rnl ibrated f or Jow pressure operation. With thi s nrrangement provision 

wou 1d be "h'!cpii red to protect the l ow pressure rnnge transducers when high 

press ure!" were pre s e nt. Presumably this would be ac ~omplished w.ith the 

use of i~olation volveP , seque nced by the engine thrust level f eedback 

s i~na 1. 

(U) Adding eom porwnts and nccompanying control to the engine is not parti cu­

larly a <'C'e ptabl e . As n result, predi c tion of the pos s ible mixture ratio 

resolution wa s not C'omputed. 
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(U) Although the anoly~is was made for the AMPS main engine,the results are 

~~ equally applicable to the secondary engine. 

(2) Injection Differential Pressure for Mixture 

Rati o Control 

(U) Limited mixture ratio control has been accomplished on Rocketdyne fixed­

thrust engines by balancing an engine oxidizer pressure with that of a 

fue l system pressure through a servovalve, which in turn controls the 

posit ion of one of the propellant valves. Since this approach has proved 

successful, t he approach was considered for the AMPS engines. The method 

provides 011ly mixture ratio information and has no capability of predict­

ing p ropellant flowrates. 

(u) In the previous experience with this type of control, propellant compreui­

bi lity ond density changes were ignored as both propellants were quoei­

incompreeeible (RP-I and LOX). In the AMPS application, compressibility 

cannot be ignored, primarily because of the fuel characteristics. 

(U) There ore numerous preeeures referenced which rould be made on an engine 

to obtain en indication of mixture ratio. In the following analyeie injec­

tion pressures were used for the AMPS main engine. 

(a) Effect of Propellant Density on Mixture Ratio 

(C) For the analysis, the assumption was made that the changes from nominal 

propellant pressure and temperatures at a particular engine thrust level 

would be small and density could be expressed in each of these regions as 

a linear function of pressure and temperature. Considering fuel tempera­

ture near 1460 R, the density gain over the engine operating pressure 

range was found to be -0 .000268 lb/ft3 -R. The resolution of temperature 

was assumed to be !2 R (0 .14 percent of reading) for a single reading. 

Because there is a reading involved with the engine calibration and with 

the actual test case, two temperature errors are possible. The combined 

error was predicted to be the sum of squares of the individual uncertainties 

(~!3 R). 



( U) Comlidl'ring fu el preR s ure flt a 

f ound to be 0.000~6 lb/ f t 1-p,:1 

t 1o n of llljl'(' l,IOJI p re~fllll"{' Wfl8 

tempernture of 

for t he rnnge 

n HMume d to be 

lltl>O R, t he de nsity gain wns 

o f e ngine operation, The r eso lu-

±'j !)R I (±0.5 perc<'n t o f l..l'OIIR-

ducer rongc•) f or each r end tn~ . ~ain a c-a l1bration r end i ng and a tt>st 

n•ad1ng ,Ht> i n vo lved and p rod u c-p a t oto l den s ity unce rta i nty o f ±0.0019 

lh/ rt'. Cmnh 1n 1n~ both temperoture a nd (ll'~ssure factors(@) produrel'l 

an unn' r tai n t.y i n den~ity o f .!: l. 01; percen t . The resulting e ffec t on mixture 

rnt.10 wn s comput.(•d to be ±0 . 1:.! unit. 

( U) S imi Jar anal_vRi!"-l 11 !"1ng prt'dicted oxidizer ope rati ng t e mperatures nnd pres­

RIJrP R r c>Rtaltf'd in de11!"1 ty ~nin!'I o f 0,:.! I l b/ft3-n and 0.0012 lb/ ft-pRi. The 

un ce rto1 11 ty ns!'lonntf'li with enrh presRure (t5 p ,n ) and tf'mperature ( ±0,5 ll) 

men!'lu r emt'nt rt'!'l11ltf'd 111 ox idi ze r dr n f-!ity unc<'rtninty of t0 , 15() perc.-nt ond 

a n unrf'rtninty in mixlu r e ro tio o f ±0 . 118 unit. Combining the fue l a n d 

oxid i1.f' r cont.ributionR ().[ Mlt2) produc•p,: 1u1 u11,·t>dainty of ±0,1,95 mixtur<' 

ratio 11n1t. 

(h) Ef f r-ct o f Di fferentia I Pn•~,:u ,·c• l:: rr·o r 

(1 1
) ,\t. th(' full-t,hni iat lr-vC'l, t hl• n •lat.iou ia hip o f e11~in<' mixture ra tio to 

1n jer-t.1on prPssu1•p d1f fp r e n tial (P f 1 -P ' d ' ) nt a constant propel-
uc• ox 1 1 ZC' r 

l1111t de11!'ity wnR found to be 3 5 ps i / mixtu r e ratio unit (Fig. 94 ). l:Jecnu se 

Liu:- di f fc•rent.ia l 1,rnuld be r riao lvl'd from indivi~ua l t r u n s duc-e r voltoge output 

(11!:1 np po i:ll'd to a 6P g11ge), t he t.otnl un,·e r tai nty of the two trnnsduc<'rs 

would lw ±7,07 )> HI at all t hrust levt•ls (±0 . 5 pe r cen t o f trnnsdu cer rang<'), 

'l' h e l'f'Hulti ng u11<·ertu 111 ty 111 mixt111·f' rntio nt full thrust wou ld be ±0,22 unit , 

( ll ) Combi 11 111g U1c• unrl' r tni11ty 1H1soci nted with t h e dN1 s i ty ( ±0, 1,95 unit) with 

t he u n r H tni nty n!'Aociat.C'd with i 11 jert ion pressur e differential (±0 ,22 unit) 

produ r f'!" ,1 prC'd irted uncertai n ty in e ngin<• mixtur e ratio nt f ull t hrust o f 

:±0 , 'j/t IHI i t . 

( ll) Si mi l nr a ua) _v:.;i!'I conducted ut t he t hrottled thrust l e vel produces un un-

certai n ty i n mi x ture rnti o o f ±2 ,5lt uni ts, The loss o f resolution " ' OS 

rnui:led by t he l ow i n jection differen tia l preRsur·e at, the low fl owrntes. 
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lUJ 1'11e n .::·o n: , the conc l usi on 1-·as that the use of o x ith:e r - t o-fucl sy stem p r es­

su re Jiffe rc 11tia l s cou l d no t he used fo r mix ture ra ti o control 111 the AMPS 

engines u nl ess better rcsol ut.ion o f pressu res could !Je ach i eveJ ove r t h e 

fu ll engine o pe ra ting r ange . 

(c) Thru s t Chamlic r Conl11 n t Tem peratu1·c Ili se f or 

Mixtu re Hut io Control 

(U) U8c u f t hru !"t. ('hambc r <·o<.d11nt. tcmpe ratur<' rise 11:,; 1111 indicution o f mixture 

r·at,io (fl owrut,ps a r c n o t d(•tc rm i 11t•d) in a control system ha s not been 

previous ly a ccompli s h ed a t, Rocketdyne. Upon e xam i nation there ore some 

obvious unknowns whi ch require answers b e fore the a pproa ch could be used. 

Among t h se unknowns t1 r e : (1) the effect of small amounts of chamber 

damage 011 c oo lnn t heat l oad , (2) the effect of a variable thrust level 

on the l i nea rity reln tion ship of temperature rise 011d mixture ratio (A 

Rtudy on t he J-2 engine r evea led a linear relationship over a mixture 

r ati o o f upprox imntely 1.5 units), a nd (3) the degree of instrumentation 

required to ob tii n on overa ll coo lant temperature rise, particularly with 

the segmPnted thrus t chambe r. Assuming these ques tions could be satisfied, 

an analysis was made to de t e rmine the mixture ratio re solution whi ch could 

he achieved using t he pre sently known fa c tors. 

(U) The datn from four J-~ e ngines (J6 tests ) were analyzed to produce a stu­

ti!ell ica l va lue (variance ) defining the distribution of data about a stroight 

line relating mix tu r e ratio and coo lant temperature r ise . Assuming the 

va ri_ nncc of the A~IPS data t o be comparablC' , a prediction was made that 

· 7 . i5 H ,·epr escnts a 3a l evel of dispersion from the st r aight line. 

( U) Com0 i ni11g th is value by t he sum of squares method with a t2 R value repre­

sentl ·,g t he uncertainty in the meas urement produces a total possible error 

o f t B 1~ . 
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(u) From the present heat transfer analysis, the predi cted sensitivity of coolant 

temperuture rise for a unit increase in mixture ratio (constant thrust) ie 

9·0 R/ m1xture rati o unit, or conversely 0,0111 mixture ratio unit/ll. The 

uncertainty in mixture ratio as a result of the predi cted temperature error 

is ±0.0888 (approximately 0. 1) unit for the main engine. 

(U) A similar anuly si~ conducted f or the secondary engine produ ced a sensitivity 

of l16 ll/ m1xtu re rat io unit (or 0.0218 mixture ratio unit/R) . Aeeuming the 

re solution of bulk temperature rise and mixture ratio for the secondary engine 

i s <' omparub le to that pre sented for the main engine produces an uncertainty 

in secondar y en~ i ne mixture r11tio of ±0,175 (upproximately 0 ,2 ) unit. The 

theoretical valu~s presented in this contro l method ore extremely attractive 

!'lin<·e the potentiol r eFrn lution of mixture ratio is compnroble to that of 

turbine flowmeter s. Additionally , the control sy~tem input for mixture ratio 

is 11t mo st II summed voltage i nput fro~_ two temperature meosure• ents, 

(J) Pump Parameters for FloY and Mixture Rntio Cont r ol 

( U) l:11~ i.ne pump perfonnance parameter measurements taken during flight have 

been used extensive ly at Rocketdyne to predict propellant flowrates for 

engine systems flight tested. lhe method depends or a knowledge of pro­

pellant quality ~oing through the pump and the pump speed . The precision 

with which the engine mixture ratio can be computed and control led using 

these data depends on the resolution of propellant con<li tions, pump speed, 

tht.! repeatabil ity of pump speed for a given downstream resistance, propel­

lant condition, and operating level. The uncertainty of knowing each of 

these factors was evaluated in terms of pump speed for the main engine at 

the full thrust operating level and the throttled-thrust operating level. 

The pump speed uncertainty factors at each ope r ating level were then com­

bined to produce a factor of uncertainty in knowing engine mixture ratio 

operating point . "The following discussion presents the analysis made in 

determining the predicted mixture ratio uncertainty at full thrust. 
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( a J Lt fe e t of Pump Inl e t Pressure on Pllh1p Speed 

(LJ !he cng tnl' 111f lucncc co1:1·1·idt:nt t ab le \\'as useJ t o p r eJ i.ct the possible 

i.:rror 111 pu 111p speeJ a s t h t: result o f unccr t ai nt r in pu1:1p in l et pressure , 

The assumptLo n was maJc tit.it pressure cou l d be r csoiveJ 1dthi11 :.O. S rer-

ccn t o f the; transJuccr range l WO psi) . In till' case o f the fuel pwnp , 

this ac-.:u n:i c r represents a !U , 835 percl!nt u11cc rtainty 111 knowing the pump 

Jlll<..:t pn:ssun: at t10 psi a . Usi ng the engine influence coefficient asso­

c u.i t l!J \\' 1th the [ue1 pump inlet pr l!ssure , t ogether with the unc ertaint)' , 

the ana l }'S i s sho1s·cd tha t th e resul tin~ uncertainty in l-.1.01,i ng the correc t 

spccu rL·q111rcd c ou! J In.: !.U, lo-1 rpm fo r t!1 c ox iJi:er pump and ±10 rpm for 

t he fuc 1 pu mp . 

(UJ S imilarly , tlt c possible oxi.Ji.:er pump inlet p ressure recording error could 

c ause an uncertainty of ! •I . S7 rpm in required oxidizer pump spee<l and 

!.0 , 0835 tl)m in fue l pump s pc!.!J . Subse4uent discussion shows that the 

l!ffl'c t of thes e possible errors i.n purnp spee<l is not significant . 

(b) l::ffcct of Pump Inlet Te;11peraturc on Pump Speed 

tU) 11,e assumptio n wus made that propc lla11t tempe rat ure could b e r esol ved 

i-·tthin ±0 . 5 R fo r both oxidize r and fuel prope llants , For t he oxidize r, 

this accu racy represent s !0 , 327 percc11t i nstrumcnt- recor<lcr precis i on at 

the o pe rati ng t cmpt.:rature . ,\gajn , using the engine influence coefficients 

f or the main eng inc , the an al )'s1s showeJ that the re4uired accompan)'ing 

pump speed uncertaint)' would be ±24 q,1m for the oxidizer pump and ±0 , 08 rpm 

fo r the fuel µump . Simi larly , the effect of a possHde fue l temperature 

e rro r l± 1. 25 perc ent ) cou ld cause a11 uncertainty in pump spee<l of :t0 .1 75 r pm 

for the oxidi :e r pump an<l ±:~OU rpm for the fuel pump . 

( c) l::ffect of Pump Speed Recording Error 

(UJ l;ive n e nough data points in a revolution, the pump shaf t s pee<l cou l<l be 

1eso l ved t o v irtually no e rror . 111 the cal cu lation, the ass umpt ion was 

ma<lc that pu mp speed could be rcsolve<l within ±0. 05 percent of the actual 

r 
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( UJ spee<l at fu l l t hrust . This could be accomp li s h ed with two signals per 

re voluti on from the fuel pump !ihaf t a nd fou r s i gna ls pe r r evolution f r om 

th<: oxi<liz.e r purnp !ihaft and could pr ovide a signal each 0 , 0005 s econd from 

each pump . The resulting pump specJ uncertaint }' would be !14 r pin a nd 

!:37 . S rµrn, respe t.: ti vely , fo r the oxidi ;:cr a11d fuel pump shaft speeds . 

( d ) Effect of Pump Spee d Jlpqui r cmen t 

( ll ) Pump s peed n•qu1rem1•11t for u i,i:iven s e t o f hurd.,,•arc und ope rating condit ion s 

i s th£1o r c t1 c11ll y t·o11 8 t n nt f or u pur t i c ulor enl(lnl' , Any f i n i tl• c-hunge either 

111 tlw pump o pe r ot 1on or 111 any o the r hn rdwn rl' op<>ra ti on nece ssarily rouses 

o <'hange i n the rf'q u 1rcd pump ope ruting l evel. Histori cu lly, the se fa c tors 

hove heen lumpe d i n to a !-li n~l e fa c t or for II g iven rated opernting leve l 

(thrust 11 nd mix tu r e rat io ) and define d os run-to-run vnrintion in the 

requ i red pump speed t o meet these r onditions. The vorinncc (s
2

) obta ined 

from ~cvera l Rocketdy nc engine pumpH .,..a s e xnmined,ond eve ntunlly the vari ance 

us s or iuted with t.he MK1 5 pumps wns userl i n e stimati ng the repea t ab i lity in 

required pump s peed f o r n given ope rat i ng level f or the AMPS ma in engin~ . 

(U) Ee ti mn ting <7Jl-R f or the AMPS pumps to be equa 1 to J s2 
R-R for the MK 1 J pump 

and n~suming a 3<7R-ll s ignificnnce l evel, the uncertointy nesoc ioted with 

pump speed requirement wos predicted to be ±116 rpm and ±725 rpm, re11pec­

tively, for the oxidizer and fuel pum~s. 

· (e) Combined Effec ts 

(U) To e st1mote the toto l combined uncertainty ns11ociated with knowing whnt 

pump speed is r equired and knowing the actual pump speed, a 11um of squares 

opprooch ,wos tnke n. The uncertainty in oxidizer pump 11peed and fuel pump 

speed woe found to be ±120 rpm and ±750 rpm, respectively. 

(f) Effec t on Engine Mixture Rntio 

(U) To equa t e unc ertainty i n engine mixture rat i o to the uncertainty in pump 

speed• the approach was taken t o re late pump speed to propellant flow for 

each pump. The me thod required pl ot ting pump fl owrate as a fun c tion of 
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(UJ pump s pee <l for the nomi nal mixture ratio case ( i:ig. 95 ; , and then comput­

ing the s l ope of the cu r ve at the point of interest (full thrust, etc . ) . 

The f lm, was <le t errnine<l br multiplying the slope by the pump speed uncer­

t ai nty va l ue. ~lixtu re r cJ t io 1vas computed first b y usi ng the nnmina l fue l 

fl ow and t he variation in o xidizer fl ow , then hy using nominal oxidizer 

flow anti tlte variation in fuel f low . ·n,e combined mixture r a t io uncer­

tainty was de t e rmined by tlie sum of s4uares of the two cor.iponents. 

(U) Using this me thod, the t o tal computed mix ture ratio uncertainty was f,, ,rnd 

t o be :':U 25<> unit at the full-ti1rust opera t ing level. /\ similar analysis 

rcsl.1ltctl i11 an uncert ainty of ±0 , 205 r:ixtu re ratio unit at the throttled­

t hrus t operating l eve l. The condusi on was the r efore reached that with 

the use o f pump c:1 lib r atio11, together with prope llant pr essure and tem­

perature at the pump inlet , mai n engine mixture ratio could be computed 

and contro lled within ±0. 3 mixture ratio unit of the tlesire<l va lue. 

(11) Programmed Fuel Turbine Valve Position for 

Mix t ure Rat i o Control 

(U) Cn li bra ti on of the engine during static test provides the possibility of 

defining mi xture ratio as a function of fuel turbine valve position for o 

given thrust leve l, or oxidizer turbine vnlve position , or o combinati on 

of t he two (propel lont flowrntes are not determined). Similar appronrheA 

hove been successfully 11sed on other Rocketdyne engines where niixture ratio 

· hos been expre ssed as o fun ction of a control valve posit i on for o given 

thrust leve l. Although the dotn are not available to predict the . possible 

mix ture ratio r eso lution with this type of control , the success of the paPt 

justifies analysis during engine development work, 

(5) Analysis Sunnnary 

In summarizing the analysis, the following points ore made: 

(c) 1. Becnu se 6P~w
2 , and w varies over II range of 10 to 1, flowrotes 

cannot be computed with sufficient precision from propellant system 
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prl· s s tirt.: l osses o r systt•r.1- t o - s~·ster.1 pn•ss u n • J 11 tt> rl'llt 1a ls t o 

pro\1 JL' ,1tkq11.1t l' :.1!X t11 re ra t i o co11trnl for till' ,\ . ll'S cng1nc•s . 

Lal 11n.'(tio11 o f h1• cngirll' 1 r oin 1dlich USL' of p u 111p perfon:1anL·e . 

thrus t· cll amhl' !' c0ola11 t t cmpe rattlrl' riSl', or I rogram1:lL'd ft1C" I 

t u l'l >i 11t' val\·1..• pos iti o n c:111 he u sed t'o r mixtu r <' l"itio co11trol 

;-1ppc,Hs t't•;1si hll• ; hO\\'e\·er , all 111eth0Js rc-qu1n' so1:1c sta t i 1.: test 

!1 1stor y r rn,:: h c h to <lc-\·clop a fa1.:to r ".> f n111-i-0- run pre<licta-

1, i I i t y • 

. ) , l· o r till' prl'<-v nt, bo th p r i 111:1ry :i nt.! sccont.la r y c11gi11L' des i gns in­

l· l t1d l' t 11rl >i t1L•-typc flowmetL.·rs in the engi ne 1:011trol system . 

o . l.11g 1 11L· l; ro,rnid Test Che d,out App r oach 

(II/ ·11ic.• p,·c t L·s t fu111.:tjo11al an<l !cal-. t ests , together ,~ith the ab i li t y to detec t 

malfunctions Juring hot fi r ing, mus t be conside r et.l p r i o r to a tte mp t ing 

g rou11J tL•st o f the ,\; !PS engine , Pa r ticularly impo r tan t in t he c a se of 

the \\ll'S e n Ai ne tl'St program i s the high r eactant nature of the p r o pel ­

la11 t-; and th e co11t'i11cr.1c nt of t he e ng ine (ob!.cu r e d f r om vi e1✓) i n the 

a l titude s i 11111lati o n chamlH•r , 

(1') '!111<• l'ol l D1d 11/! d i:-;c· u ::;s io11 1'<• c ng 11 izt•:-; tlw ma,j,11· polen l i u l p1·oulcm a r eas Ollll 

orf'e1·s /!l'llt'l'H l s ,, Lut.in 11;; 11 1' s afc j!11n nl s f ol' o , ·1.• 1·comi ng t hese p1·ob l c ms . 

Th1•1·<' i '-' 1111 at.L<•m p L a cL11a l l~· Lo cll'i' inc deta iled p rocedures but, ruther, 

Lo hri 11/! .tll m,.i r <-ncs s o f lhc p 1·obJl'mS :;o t hat design o f engi ne and c om­

pom•nl ,.; 1, i 11 1·1•f l ecl n <"u nf ig11 l'ntio11 amPnabJ e to funct. i o n n l c hecko uts , 

:-:~·:,.;tpm l l'al, lest,::;, a nd mo 11 jto ri ng t'o t· propc 1· ope r a ti o n . 

( J ) P1111ctiona l Checko u t 

( r ) Tit er<• , ll' l' ~m e ve n ts p1·es1.• 11 Uy ide n t ifie d ( 'l'ab l 1• 2l) ,,·jth engine compo ne n t s 

1,h i c h ca n Ol'l' UI' duri ng stnl't, ma ius t agc, arnl.cu lo f f ,,·h ich , i f t hey d i f f e r 

f l'OIII tl11• nonnal, 1.-ould cause some unus ual hc hav i o1· o f t h e eng ine . Of t he 
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TADLE 22 

PllELIMU\,\IlY FAILlffiE l~FFECTS ANALYSIS, 
AMPS J::NGINE GHOUND TEST (U) 

Event 

Main Fuel Valve Fnils to Open 

Main Fuel Valve Fnils to Close 

Main Fuel Valve Closes Enrly 

Main Fuel Valves Opens Early 

Main Oxid Valve Foil s to Open 

Main Oxidizer Valve Fails to Close 

Main Oxidizer Valve Closes Early 

~~in Oxidizer Valve Opens Early 

Fuel Pump Docs Not Rotate 

rue l Pump Stops Rotating 

Oxidizer Pump Docs Not Rotate 

Oxidizer Pump Stops Rotating 

Fuel Turbine Control Valve Fails 
to Open 

llc sul t 

Engi ne will not start. 

Excessive fu el los t after cutoff ; 
no engine dnmng<' would r esult. 

Thrust chamber damage nnd fuel pump 
ov<'rsp<'ed nre ccrtainti<'s. This would 
r ouse s<'rio11s engine and fnci l i ty dornnge. 

No e ffC' cL if the engin<' i !-l in the cutoff 
mode at ti me propel 1 an t.s are on board 
and start i s not C'nPr~izcd. 

Engine wi 11 not s tart. 

Main fuel vnlve and fuel turbine contr ol 
valve would not close automati ca lly. 
Engine would operate until residual 
propellants were depleted or the facility 
valves c losed. Some overspeeding o f the 
fuel pump may occur. 

Oxidiu-r pump overspeed, probably causing 
serious engine and facility damage. 

Depending on when in t he sequence the 
valve opened, it could cause engine 
thrust chamber and facility damage. 

Engine docs not start. 

Engi ne stops rwming; may sustain thrust 
chamber damage. Main oxidizer valve will 
c l ose and fuel nnd oxidizer turbine 
va l ves will close . 

Engine will operate at. l ow level until 
limiter timer initia~es cutQff; probably 
no other effect. 

Engine stops rwming; mainstagc switch 
dropout wilt·initiatc an engine cutoff 
signal. 

Engine does not start. 

20 1 



TABLE 22 

(Continued) 

Event 
Fuel Turhine Control Valve Opens 
Early 

Fuel Turbine Control Valve Fails 
to Close 

Fuel Turbine Control Valves Closes 
Enrly 

Oxi di 7.er Turbine Control Valve 
Fails to Open 

Oxidi;:cr Turbine Control Valve 
F:1 i 1 s to Close 

Oxidizer Turbine Control Valve 
Closes Early 

Oxidizer Turbine Control Valve 
Opens Early 

F'uel Jacl,et Prime Pressure Switches 
Fn i l to Ac tun te 

Fuel Jur:l<et Prime Pressure Switches 
Fail to Deactuate 

Fuel Jacket Prime Pressure Switches 
Actuate Early 

Fuel Jacket Prime Pressure Switches 
Deactunte Early 

Moinstage Monitor Pressure Switch 
Signal Fails to Actuate 

Mainstage Monitor Pressure Switch 
Fails to Deactuate 

H.csult 
No effect 

Pump con t i nueR to p11mp fur I until 
residuals in fuel feed linPs arr 
expelled; no hardware dama~P. 

Engine stops runnint?:; may sustain 
thrust chamber damage. Main oxidi zf'r 
valve will close and fuel and oxidizer 
turbine valves will close; no efff'ct. 

Low-order combustion until 1 imi ter 
timer initiates cutoff; prohably no 
other effect. 

Engine continues to run until p1:opellants 
in the lines are depleted; either or 
both pumps could overs peed, causing 
serious engine and facility damage. 

Initiates an early but near-normal 
cutoff sequence. 

Causes overspeed of the oxidizer turbo­
pump and may cause pump and other engine 
damage. 

No adverse effect: engine shutdown is 
affected by limiter timer. 

No effect 

Could cause thrust chamber damage 

No effect 

Engine cutoff initiated by limiter 
timer; normal cutoff sequence. 

No effect 
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Event 

TABLE 22 

(Concluded) 

Rcsul c. 

Mainstnge Monitor Pressure Switch This effe c t cunno t be e vn I ua ted until 
Actuates Eorly the switching from start to mninstnge 

control is defined. 

Mainstoge Monitor Pressure Switch Engine cutoff is initiated by limiter 
Denctuates Early timer; normal cutoff sequence. 

NOTES : 1. Engine is in cutoff mode at all times during standby when 
prope llants arc on board. 

2. An emergency shutdown requires that the engine turbine valves 
c l ose before propellant depletion occurs following c losure of 
the fa cility prevalves . 

} . Puel system primed pressure switch signal is locked in on 
ac tun t ion. 

4. Checkout of the pressure s'"'itches during sequence checks would 
monitor for proper position of switches . Individual checkout 
for proper actuation would be required prior to instal lation. 

5. No attempt was made in the table to indi cate n failure mode 
and effects analysis for the engine in the AMPS vehicle. 
Thie is to be accomplished at a later dote. 

-



( U) 28 events , 19 arc o f a nature that would cause no problem othe r than the 

inconvenience o f l osing the t es t objectives fo r that s tati c t es t. Four 

events fa ll into t he ca tegory of possibly causing some engine <lamagc, but 

not o f a catast roph i c nutu:-e. The remaining f i ve events could caus e no t 

on ly se ri ous engine damage bu t , a l so, faci lity cJamage . Extensive c heck­

outs become impo rta11t fo r the last two categories , To e va luate each c riti­

ca l event , al l possible pr i ma r y fai lure modes mus t be i<lcntified that 

coulc.1 cause the pa rti cu la r evt:nt ; then, the appr opriate pr ocedure should 

be defined an<l impl<:::mente<l that would redu ce the possibility of that un­

schc<lulcd eve11t occurring. 111 fou r s ituations , the malfunction could be 

the result of that pa rt icu lar component ( valve or pump) m2.l func ti oning . 

'!he remaining five are 0 1· the natu re that requi r es a con tro l fystem mal-
1 >· 

ru11 c tio11 which c auses impr oper sequencing of va l ves . llis t odcall >' , the 

best war to <lcte, r·mine i f a component i s fun c tional at the time of test is 

t o r equire the component to pe rform <luring checkout under the same condi­

t ions the componen t wou ld perfonn <luring hot-fire operat ion, 'J11i s per­

formance chedout is ch vi c..us ly impossible in some s ituations because of 

the nature of the component a n<l the l ocation of the engine, e . g . , actua­

t i on o f the main fuel or oxidizer shutoff valves wou l d not be possible 

with p r opellants at the va lves <luring a checkout because, i n so doing, 

the p rope llants would be introduced into the engine and a ltitude chamber . 

·111e next bes t approach wou ld be t o perform a checkout of the entire en­

gin1.: , whi ch wou ld go through a simulated start, mainstage , and cutoff 

sequl!n c<.' . The logic of the AMPS engine r e qui res pressure switch ( or 

equivalent) sigr,a l s to act iva te intennediate sequences in the start se­

que nce , Provis ions fo r s imulating these would be required in the c hec ,­

out because the pre ssure switches themselves would not actuate (no system 

pre ssur e) . Che ck out of the pressure switches fo r proper actuation would 

be required prior t o i ns tallation. However, position of the switch could 

be ve r ified during the sequence checkout procedure. Also, to check the 

mainstagt;! control, simulated s ignals for chamber pressure and mixtu r e 

rati o would be necessary , This can be accomplished at the control rane 1 

in much the s ame wa)' the pressure switch signals a re simulated. 
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(U) The electrical and pneumatic systems automatically receive checkout during 

the engine start, mainstage , and cutoff checkout procedures. Also, their 

proper functioning is to be verified by pre-checkout function and ~on­

tinui t y checks . 

(U) 111 performing the checkouts , mo11itoring points and methods must be pro­

vided that also identify incipient malfunctions. For example, an increase 

i11 the required actuation time or pressure requirement for a valve may 

indicate the va l ve would fail to open or, once opened, would fail to close 

011 the next test. Actuation pressure, position, and time would be im­

portant measurements i n this case. 

(U) Eme rgency engine and facility procedures also are to receive checkouts 

prior to each test exposu re. The objective of these checkouts is to 

verify proper sequences of facility shutoff valves and engine valves so 

that a roore serious problem is not developed as a result of the procedure. 

For example, only under the mos t severe conditions should shutting the 

facility or engine shutoff va lves be considered prior to shutting the 

turbine control valves. If the reverse is accomplished, overspeeding 

of the turbopump will occur, and severe damage to the engine and facility 

could be the end result. Of the five failure modes listed in Table 22 

that would cause severe engine and facility damage, four would be the 

result of overspeeding one of the two turbines. Alternatives must be 

weighed to determine what the sequence should be to shut down the engine 

in the case of an emergency during test stand operations to avoid an ad­

ditional undesirable situation as the result of the emergr-mcy shutdown. 

(U) ClJviously, the key to perfonning any checkout is the availability of 

critical function instrumentation (position, etc.) and the recording 

system itself. Instrumentation· that records component functions is to 

be considered in the original design of each component, with the idea 

that the component will receive checkouts at each assent>ly level. An 

optimum design can be accomplished both from the standpoint of "pure 

design" and instrumentation. 
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( :: ) Leak Chcd 

(CJ 'lea s ures to preven t p ropellant leakage from the AMPS engine wi ll be given 

cons id erable a tt ention . Severa l fa c t or s u ni que in the engine design tend 

t o make t he problem of l eaJ.-.age even mo rt' c rit i ca l than on other engines , 

These fac t or s are : ( I ) the ph>sica l behavior o f the oxidi:er makes an 

oxidi :er sys t em leak vi rtually pr oh ibi ti ve, and ( 2) the engine confi gura­

ti on i-·hi ch has both mai n pr ope llant s hutoff va lves upstream of the pumps 

r equires t ha t complete e ngine l eak checJ.-.s wil l be res tricted to low- pr essure 

leve l s {probab l y l ess t han 20 ps ig ) . To c i r cumvent the s ituation whe r e in 

al 1 Jo in t s 1,ould rccl'ivc on l y the 101,-prcssur c chec J.-., an assembly pr ocedure 

can be uti li;:ed that wi 11 permit l eak chec Ung subassemb ly unit s at pres ­

s ures more comparable 1-ith t he engine operat i ng pressur es . 

(!J ) A simi lar s ituati on a r i ses with passivation of the oxidi;:e r system. Be­

cause of t he s huto ff va l ves bc :. ng located upstream of the pumps , it is not 

pos:; i b le to utili ze the normal pass ivation procedure recommended for a 

fluorrnc sys t em with the assembled engi ne. The alternative is to passivate 

i ndi v idual componen t s pri or t o engine assemb ly , and then conduct a flowing 

pass iva ti on of the engine sys t em . 

(UJ One poss ible s o l ution to both potentia l problems would be to make prov i sions 

to bl ock off the di s tribution manifolds of both oxidizer an~ fuel from the 

injector and thrus t chamber inlets . If flanged joints were used, thin p late 

b lanks could be ins erted into the flanges , effecting i so lation of the up­

s tream ox idi:e r and fuel sys tems. Then a pressure check of all joints be­

tween the valve inlets and dist r ibution manifolds could be accomplished at 

a r e lat ive l y high pr essure (- 200 psia ) . This pres sure check could be ac­

complished during assemblr and, a l so , during pre-test operations, This 

app roach could al so be used in passivating the oxidizer system upstream of 

the b lanked- off flange joints , Subsequently, the only joints depending on 

a low-pressure l eak check are the manifold-to-thrus t chamber joints and the 

joints i n the thrust chamber assembly . Also, onl y the oxidizer injector 

would depend entirely on a flowi ng passivation. This approach may appear 

conservative , but is warranted t o avoid hardware and facility risks. 

(j 
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p. Engine / Propellant Feed System Interface Heat Load 

(C) Analysis was conducted to define qualitatively the heat load imposed 

on the thrust s tructure by the engine system through radiation and conduc­

tion heat transfer. These analyses were made to provide. the Task I I I sub­

contrJctors a basis for evaluation and design of the thrust structure and 

propellant feeJ system. Tab le 23 summarizes the results of th~ study. The 

situation considered t o represent the most severe heat load condition · was 

that which is present during main engine operation. Radiation heat trans­

fer sources during thi s time are the engine hardware and engi ne exhaust 

plume. The ma jor source is that of the engine hardware. The inner tube­

wa l I temperature ranges from approximately 700 to 1200 R. The turbine 

f eed lines arc expected to approach 1500 R, and the turbine exhaust ducts 

700 R. 

(C) With the use of some simplifying configuration assumptions, it was 

estimated that the maximum temperature of an imaginary SO-inch-diameter sur­

face formed by the forward end of the main engine injector would be approx­

mately 1000 R (Fig. 96) . For the purpose of determining radi'ant heat trans­

fer to any surface forward of the injector plane surface, an equivalent , 

emissivity of 0.6 was defined. An 8-inch-diameter occlusion at the center 

of the 1000 R surface (Fig. 96) is required in the computation to account 

for the presence of the engine thrust mount and secondary engine thrust 

chamber. 

(C) The radiant energy ~ource of the main en,:!inc exhaus t pl1uue was es t i­

mated in te rms o f t \\·o isothennal s urfaces (Pig. 96). The first of these 

s urface s "·as a 50-i.nch-tli wne t.er cy linder extend i ng 50 inches aft from 

the throat pl.u1e. A s urface t emperature for the cylinder of 2200 R was 

e s timateu 0 11 t he basis of nn average gas temperature in the cylinder 

rcirion. The s econd s urface defined was a ci rcular disl< at. 800 R extend­

inj! from t he outs ide diameter of the main engine (50-inch diameter) to 

a dinmeter of 70 inches, The position of t he disk was affixed at the 

aft en<I o f t he main en~ine thrust chamher. An emissivity of 0.01 was 

e s timated for both surfaces. 
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(C) ContlucLion hea t transfer to t he thrust :-s truc t ure nml propellant 

feed syst e!n ilurin~ engine operation is vi!'tually nil. The slahilized 

temperatu re of t he engine in l et tluct whe1·e i t attache s t o the vehic le 

ducting is expected to be ul near propellant temperatu r e as a resul t of 

the propel l ant l'l o\, t hrough lhe d11c t s. The en~ine thrust moun t tempe ra­

ture ul s o is expec ted to he near the oxidizer temperature becaus e t he 

t hrust mount houses t he oxid izer distribution mm1ifold l'or bo t h enµ;ine s . 

The maximum thrust mount conductive heat source was estimated to be 200 R. 

(i:) Heal conduction t hrou~h small tube s (i.e., purge and i nstrwnenlalion 

Line s ) lhnl connec t to t he engine and t hrus t st ructur e was neglec ted 

IJec nuse t hese components are , in effect, long fins and would d issipate 

any temperat ure ~rad ien t rapid ly. 

(C) The s econd situat ion considered was that of vehicle coast. Fort.he 

\,or sl case, the assumption was made that the engine thrust chamber exit was 

di re c Led toward t he !JlUl. Then, asswuing Wl ubsorption/ irradiat.ion rat io 

o f l. 3, the equilibrium temperature f or the engine hardware was computed 

t.o he 5:i0 JI . In compu t ing t he radiant energy from the engine t.o the 

thrust !::it r nc t ure, t he projected a rea ( 50-inch diameter) of the main engine 

a t Lhe forward end of t he injector should be cons i dered to be at a tempe ra­

ture of '.:jjO R wi t.ha 0.6 equivalent emissivi ty . 

q. Engine/Prope llant reed Syste~ LinP. Interface 

(U) Because of diffi culty anti cipat ed by the propellant feed ~ystem con­

tractors in maintaining fully primed pr opellant feed lines to the engine in­

let, a brief evaluation was made t o determine the impact of moving thP 

prope llant shutoff valves from the present locati Jn at the engine inlet 

to a location upstream within the present thermal conditioning system 

(U) As fa r as the engine s~art sequence is concerned, this configuration 

is similar t o that oi the propellant lines being unchilled downstream of 

the prevalves. The l a tter case was tested on the mathematical model (En­

gine Sequence Analysis section) and was found to extend the start sequence 
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(U) of the main engine as much as 2.0 seconds. Therefore, the conclusion was 

that the relocation of the shutoff valve would cause essentially the same 

result. 

(C) The i nfluence of shutoff valve relocation on cutoff, engine purge r-0quire­

ment s , and engine/propellant feed system interface were also considered. 

To evaluate the influence of shutoff valve relocation on engine cutoff and 

purges, the volumes downstream of the relocated valves were estimated. By 

assuming that the fuel and oxidizer line diameters are 2. 5 and 3. 0 inches, 

respectively ; and 36 and 60 inches in length, the total volumes downstream 

of the shutoff valves were determ! ned to be 0.362 and 0.366 ft 3, respectively, 

for the main engine, and 0.232 an<l 0.308 ft 3 for the secondary engine (engine 

volumes inc luded) . These volumes are compared with the volumes downstream 

of the engine mounted shutoff valves shown in Table 23. 

.. 
(C) Because the planned engine cutoff sequence utilizes all the residual oxi-

di zer downstrea~ of the shutoff valve to produce impulse during cutoff, the 

time required to expell the propellants wou)d be proportional to the volume 

of propellants to be expelled. By this criterion, the cutoff sequence would 

be extended from the 2-second cutoff presently predicted for the main engine 

to more than 6 seconds. Also, the secondary engine cutoff sequence would be 

extended from 2 seconds to more than 10 seconds. This comparison also is 

shown in Table 23. 

(C) Using the same criterion with respect to the engine purge requirements for 

31 engine start's, the total helium requirements for the main engine (includ­

ing valve actuations) would be increased from 593,500 to 1,390,500 sci and 

would t~e inc,:eased from 347,800 to 1,185,500 sci for the secondary engine. 

This comparison also is presented in Table 24. 

(U) A design ramifi~ation attendant with location of the shutoff valves is pro­

vision for operating one engine independent of the other engine. As a re­

sult, the shutoff valves (engine isolation valves) for both engines must be 

retained at the engine inlet or separate feed lines installed from each 

engine to the upstream shutoff valves (two for each engine). In consid­

ering all of these factors, the conclusion was that the penalties were 

. too great to consider relocating the shutoff valves from the engine inlet. 
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r. Engine Propellant Line Heat Barriers 

(1) Heat Barrier Duct 

(C) An analysis was made to evaluate and define thermal heat barriers in the 

propellant lines at the main engine-to-feed system interface. This analy­

sis assumed that the heat barriers would be located in the ducting between 

the engine shutoff valves and the turbopumps. Ground rules imposed were 

that the engine-to-feed system heat load be less than 3 Btu/hr for each 

main propellant duct, that conventional fabrication processes be utilized, 

that the barrier have a low hydraulic flow resistance, and no auxiliary 
I 

cooling of the heat barrier flanges would be provided. 

(U) To be consistent with the design philosophy of low thermal conductivity, 

three considerations were made: (1) the material selection should be based 

on the coefficient of thermal conductivity and compatibility with the pro­

pellants, (2) the wall thickness of the ducting should be minimized while 

maintaining structura l integrity, and (3~ the length of the ducts should 

be maximum to increase the resistance to heat flow through the duct material. 

(C) The selected material was Rene 41 which has a coefficient of thermal con­

ductivity of 0.340 Btu-in./hr-F at room temperature and a minimum yield 

strength of 125,000 psi. The material compatibility of Rene 41, while 

not as corrosion resistant as the resistant steels or nickel, is suitable 

for use in the oxidizer and fuel systems. 

(C) To determine the minimum barrier wall thickness, a free-body diagram was 

made for the loading systems as described by the feed system subcontractors . 

Because both the fuel and oxidizer ducts (barriers) are to be identical, 

the most severe loading was used to make the analysis. In both cases, the 

oxidizer lines were subjected to the greater loads. Resolving the largest 

predicted input loads to the duct resulted in a maximum moment of 5182 lb/in. 

In tenns of barrier wall thickness, 0.0125-inch thickness was required 

to withstand the loading induced by this propellant feed system load. Be­

cause of practical fabrication limitations, a wall thickness of 0.0150 inch 

was selected for the design. The interconnecting ducts between the propel­

lant shutoff valves and the pumps are shown in Fig. 97. 
- ·- -
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(U) A tabul ation defining t he heat leak and hydraulic pressure loss of each 

duct is presented in Tab le 2.5. The ducts are designed to be fabricated 

by standard techniques and practices requiring no special tooling or 

processes . 

TABLE 25 

PROPELLANT INLET DUCT PRESSURE LOSSES AND HEAT LEAKS (U) 

Inlet Duct 
Engine Outside Diameter , tiP, Q. 
System Propel lant inches psi Btu/ hr* 

Main Oxidizer 2.0 2.60 0.63 

Fuel 2. 0 0.74 0.78 

Secondary Ox idi ze r 1.125 2.24 0.24 

Fuel 1. 0 0.46 0 .45 @, ! 

*Not inc luding heat leaks from valve support structure 

(2) Fuel Bleed 

(U) An analysis was made to evaluate the possibi l ity of using the propellant 

feed sys t em vent fuel bleed hydrogen for interface cool i ng, and t hus pro­

duce an even more efficient heat barr ier. 

(C) Ear ly in the analys is , use of t he vent gas to cool the main and secondary 

engine fuel pumps was considered. In effect, this would reduce the source 

tempe rature on the heat sink side of the fuel line heat barriers. Two 

benefits woul d be r eal i zed in th i s approach: (1) a reduction in the heat 

transfer t hr ough the heat barrier, and (2) the fuel pumps would be maintained 

at a lower temperature dur i ng the coast period, ther eby reducing the time re­

quired to chill the pumps dur ing the s tart sequence . The secondary engine fuel 

pump was used in an ana l ysi s t o evaluate this possibi lit y. Comparing the soak­

back from the pump discharge duct , turbine exhaust duct, and pump mounts to the 

to ta l cool ing capacit y of the coo lant for both feed system configurations (GD/C 

and LMSC) showed that onl y s light improvements could be obtained. 
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(CJ In the case of the GD/C configuration, where a min imum coolant f l owrate of 

0 . 13 lb / hr at 167 H i s expec t ed lRc f. 5) , the secondary engine fuel pump 

could be chi ll ed to app roxi ma te ly 300 R us ing the full f l ow, but there would 

be cons ide r ab ly l ess cooli ng capac ity for ch i lling the ot her engine pumps 

in the se ries arrangement (Fig. 98 ) . A sp lit -f low arrangement would rea li ze 

essentia ll y the same resul t s . 

(C) In the case o f tl:c I.MSC: configurati on , where a coo lant fl ow of 0.0087 l b/h r 

at 75 R i s e xpected , t he effecti veness of the hl eed to chill the pumps would 

he even l ess . The con.:f11s ton 1,as that use o f the coolant floh' to chil 1 the 
·' eng ine pumps wou ld have a I imi t ed benefit. 

(C l The seconJ approach eva luated conside red us ing the fuel hlC'ed to intercept 

all, or a major Dort ion, of t he hea t load being transported t hrough the 

ha rr ier. In the current ana l ysis , the heat load considered was that of 

co11Juct ion th rough the barrie r and radiat ion from the duct interi or sur­

faces . Th~ calcul ati ons we re conse rvative in that the entire duct was 

assumed t o he a t 500 R fo r comput i ng the radiated heat addition. Conve r se l y , 

;1 linear gradient was cons idered for computi ng the heat transferred by 

conduct ion . In prac tice , the heat barrier wi l l requ i re a surface (ei t her 

ins ul ati on or paint ) with a l ow abso rhtivity/reflectivity ratio, and the 

t empe rature gradi ent would he approximate l y linear (i.e . , no net heat trans­

fe r to or fr6m the s urrounding envi ronment ) . 

(C) The hea t ha rr i ers for the main eng ine prope l lant duc t s were assumed to be 

a 7-inch- l ong, 2-inch-diamete r, 0.0 15-inch- t hick wall with a thermal con­

duc t ivity comparabl e t o that of Rene 41 (k = 0. 00447T + 1.91 Btu/ hr- f t -R) . 

The secondary engine barr iers were assumed to be 15 inches long, 1. 0 inch 

diamet e r, and 0 .0 15 inch wa ll thickness, of Rene material. 

lC) Cons ide r ing the LMSC configur ation, 0 .0087 l b/ sec of 112 at a temperature 

o f 75 R i s avai lahle for coo ling the four engine hea t barrier s. In the 

case of the oxidi ze r ba rri er s , the coolant would be at a lower tempe r ature 

than the cl~si red engine-to- feed system i nterface (153 R) and could best be 
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(C) utili zed by chilling the valve e nd of the heat barriers (co ld end) to the 

153 R tempe r a tu r e . In c.l oing so , a nd thereby inc r easing the c oo lant t e mpe r a- l) 
ture t o 500 R in the c oun t erfl01,· heat exchanger a rrangement (Fig . 100 ) , the 

analys is sho~e<l t ha t a ppr oxi ma t e l y 1. 43 Btu/ l1 r wou ld he intercepted by con-

duc t ion f r om the ma in eng ine oxi di zer harri e r a nd 0 . 36 Btu/ h r from the s econ-

dary e ng i ne o xidi ze r ba rr ier, Al so , cons ide r i ng the hea t conduc ti on through 

heat exchange r tubing ( ll . ! 2S -inch diame t e r, 0 . 0 15-inch wall thickness , 

IS- i nch l ong) added an additi ona l 0 . 55 and 0 . 28 Btu / hr to t he heat load 

o f the mai n eng i ne a nd seconda r y engine bar r i e r s , r espe cti ve l y . 

(C) The radi ation heat transfe r t hrough the duc t ba s ed on a barrie r wa ll tem­

pe r a t ure o f 500 R was computed t o be 2 . 3 and O. () Btu/ hr for the main and 

seconc.la r y engine duc t s , r espec tive l y . Comb ining the total heat tra nsfe r 

requiri ng intc r cPpti on ( inte rnal duct rad iat ion anc.l 1o.·:1ll c onduc tion) totals 

app r oximate l y 5 . 52 Btu/ hr for coo lant for both of the oxidizer barr i e r s . 

(Cl In t he case o f the fuel duc t harrie r s , the va lve and interfaces were as sumed 

t o be at SO R. Beca use thi s tempe rature is l ess than the avai l able coo lant 

t empe rature , t he tota l heat load to the fuel interface cannot be inte r cepted. 

r-or th e cal culat i on , the hea t exchanger chilled half the barri er nearest the 

pump, making the heat barrie r temperature at the mid-point approximately 

100 R ( Fig. 99) . Conduction from the barr ier mid-point to the e ngine/ 

propel l ant feed sys tem interface was computed t o be approximately 0.30 and 

0 . 074 Btu / h r fo r th e main and secondar y engine barriers, r espective ly . ·111e 

heat load (conduc tion and radiation) intercepted by the counterflow heat 

exchangers was comput ed to be approximately 5.6 Btu/h r ( 3.3 conduction, 2.3 

radi a ti on) and 1. 6.Btu/hr ( 1.0 conducti on, 0 . 6 radiation) for the main and 

secondary engine barri e r s. 

(C) ·n1 e t o tal coo lant heat l oad requirement for this approach is the sum of the 

four individua l barriers, or a total of 12.l Btu/hr. This compares to a 

0 .0087 lb/hr coo lant flow capacity of approximately 12.8 Btu/lb for a tem­

per ature ri se of from 75 to 500 R. 
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(C) In cons idering the GD/C system, a minimum temperature gradient of 153 

to 167 R is achievable in the oxidizer barrier, and SO to 167 R is avail­

ab le in the fuel barrier. As a resu lt, the analysis considered chilling 

the pump end of al 1 the barriers (Fig . 99), thereby maximizing the effec­

tive length of the barr ier temperature gradient and minimi zing the heat 

transfer to the interface, Because of the magnitude of the coolant flow­

rate (0.13 l b/hr), the pump end of a ll the barriers cou ld be chilled to 

approximately 200 R. Consequentl y, the conduction heat transfer rate to 

the interface was found to be 0.508 Btu/hr (0.406 main engine, 0.102 sec­

ondary engine) for the fuel side and 0. 16 Btu/hr (0,13 main engine , 0.03 

secondary engine) for the oxidizer side, The internal duct radiation at 

200 R produces a negligible heat load contribution at the engine/feed 

system interfaces. 

(U) The cone 1 us ion from the analyses was that use of the coo lant flows to chil 1 

the engine/feed system heat barriers could significantl y reduce the heat 

soakback from the engine to the propellant feed lines , However, based on 

the propellant feed sys tem analysis conducted by GD/C and LMS~ (Ref. 6 

and 7), the decision was made to incorporate the heat barriers on the 

feed sy5tem side of the engine/feed system interface. The final engine 

propellant inlet duct designs, therefore, did not include coolant flow heat 

exchange devices (Section 111,v,5 ). 

s, Static Sea l Analysis 

(U) The initial engine system concept inc ludes the capabi lity of removing 

prope llant ducting to facilitate inspection and/or removal of components 

housed in the interior of the main engine thrust chamber torus . With this 

in mind, an evaluation was made to establish a general philosophy toward 

sea ls to be used at the various disconnect joints to permit access 

u 
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(U) and yet minimi ze the possibility of leakage. Each joint, however, is to 

be separately considered during design to determine if the general approach 

is mos t suited for the parti cular joint. 

(U) The sea l s found t o best qualify f or prope l lant and turbine system ducting 

are bobb i n sea l s and pr essure-ac tuated seal s (Fig . 100) . Both seals produce 

high unit loads at seal ing areas upon i nsta ll ation, which is essential to 

produci ng a zer o-leakage joint . 

(U) The bobbin sea l ( r-ig. 100a) is r e latively new at Rocke tdyne but has been 

used with cons ide rab le success by other aerospace agencies to pr oduce zer o­

leakage joints. The ma jor expe r ience 1,; ith the all-meta l bobbin sea l has 

been 1..-ith duct sizes of 3/4 inch or less . The plastica ll y deformed sea l could 

probab ly be used in ducts (oxidizer, fuel, and hot ~as) with diameters up to 

1-112 i nches . 

lU) Pressure-actuated sea l s (Fig . 100b) have bee~ used ext ensively at Rocketdyne 

in virtua ll y a ll engine sys tem des igns. The seal s are genera ll y coated with 

a relatively soft mater ial that deforms plastica lly on instal l ation. Soft 

meta l coat ings would be used on seal s for the oxidizer system . Teflon coat­

ings would be used for seals in fue l system app lications where temperatures 

remained bel ow 200 F, and copper coatings would be used fo r seals in fuel 

sys t ems where the temperature exceeds 200 F. Some advantage may be realized 

with the use of pressure -actua ted sea l s because, in some cases , they can be 

rewor ked and r eused, wh i le the bobbin sea l tequi res rep l acement after each 

use. 

(U) Standa rd AN fittings (Fi g . 100c) are t o be used as instrumentation connec­

tions for oxidi1er, fuel, and hot-gas systems. Experience with small AN 

fittings (3/ 4 inch or l ess ) in these systems has proved satisfactory in 

previous Rocketdyne and industry app lications. The use of standard AN 

fittings in conjunction with conical copper crush fittings has been par­

ti cu larly successful and would be used in critical locat ions such as the 

oxidizer sys tem i nstrumentation lines . 
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{a) BOBB IN SEAL 

(b) PRESS URE-ACTUATED SEAL 

(c) AN STANDARD FLA~EO FITTING 

Fip;ur c 100. Bas i c Sc-n l Typ"s Consicl c r ccl for Use in 
1:nginc ~yst.cr.i Connections (U) 
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( U) Other se a ls that may have application are metal 0- rings and coated, flat , 

~ metal gas ket s . Howe ver, the use of thes e seals would b e limited to special 

condit ions . 

t . Heat Exchange r Installations 

( U) A.ialyses 1-.•en conducted on hel i um heat exchangers to satisfy the GlJ/C and 

LHSC fluorine tank pressurization sys tem requirements. For the LMSC system, a 

cross-flow heat exchanger was analy zed which fits into the main engine tur b i ne 

exhaust duct downstream of the Y duct . An analysis was also conducted 0 11 a 

simil ar t ype of h~at exchanger for t he secondary engine. The analysis showed 

these heat exchaugers to be prac tic al and .:apab le of providing the heated helium 

11ecessary fo r f luori11e tank pr essur iza tion during engine operation. 

( U) The Lockheed pressuri zation system also required heated hydrogen for fuel tank 

expulsion . ·.-i1e most prac tical method of supplying this pressurant at the 

r equired temperature is to increase the engine hydrogen f l owrate, extract 

a po rt ion of the pressurant flowrate from an appropriate locat i on in the 

engine cooling circuit , and mix this flow with the remainder of the required 

pr essurant flowrate ob t ained from the hydrogen pump discharge. The probable 

locat ions for ob taining the hot hydrogen are the nozzle coolant inlet mani­

fold and the fuel in jec t ion manifold on the main and secondary engine, 

r espect i vely . 

(U) The Convair press uri zation system design required a higher helium tempera­

ture for fuel tank expulsion. Because of the increased requir ement , heat 

exchangers in e ither the turbine inlet or exhaust ducts were found to be 

impractical. A jac ket-type hea t exchanger on the main engine nozzle coo lant 

exit manifold was investigated and found to be a practical design. This 

concept takes adv.antage of the larger flowrate of the hot fluid. The design 

consis ts of a single line, through which heated helium flows, which is posi­

tioned i-.1 ithin the manifold (Fig. S ) • Analysis i11dicates that a similar 

method can be applied to the secondary engine by placing the tube through 

the turbine exhaust duct. 
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u . Oxidizer S)'s t em Contamination Eva lua t ion 

(CJ An investi ga ti on was made to det ermine the effect s of solid particle con­

tamination of the ,V-U)S engine oxidi ze r sys t em . ·n\e analy·sis showed that 

par t ic l es larger than 10 microns could caus e s hutoff valve leakage in ex­

cess of the s peci fied allowab le va lu e and also c ould cause damage to the 

pump sea ls and bea rings . Particles larger t han 0 . 010 inc h may also become 

c riti\.:al to the injector . 

tUJ Protection of pump b t!arings f r om contamina tion is i mportant and is accom­

rlishcd on vi rtually all o t her Hocketdrne engine systems . This protection 

cou ld be accomplished br putting filters (o r sc r eens) in the pump bearing 

coolant passages . 

(C) The design prac t ice has generally been not t o prov 1de filters in the en­

gine main propellant flow. Instead, manufacturing and transporting pro ­

cesses have been relied upon to produce " clean" propel l ants fo r engine 

use . Con siderabl e effort is also made to ensure engine and feed sys t em 

c leanliness so that contaminati o n i s not s elf- imposed . This practic_e was 

success ful during the Rockctdy11e At las Sustai ne r Engine FLOX Fe asibili t y 

Uemonstration and during other indus try fluo r ine programs. Uuring one 

period in the At l as engine program, a 10- mi c ron absolute fi lter was used 

in an oxiJi:er transfer line for a brief period. Upon removal, no con­

tamination was found in the fil t er, indicating that the contamination 

level of a fl uorine srstem can be maintained at a low l evel. 

(U) To provide operational experience with fluorine f ilters , two 1- inch nomina l 

filters we re pu r chased fo r the B-4A fluorine test position at the Nevada 

Field Laborator y . The c riteria for this t ype of filter were e s tablished 

from Ref 8 . The filters ~ere designed for low-pr essure service and were 

of the wire-mesh t ype . The el ement ~as fabricated of Nickel 200 wire and 

had a mi c ron rating of 18 absolute . The hous ing was fabri cated of 300 

series CR.ES, The fil t ers were obtained in a cleaned condition from the 

Wintec Corporation, Inglewood , Ca lifornia . 
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(U) One filter was installed in the low-pressure fluorine storage vessel fill 

line prior to tran~ferring any fluorine into the storage vessel . A total 

of 4000 pounds of liquiJ fluorine was transferred through the filter with 

no problems . The filter was passivated with ambient GF
2 

at 60 psig prior 

to transfer. A transfer flow of l lb/sec was maintained with a trailer 

pressure of 60 psig. The filter was disassembled (Fig. 101) after trans­

fer and some contaminants were found. The contaminants were indicated 

to be Perlite insulation and Tefl on seal material. The success with t• · s 

type filter indicated that engine system filters can be utilized. 

v. Engine System Design 

( U) The engine system design (Fig. 102 and 103 J was based on a concentric 

thrust chamber arrangement . The ar rangement consists of a main aerospike 

engine and a secondary bell -type engine. The bell engine is located within 

the center of the main engine, and both engine exhausts are located along 

t !ic s am e axis . 

UJ As an aid <luring engine maintenance, maximum accessibi lity to the engine 

components has been provided. The engine package has been designed to 

permit the removal and reinstallation of most components without the task 

of engine assemb ly r emova l. 

(U) M1erever possible, the technique of in-place welding of propellant lines 

has been used. This process has been especially adapted to the oxidizer 

sys tems. 

(1) Interface Requirements 

(U) Interface connections between the main and secondary engines and the pro­

pel lant feed system may be categorized as structural, fluid, and electrical. 

The locat ions and dimensions of the structural mountings and main propel­

lant inlets to the engine system are shown in Fig. 104. Structural connnec­

tion for transmission of thrust to the propellant feed system is made at 

the forward face of the gimba l block. Gimbal actuator attachment is made 

at two locat ions 90 degrees apart at locations where the thrust structure 

attaches to the thrust chamber. 
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(U) Si ngle fuel and oxidizer ducts interface with the propellant feed system 

to .delive r propellants to both engines. These in terfaces a r e located at 

the main valve inlets upstream of the turbopumps. 

(2) Thrus t Mount 

(U) The engine system thrust mount is a welded tubula r assent>ly which includes 

the propel !ant mani fo lds for the main engine . The phy sical design is best 

described by referring t o Fig . 102, In this illustrat ion , a cr oss - sectional 

view and a plan view are shown , The thrust mount assenbly extends from 

the thrust links to the gimbal interface. 

(UJ l~e six tubular member s at tached at the two propel lant manifolds are the 

bas ic structural members of the assemb ly. To increase t he stability of 

the assembly and prevent independent member bending , the fuel manifo ld 

was attached to the extreme ends of the structural mP.mbers providing a 

t ension tie . End c l evis are we lded to the member ends and the fue l mani ­

fold . These pr ovide the means for attaching the thrust links and the 

antitorque rods . 

(C) The thrus t mount is designed to be structurally capable of withstanding a 

load of 7 g f rom any direction while simultaneously transmitting the maxi­

mum thrust load and maintain an overall safety factor of 1.3 with regard 

to t he mater ial yie ld strength . To be compatible with the design philosophy 

of minimum cost and neglecting the increased weight, the material sel ections 

favored the type 321 CRES. However, for the structural members and the 

oxidizer manifold , it was found t o be advantageous to use the INCO 718 and 

heat treat i t . 

(U) The location of the oxidizer manifold was governed by the objective of ob­

taining the smallest manifold diameter, thereby minimizing the amount of 

upstream oxidi zer at engine cutoff. Equal propellant distribution is ach­

ieved by contoured internal flow passages coupled with the inherent down­

stream r esistance of the manifold fixed lines. To minimize flow disturbances 

at the manifold inlet, the entrance velocity was reduced to a minimum. Pro­

visions for the mo\Dlting of a gimbal behring to the interface surface of 

the manifold plate include recessing ~he bearing approximatel y 1-1/2 inches 
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(U ) with i n t he plate. Because of the negative therma l growth whi ch is e xpe cted 

to be encounter ed , the mani fo l d f i xed oxi<lizer de li very line s are desi gned 

t o def lect. 

(U) The fue l mani fo ld is <lesigned as a cons t an t -a rea t orus 1d th 24 outl et s . 

r l ow res i s tance... is less than 1 pe r cen t of the t ot a l coo ling jacket resis t ance . 

(.'~) MaLn \'a Ive Suppo rts 

(C) To preve nt excess ive prope l !ant boil off b:v hen t conducted to the va lves , 

the va lve suppo rt system adopt ed by each main va lve was des igned as a 

ther ma l r{' s ist or. J\n inves t igat i on i ndi cated t he most suit able approach 

was a series of st rut s fab r ica t ed from a l ow the rma l conductive mat eria l. 

Tef lon Fl:P (f luorinated e thylene propylene) was chosen as the materia l, 

because it possesses a low the rma l conductiv i ty a nd is usab le over a 

t empe rature range of - 420 t o 500 F. (J\n average value of Kover this 

tempe rature range i s 0 . 0 1 ::' Btu/ hr-in. -F. ) Structura ll y the system i s 

des i gned to support each va l ve as a free body (7 -g l oad) hy arranging 

t he s truts o f each val ve suppor t system to resi s t r ota t i on i n three planes 

and trans lation i n t h ree pl anes . Each sys tem contains a grouping of three 

st ruts , t wo str uts, and one s trut to accompl i sh s t abil i t y . 

(U) Each str ut i s for med from Te flon tuh i ng wi th end pl ugs of solid Teflon 

spin we l ded at the tube ends and to which CRES clevis arc attach~d by 

ri vet ing . Various methods and c ements wer e investi gat ~d to join the tubing 

<li rcctly to the CRES , but each r equired some devel opment to ensure its 

i ntegrit y . 

(4) Heat Exchanger 

(ll ) A vas t difference in the requirements of the two feed system contractors 

for heated helium prevented the use of one heat exchanger design suitable 

for both systems. Heat input required by Lockheed is 17.5 Btu/sec and 

the Convair system requires 80.5 Btu/sec. An external heat exchanger 

fitted into the turbine exhaust ducting appear s to be almost impossible 

when considering the Convair conditions. The design which appears most 

suitable is a single tube submerged in the collector manifold of the 

aerospike nozzle . Depending on the feed system being considered, the 
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( U) · l ength of the submergeJ tube will vary. All of the ground rules and 

analyses were based on the engine operating at the full thrust condition. 

( 5) Propellant Inlet Uucts 

( U) l h e p ropell ant inlet du<.:ting , located between the main valve discharge 

and the turbopump in l e t, is designed to resist heat flow to the main 

engine val vcs i n addition to transporting the f luid. Based on the desired 

heat barrier cha r ac t e ristic, the ducts were designt>d with a maximum length, 

and a minimum wall t hickness, and fabrica ted from a material of low thennal 

conJuc tivity . ,11ateria l investigations resulted in the selection o f l!astelloy 

tubing as the design mat erial for the ducts. This material has a relatively 

l o1o; therma l conductivi t y when c ompared with most of the metals and is com­

patible with the ox idi zer. Much consideration was given t o a design which 

formeJ the ducting from a plastic material with an oxidizer-compatible 

metallic liner. ·n1e design was abandoned when the practical limitations of 

fabricntion influenc ed the liner wall thickness to an extent that the 

th ickness a pproached that of a mct~l lic duct. 

(U) Each inlet duct is subj ec ted to the relative thermal growth of the turbo­

pump and the corresponding main valve. Because the turbopumps supports 

include the turbine exhaus t duct and the propellant discharge duct, the 

r e lative thermal growth to whi ch the inlet ducts are subjected is suffi­

cient to induce internal duct stresses which approach the material yield 

st r e ngth. To relieve these stresses, a section of flexible metal hose 

was includeJ in each duct design. The flexible section is constructed 

from CRES as a one-ply convoluted metal hose. 

(6) Turbine Exhaust Ducts 

(U) In addition to functioning as the exhau3t duct to service t he turbopump, 

this component coupled with the discharge duct reacts the major turbopump 

l oads as members in the turbopump mounting system. Therefore, the thermal 

233 



( UJ growth o f t ht tw o <luc t s mus t be compatible with respect t o eu"h other. A 

rna t(;r1a l i.nve s t.i.gat i o 11 showed that,by using titanium a:; the exhaust duc t 

materia l and CRl: S as t he d isc ha rg e duct ma ter ial, t he Jiffenmtial therma l 

growth o f the t1,10 ma t e r ials , .. ;a s made negligib l e, In addition, the ti­

tan i u m exhibits the desi r ed mechanical p r operti es requi re<l fo r the duct 

t o ser ve as a mount membe r for the turbopump . 

w. Eng i ne Oes i g11 t\ pp roa c h fo r a ~lanned /\µp l ica ti on 

l UI ,\ li mited ana l ysis was conductetl to fc!Va luate the ,\\!PS e 11gi 11e system fo r 

ma nne<l a pp l i cati. 011 . The r o l e of man in spac ec r aft during previous pro­

g rams has been primarily fo r the purpost of expl o ri ng man ' s behavior a nd 

ca pa l>il i ti e s in a s µa t.: t: e11vi r oni•1e;i t, A logic:ll assumptjon is that fo r 

the ,\.' IP~ , the rela t i onship o f man t o the engine can be made to be r.iore 

fu11ct1onal , 11ot only in a control mode , but also in troubleshooting and 

111ainte11a11ce modes . 111 this r espect, fu ll advantage should be taken of the 

fac t that the r e are ce rtai11 t asks ht: c an perform to improve the over a ll 

reliab ility o f tile e11gi 11 e , 

l UJ ! 11 prev i ous p rograms , the pilot has bf'en given some tasks to perfo rm in 

engine control (X-1 5) and i nitia tion of sequences (X -1 5 and Gemini) , both 

o f 1\°l\ic h have produce d successful results. ln the case of MIPS, situa­

tions wiJ 1 arise whe r e an e ngine res tart or o ther compensation could be 

ac hieved fol l owi11 g a malfunction if proper diagnosis c an be accomplished 

by the pi l o t . The important facto r in this respect is time, in which the 

N IP S m.iss i on has an advantage of being severa 1 orders of r.iagni tude 1 onger 

than the X-lS mission. Tasks requiring this kind of time were performed 

by as tronauts during the Gemini flights, and, in the case of one flight, 

equipment repair was accomplished. Because of this factor, cm1siderable 

mo r e reliance can be placed on the pilot and crew of the AMPS to evaluate , 

inspect, and possibly repair malfunctions experienced in the engine 
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( U) sys tern. Maximum engine reliability is achieved only if the engine can 

be maintained operable throughout the entire mission (i.e., to start, 

control, and stop the engine safely on command). In other words, in the 

event of an engine component malfunction, the safety of the pilot and 

integrity of the engine and vehicle are dependent on the ability to shut 

the engine down safely so that a diagnosis can be made, corrective mea­

sures taken, and the engine restarted. With these ideas in mind, the 

following philosophy is presented as an approach to completing an engine 

design for the manned AMPS vehicle : 

' .. 

1. Redundancy will be considerable in all hardware that controls or 

performs critical functions, e.g., electrical control systems, 

pneumatic control systems, and check valves. However, redundancy, 

in itself, does not guarantee higher system reliability; therefore, 

care will be taken so that, by adding additional components, the 

overall system reliability is actually increas~d. 

2. As an extension of the redundancy concept, methods will be con­

sidered in which valves can be actuated and controlled by 

secondary systems in the event the primary system is inoperable; 

e.g., in the event pneumatics are lost or the electrical system 

malfunctions in the main engine control system, a secondary system 

(possibly the secondary engine system) could be used to control 

the main· engine . 

3. Desensitize the effect of any one failure on the integritr of 

the engine as a whole, e.g., consider (1) a design for the turbo­

pumps that can safely operate with excessive shaft seal leak 

(including adequate structural design and isolation of turbine 

seal and oxidizer seal leakage) and (2) fail-safe shutdown methods 

for the engine shutoff valves and secondary control methods for 

the turbines. 

4. Evaluate alternate start, cutoff, O! control procedures (in cases 

where particular components are inoperable) that can be safely 

substituted without serious compromise to the engine integrity. 

This capability may result in provisions for an override control 
shutoff and control valves. 
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S , evaluate devices that wc,uld limi t the possible operating range 

of the engine within the range of hardware integrity, e,g,, 

( 1) ma ximum e ng i ne thrust can be limited to a designated value 

over the full thrust point by limiting the wide open area of 

the oxidizer and fue 1 turbine con tro 1 valves ; ( 2) turbopump 

shaft speeds could be monitored for maximum .speed conditions ; 

and (3) maximum engine mixture ratio could be limi tc<l by making 

the appr opriate feedback from the rnixture ratio signal to the 

fuel and oxidizer turbine control valves. 

6 , Utflize component design c oncepts t hat are not only compatib l e 

with the advanced concept of the AMPS eng ine but al so a r e proved 

concepts . For example, miniaturized electronic equipment (solid 

state) has been used successfully in other Rocketdyne engines and 

could be used in the AMPS engine to provide high reliability in 

redundant networks without significant weight penalty, Minimiza­

tion of shutoff val ve leakage is important to conserve propellant 

and, in the case of the oxidizer valve, not t o compromise the 

engine integrity . Because of the nature of the oxidizer,some 

advancement of the state of the art will probably be accomplishP.d 

in both actuators ard seals; however, in the case of the fuel 

shutoff valve and turbine control valves, existing designs are 

t o be considered from the standpoint of weight and reliability in 

similar applications. Potential leakage points are to be mini­

mized through judicious selection of methods for joining compo­

nents (welded where possible) , 

7 . Pilot control of t he engine requires an engine control panel in 

the cockpit with sufficient displays to make man a functional 

part of the engine. For example, engine start and cutoff se­

quence displays would provide the pilot with considerable infor­

mation concerning functional behavior of the engine components. 

A display of this type would have to be simple. The panel would 
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contain the necessary controls to perform individual component 

or complete engine checkout. Also provided would be the capa­

bility for the pilot to override the automatic control system so 

that al temat.e P,rocedures can be accomplished. Among these 

procedures are changing the opening sequence of the main valves, 

turbine control valves, and purge control valves. If the pilot 

can do nothing about the malfunction, however, there may be no 

good reason to provide a cockpit monitor of the particular 

function. 

8. Malfunction warning devices are to be considered for engine 

components. In this respect, consideration must be given to 

the component failure mode and the most probable failures. 

These components and failure modes must not only be identified, 

but instrumented to provide a warning of the malfunction •. 

(U) Al though the engine for the ruanned AMPS is of primary consideration in 

this discussion, most of the philosophies presented here are not neces­

sarily unique to the manned application but, also, are applicable to any 

highly reliable engine. Aside from the equipment specifically attendant 

with the cockpit control, the basic engine for manned and unmanned ap­

plications will be interchangeable. 

x. Engine System Components Failure Mode and Effect Analysis 

(U) A failure mode and effect analysis was performed for all major component 

designs. The analysis is presented in the appendix and includes the 

results for the engine system as well as for the thrust chamber assem­

bl t cs , turbopump assemblies, and controls. 
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SECTION IV 

THRUST CIIAMBER ASSEMBLIES 

(U) The primary purpose of this effort was to conduct analyses and provide 

design layouts of the main and secondar y thrust chamber assemblies for 

the engine system, A concurrent critical component development program 

was conduc t ed within Task II to evaluate candidate main thrust chamber 

designs and provide experimental data and verification of selected con­

cepts, Results of the Task 11 test ing were incorporated into the Task I 

main thrust chamber analysis and design effort , 

(U) This t ask consis ted of two main items : 

I, Main thrust chamber assembly analysis and design. 

2, Secondary thrust chamber assembly ana lysis and design. 

l. MA IN THRUST CHAMBER 

(C) At the beginning of the program, a re-evaluation of the proposed main 

thrust chamber assembly design philosophy was conducted whi ch resulted 

in the selection of a diff erent design approach than that originally 

proposed, The r evi ew indicated several primary areas of concern : 

(1) that major deve l opment tasks would not be encountered until late in 

the Task I I test program and potentially without time for subsequent 

action, (2) that the planned segment configurations of Task II resulted 

in l imited possibility of reuse of hardware in subsequent complete thrust 

chamber testing, and (3) tes ting performed on an aerospike thrust chamber 

in another deve lopment program, concur rent with the initiation of the 

AMPS program , resulted in a circumferential mode of instability, appar­

ently unrestrained by a short, subsonic baffle (tip upstream of throat 

configuration) (Ref. 22) , In addition, the use of subsonic baffles on 

the AMPS main engine chamber design could result in boundary layer dis­

turbance downstream of the baffle with resultant higher throat heat flux, 

To overcome the potential problems and simultaneously gain the flexibility 

inherent in a building-block approach to the full thrust chamber design, 

a segmented thrust chamber concept was adopted (Fig, 105 ) . 



)O·OEGREE, ~~TER COOLEO 
St~"ENTS 

)O· OE GAEE , REGENERATIVELY 
COOLED SEGIIENTS 

Figure 105 . Mai n Thrust Chamber Hardware Deve lopment Sequence (U) 

(U) The r econfigured thrust chamber consisted of 12 compartments , each 

represent ing 30 degrees of the 360-degree thrust chamber. A r egenera­

tively cooled, supersonic baffle was utilized between compartments (thus 

prec luding any possibility of circumferential instability) . The 12 seg­

ments were to be bolted together to form the complete thrust chamber. 

Each of the 30- degree segments were to have its individual injector. 

Though the Task lI t est hardware for initially establishing performance, 

hea t transfer and basic component durability was of the 5-inch length 

configuration because of schedule and economy, major emphasis was placed 

on the evaluation of the 30- degree segments as building blocks for the 

subsequent full thrust chamber. The results of the 5-inch-segment test 

program were applied directly to the 30-degree segments and , thus, the 

full thrust chamber design. 

(U) The main thrust chamber analysis and design efforts accomplished in Task I 

inc luded the fol lowing areas: ( 1) thrust chamber contour analysis , (2) 

thrust chamber cooling analysis, and (3) thrust chamber design. 

(U) The major effort was devoted to the cooling analysis because this area 

repres ented the most critica l design aspect of the chamber configuration. 
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a. Main Thrust Chamber Contour Analy~is 

(U) Preliminary design and analysis studies had been conducted prior to 

initiation of the contract to define the thrust chamber dimensions and 

nozzle and shroud contour for the main thrust chamber . Following the 

initial contract effort to establish the engine characteristics, modi­

fication of the thrust chamber description was incorporated to include 

the effects of the most recent refinements in the engine system design 
parameters. 

(C) These system modifications included a change in the nominal engine 

design mixture ratio, the adoption of a hot-hydrogen tapoff turbine 

drive cycle, the use of 12 supersonic baffles in the combustion chamber, 

a full thrust design chamber pressure of 650 psia, and a slight increase 

in the engine diameter. Other system operational characteristics that 

influenced the thrust chamber design dimensions, i.e., pressure stresses 

and thermal growth, also were included. A summary of the major engine 

design parameters and design refinements that influenced the thrust 

chamber and nozzle contour dimensions is presented in Table 26. The 

geometric and aerodynamic throat area requirements were obtained from 

the engine balance information for the specific engine design point. 

The resulting thrust chamber design parameters are presented in Table 27, 

(C) The throat gap value given for the initial tube-wall chamber included 

the open fillet area between adjacent tubes and is the dimension 

measured across the throat at the tube crown. The tube-wall throat 

gap calculation assumed a 0.076-inch tube OD and a total of 3788 tubes 

(inner and outer body). A fillet area was determined from previous 
experience. 

(C) A correction also was included to account for the variation in throat 

area as a result of pressure and thermal stresses. An estimated 
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1,\ULE 26 

~L-\l ~ TIIJlt.:ST CIL\.'IDEfl DI::SIGN cm-mITlONS (U) 

Ch ;:unlie r Pressure. ps ia 

En ~ i n c ~Ii x t 11 1·c Ha t i o 

Churnhcr Diwnetcr (at 
throa t ce11terl i ne). i 11 c he s 

6::;o 

l :.! : l 

L! Supe 1·s0 11 ic llal'f' lc s 
!.- i n c h Lhi ck a t t hroa l 

Pressure S lre ss aml The m1 a l 
Ex pansion Prccicted fol llot ­
Fi r i n~ Condit i o11 s 

!lo t llydrog;en Tapo fl' Turbine Drive 

Co rrect, i 0 11 i II Thro a t-liap I) imens i 011 

for Fille t Area ~ot Filletl \\'i t h 
Braze llet\,een :\cJ ,jace nt Tu he s 

TABLE 27 

11lllUST CllA,'UlEn DESIGN PARAMETl::JlS (U) 

Ge ome t r ic Thrnat Area, s q in. 

Aerodynamic Throa l Arca , sq in. 

Chamber Diwne ler (nt throat ceu lerline ). inches 

Smooth \,'all Throa l Gap,* i nches 

Tu Le OD , inc hes 

Tube- Wall Throat Gap ,* inche s 

Res ul liu g Expansion Area Ilalio 

Geome l r ic 

Aerodynamic 

*Chrunbcr al ambien t temperat ure 
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2j .050 
115 .836 

0 . 18i 

0.076 
O .1 7] 

59,30 

59,57 

u 

"' 1 / 



l .66-percen t net inc re as e i n throa t a rea \o·as cal c ulated for the 12 s uper­

s on i c hufl'l c chas:1lie r conf i~uru t i on. The throat-gap values presen ted nre 

f o r· fabri c uti on purpuse s aml represen t ambient chamber t emperature 

COllll i lions . 

(t.; ) ll1e engine ,u1d t hrus t chwnher des ign mod ificat i ons res ulted in 

r el"i11eme11 t i n t he t h rust ch amhe r con tour. ,\ s wumnry o f the ma jor geo­

metrical paramet er s f or the selected design configuration is presented 

in Tuh le 28. 

TADLE 28 

AMPS D0UIJLE-FXPANSI0N . SHJl0Ul>ED AEJlOSPIKE 

GEOHI::1'nICAL PAJlAMl-.'TlillS (U) 

Effe cti ve Throat Radius (Rt). i nc he s 

Shroud Cowl Radius (P2/ nt) , inch 

Center body Throat Radius (P/ Rt ). inch 

Nozz l e llad i us to Throat (Y / n t ), inches 

Shroud l::xit Hadius (Ye/ n t ). inches 

2 . 8301 3 

0 .120 

0,300 

8 ,0978 

7,70656 

0.06183 Throa t Gap ( G/ llt }, i nc h 

Throa t An g le (8t) , degrees -1 , 7122 

(U) The throat wall radius , 1/ nt . was selec ted considering both kinetic and 

he at t rans fer · aspects . Critic al contour dimensions were identif i ed with 

r e s pect to the \o'ull coor clina te s X/ Rt and Y/ Rt ' where X is the axial 

c oordinat e Md Y i s the: rooial coordinate. The cen ter of the shroud 

cmd radius , P2 is located at X/ Rt = 0.0. and Y/ Rt = 7, 8265. The 

cen te r of t he i nner body throat radius , P
1 

is located at X/ Rt r: 0 , 8467, 

Y/ Il t = 7, 7671. 
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b . Main Thrust Chamber Coo l ing Analysis 

(U) 'lhe main thrust chamber cooling analysis was 1.'.0n<lucted in iterative s t eps 

as fol lows : 

1. Pre 1 iminary tube-wal .1 chamher anal ·sis 

2. interim tube-wall chamber analysis 

3. Final chambe r configuration analysis 

(U) The initial ana lysis (step 1) was conducted based on the heat transfer 

test results ob tained from the previous contract (Ref. 23) , ~s water­

coo l ed segment heat transfer test data became avai !ab le from Task 11 of 

the subject program,the coo ling analys i s was refined and updated (step 2) . 

Subsequent heat transfer data from the 30-degree tube-wal I segment tests 

indicated that other design approaches than the previous conventional 

tube-wal I configurations were necessary. The final configuration analysis 

(s t ep 3) was then accomplished . 

( I) Preliminarr Tube-Wall Chamber Analysis 

(lJ) The preliminary design analysis considered main engine thrust chamber 

walls which were regeneratively cooled using Ni ckel 200 , two-pass , fue l 

tubes on each body ( inner and out er) . The tubes were of 0 ,017-inch wall 

thi ckness with a minimum ID at the throat of 0 , 040 inch . The supersonic 

baffle sides were cooled by fuel bypassing the outer body and feeding 

into the coolant circuit upstream of the inner body . The flow paths 

through the thrust chambe r are illustrated in Fig. 106. 

(U) The outer contour was cooled first using a two- pass flow circuit. The 

inner contour, from injector to shroud exit plane, was cooled next using 

a similar two-pass scheme, The nozzle por tion of the thrust chamber was 

coo l ed last, again using a two- pass ci r cuit . This coolant circuit selec­

tion was based on the desire t o have the entire coo lant flow available 

for the more severe condi ti ons of the inner body. 
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1130 R 

I 
NOZZLE COOLANT 
TRANSF.ER TUBES 

CHAMBER 
PRESSURE= 650 PSIA 31t1 R 
MIXTURE RATIO= 12: 1 

Figure 10~ Preliminary Tube-Wall Thrust Chamher Cooling 
Circuit (Main Engine) (U) 
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_________________________ __.::,_ __ ~ 

(C) Wi th 15 pe r cent of t he flow through the s upe r sonic baffl es , the fuel 

t emperature pro fi le fo r the thrust chamber was cal culated t o be as i ndi­

cated i n F i g . 106 . The t emperature of the fue l into the in ject or was 

pred i c teJ to be 146 1 R. 

(CJ The basic cons tra int used in the cuo li ng anal ys i s i.•as a nomina l thrust 

leve l o f 30 , 000 pounds at a chamb e r press ure of 650 ps ia . · The engine 

<liame t e r at the throa t centerline was -1 5 . 7 inches , which r e s ulted in :m 

expans ion a r ea rat i o o f 60 :l . An e ng i ne mixture ratio of 12:l was use<l 

i n the anal ysis . 

(U) Va rious par ame t e r s of in t e r est in the pre ! i mi nary tube-wall chamber coo l­

ing c ircuit <lesi gn a r e pr es ented in Fi g. 10 7 t o 115. The convective film 

coe ffi c i ent pro fil es use<l in the J esign a rc shown in Fig. 107 and 108 fo r 

t he combus tor an<l no:z l e , r es pective ly. The combustor fi Im coe fficient 

profil e is based on experimental data obtained during a previous program 

(Re f. 23) . The shroud and nozz le profiles were based on the throat film 

coe ffi c i ent value and the combus tion-gas flow- field analysis . The shroud 

exhibited higher coe ffi c ients than the inner wall because of the slower 

(contro lled) e xpansion required by kineti c per formance considerations. 

(C) The convective film coeffi c ient profiles were input to the Rocketdyne 

"l{egenc rati vc Coo ling 0cs i gn" digital computer program, A nominal tube-

wal I thi c kness of 0.017 inch was used for design purposes. This thickness 

was be li e \:ed t o have a greate r margin of safety than the 0.01 2-inch thick­

ness ori g inally propos ed even though the tubes oper ate at a slight l y higher 

t emperature . The resulting combustion-side wal 1 tempe rature profi 1 es are 

shown in Fig. 109 t o 111 fo r the outer con tour, inner contour, and noz z 1 e , 

r especti ve l y . In the outer contour, the wall temperature at the throat 

was less than 1400 F, The peak temperature, howe ver, was approximately 

1500 Fat a po int 1 inch from the injector on the downpass leg of the 

c ircuit. This high t emperature resulted from the poorer cool ing charac­

t e ristics o f the hydrogen at low temperature ( ~ 120 R) . The inner body 

and no:zle have maximum combustion-side wall temperatures of 1495 and 14 50 F, 

respective 1 y. 

(C) Nominal heat flux profiles for the combustion chamber and nozzle a r e pre­

sented in Fig, 112 and 113 . 
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Figure 107. Convective Hot-Gas Side Film Coefficient Profile for the 
Combustor (Preliminary Tube-Wall Design) (U) 
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) 

(CJ The maximum ( throat ) ~eat flux was approximately 20 13tu/in.--scc at a wal l 

temperature of 1500 r , 

(C) The coo lant tube geometrics arc present ed in Fig . 114 and 11 5 for the 

combustor and no zz l e sections, respect ive ly . The minimum tube inner 

diameter occurs at the th r oat and is 0 , 040 inch. The flat length is seen 

to he ze ro at the throat, implying a round tube, The unformed tube diam­

e ter i s the diameter (outer) of a round tube befor e forming to the desired 

slwpc . 

(U) The prec<'ding dis cussi on pr esented the results of a single detailed 

regenerati ve- coo ling design analysis hased on previously obtained (Re f . 23) 

e xperimental heat trans fe r data . 

(2) Interim Tube- lfall Chamber Anal ysis 

(CJ As experimental heat transfer dat a became available from the initi a l 

Task II 5-inch water-cooled segment testing, a reiteration of the main 

thrust chamber cooling analysis was conducted. The data (Vo l. 11, Table 

-l ) were for chamber pressure levels of 370 and 650 psia. 

(C) The thrust chamber coo ling analysis again considered nickel tubes of 

0. 017-inch wall thickness having a min imum unformed tube outside diam­

e ter of 0 . 072 inch. Three cooling circuits were considered (Fig .116 ), 

al I of which use 15 percent of the total engine fuel flow to pass through 

the baffles. In the para I l e i- series (P- S) and series-para ll e l (S-P ) con­

figurations , 85 percent of the flow has a parallel pass through the outer 

tube body (l'- S) and inner tube body (S- P) , r espectively . The comb ined 

flow ( 100 percent) passes through all of the remaining tube circuits. 

In the all-parall e l (.-\1.1.-P) configuration, 85 percent of the total fuel 

flow passes thr ough both outer and inner bodies befor e recombining with 

the 15-percent baffle flow. 
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1. PARALL EL - SERIES CIRCUIT (P-S) 

OUTER 
BODY INJECTOR (85 -

PERCENT ) 
INNER 

INLET j • INJECTOR 
BODY NOZZLE ... MANIFOLD ~ BODY ... 
( 100 

.... ANO 
• CROSSOVER LINES ' . 

PF.RCENT) 
BAFFLE 

( 1 5 - TURBINE 
PERCENT) 

2. SERIES - PARALLEL CIRCU IT (S-P) 

INNER 
BODY INJECTOR (85 "' 

OUTER 
PE RCENT) 

INLET BODY INJECTOR j • NOZZLE j • 

• MAt. I FOLD ... ( 100 ~ BODY ~ ANO 
CROSSOVER ' , LINES ' . 

PERCENT) 
BAFFLE 

( 15 "' TURBINE 
I PERCENT) 

J. ALL - PARALLEL CIRCU IT (ALL P) 

OUTER INNER : 

BODY INJECTOR 
BODY 

(85 ~ BODY ~ • INJECTOR 
CROSSOVER (85 

PERC ENT) PERCENT) 

INLET ' . NOZZLE ' . ... 
MANIFOLD ~ ANO 

' . LINES ' , 

BAFFLE 
( 1 5 TURBiNE 

PERCENT) 

Fi~urc 116 . Candidate Cooling Paths for Main Engine Thrust Chamber 
( Interim Analysis) (U) 
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(C) The values of coolant flowrate used in the anal ysis are shown in Fig. 117 

as a linear fun c tion of chamber pressure . The specific values for 370 

ps i a and 650 psia chamber pressure arc shown in Table 29. These va l ues 

represent either 100 pe rcent o f the flo1, , or 85 percent of the flO\~ 

co rresponding t o t he particu l:tr flow path bei ng considered, 

(C) The surface heat trans fe r coeffjcient on the combustion si,le of the tubes 

was obtained by ana lyses of the experimental data . 
0

Tl1e observed heat 

f luxes and gas- s ide condi t ions were reduced to curves re lating axial dis­

tance from the throat t o Stanton Number (S t ) and Prandtl Number (Pr) . 

These are shown in Fig . 118, The product, St x p//3, is relatively 

cons t ant with changing chamber gas -side conditions because the r e l ation 

(U) 

(U) 

,r f 
reduces to St x Pr- ., = -:; where f = friction factor . 

113 
The curve of St x Pr- vs axia l position was used in the analysis to 

es timate surface heat transfer coefficients (h) on the combustion gas 
g 

side of the inner and outer tube bodi es using the relation h a: 

(St x Pr213) . g 

whe re 

St h 
C specific heat = g = 

pV C 
p 

p p = density 

Pr = 
C µ 
_£_ \I = velocity 

k 
µ = viscosity 

k = therma l conduct i vity 

The gas -side film coefficients (h ) used in the analysis are shown in 
g . 

Fig . 119 , Inte rpolation between the test data point~ was accomplished 

t o complete the curves. 
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Figure 118. Relationship of Wall Position to Stanton and Prandtl 
Number s (Tube-Wall Chamber Interim Analysis) (U) 
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(C ) Using the heat transfer coefficient profiles of Fig . 119, the tube 

gas-side wall temperature profiles of the outer and inner tube bodies 

for 650 psia chamber pressure are shown in Fig. 120 and 121 for the three 

candidate configur ations (Fig. 116 and Table 29). The 5.10 lb/sec flow 

is for the series-para! lel flow configuration and the 4.335 lb/sec flow 

is for the parallel - s eries and all-parallel flow configurations. Typical 

results of the 370 psia chamber pressure analyses are presented in Fig. 122 

for the inner body. 

(U) lbc e ffect of contouring the back side of the tubes where maximum tube-wall 

t emperatures occurred also was analyzed . The concept, -i llustrated in 

Fig. 123, was to increase the coolant side heat transfer coefficient 
locally by increasing the mass-velocity. The length of the contoured 

portions of the tubes was 0.6 inch or less. The effect of the contouring 

is shown in Fig. 121 for the inner body. As indicated, the peak wall 

temperature was reduced approximately 50 Fas a result of the tube 

contouring . 

,-- ', 
✓ \ 

I / 

_,,/ / __ .,,, ~ 

' ;' ' .,,,, ---

Figure 123. Schematic of Contoured Tube Concept 
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( UJ The re a re severa l characteristi cs common t o all the profil es : (11 a 

peaking just prior t o the throat that i s a r esult of the input combustion 

side su rface heat trans fer coeffi c ients peak i ng at that point , and (2) the 

improvement in coo lant- s ide surface heat transfer coeffici ent due to curva­

ture causi ng the large dip in the profi l es for the first 0 , 35 inch down­

stream of the throat on the down- passes and the similar effect for 0,35 

inch upstream of the throat on the up-passes , A third common characteri s ­

ti c o f all the tube-wal l temperatur e profiles ar e the steep gradients and 

sharp peaks near the throat , These results a r e due to a heat flux condi ­

ti on wher e heat fl o\, is negl ecte 1 in the axial direct ion of the tubes , 

and rapiJ changes ar c occurring axially i n combustion gas and coo lant 

properti es . In t he actua l case , there is some axia l heat transfer whi ch 

woulJ rcsu l t in recluc i ng the computed throat heat flux, 

(U) The rise t o a new peak downst r eam of the throat in the outer body down­

pass pro files (fig . 120 ) is a result of the cool ant-side heat transfer 

coe ffi c ient being sensitive t o the rapid incr ~ase in tube diameter 

(dec reasing ve locity) of thi s pass . 

lCJ The gas - side tube wall heat flux pre files for 650 psia and 370· psia 

chamber pr essures (Fi g, 124 and 125 ) arc essentially of the same . shape 
' 

' ' ' 

as the combustion- s ide s urface heat t ransfer coefficient profil es shown 

i n Fi g . 11 9 , This result is because ~O percent of the total heat flow 

res istance is contained in the heat transfer coefficient, The effect of 

the coolant- side heat transfer coefficient is evidenced in t he small 

differ ence , for a given tube body , bet ween the profiles of a down-pass 

and an up- pass . Coo lant f lowrate (over the range of from 85 to 100 per­

cent of engine flowrate) has negligible effect on the heat flux profiles 

for a gi vcn chamber pr essur e , 

(C) From these analyses several poss ib l e cool:ng circuit s are indicated that 

resul t in suitable wall temperatures , heat loads, and pressure profiles, 

The sPries - parallc l circuit, however, gave generally lower gas-side wall 



u 
~ 
Ill 
I . 
C ·-....... 
::, 

~ • J.. I ' 

40 . 

30 

20 

10 

:; 0 
.. 

>< 
:::J _, 
l.i.. 

~ 
ct 

~ 40 
_, _, 
ct 
'Jt 

I 

~ 30 
::, ... 

20 

10 

0 
-4 

, 
OUTER BODYi COOLANT 
FLOWRATE (w) • ~.335 LB/SEC 

C 
I 

I 
i..l I 

' I-
~ 11 I 

DOWN PASS \ @®~l?O®~ill'ITO&~ -" ~··. '\ , 
"' ~ :'.\. 

'I'- -
l'\;-UP PAS~'-.. 

----~ -I ~ 

I I I I I I I I I I 

INNER BODY; COOLANT --FLOWRATE (we)• ~-335 LB/SEC 

... 

J 
t/ 1 -

DOWN PASS-

~ 
.I \ ·- , 

\ I @®li:ll?O~rn~'ITO&~ 

7.i\ \ 
y 

'j'-Uf PAS5i 
-2 0 2 4 

AXIAL DISTANCE FROH THROAT, INCHES 

r: i gure 124, Heat Flux Profi 1 e for Tubes at 650- ps ia Chamber Pressure 
( Interim Analys i s) (C) 

268 

l 



IJ 
~ 
Ill 
I . 
C 

' :, ... 
Cl) . 
>< ::, 
~ 
u. 

2Q,-----,---.-----r----.--~-----r--~---, 

OUTER BODY; COOLANT 
FLOWRATE (w) • 

I C 
1 51-----+-- -+--- -+- ,:- - \ - 2 . l+6 7 L 8/ SEC 

' 

~ 20,,---- -.---.----- --r----.--~ --~-----T""- ---, 
w 
:z: 
...J 
...J 

:i 
I 

w 
Cl) 
:::, 
~ 

is~---+---+----+-

INNER BODY; COOLANT 
FLOWRATE (w) • c; 
2, 467 LB/SEC 

101----+--~.----+•----- -----+---t----1 

OOWN PASS 

-4 -2 0 2 

AXIAL DISTANCE FROM THROAT, INCHES 

Figure 125, Heat Flux Profi l e for Tubes at 370- ps ia Chamber Pressure 
( Interim Ana lysis) (C) 

269 



( C) temperatures ove r the wall profi l e than the othe r cooling ci r cuit s . The 

pres sure d r op avai labl e t o the injector is s hown in Fig . 126 as a func ­

tion o f thrust chamber i n l e t pressure fo r the t h r ee coo l ing c irc uit s a t 

:hambe r p r e s sur e s of 650 psia and 370 ps i a . 

( U) lla se<l on the above anal ys i s , an inte ri m selec ti on of the tubular wa ll 

coo l ing c ircu it was ma<le , The ser i e s - pa r a l le l c irc uit was chosen ( Fig . 127 ) . 

The majo r c rite ri a cons i de r ed in the s e l ect i on we r e : 

1 • 

) -. 
3. 

~lin i mum tubl' gas - s ide wal l t cmpe r .itur c ove r the throttle range 

~ i nimum p r essure d rop 

,\lini mum numbe r o f coolant tt1bes 

(UJ ·1hc s e ri es-par all e l coo ling c ircu it p r ovided the maximum margin with r e ­

ga rd to t hese three majo r s e l ection c rit e ria, ·rhi s c i r cui t p r ov i ded the 

best hydrogen bulk t empe ratu re and coo ling conditions a t the c riti c a l 

loca tio ns o f the c ircuit . The fina l coo l a nt ci r cu i t s e l ec tion , howeve r, 

was t o be ma<le after comp l e tion o f furth e r analys is invo l v i ng the fu ll 

range of chamber p r essur ~ ope rat i o n and data obtained from Tas k II tests 

o f th e tube- wal l segments. 

(C) Aft e r in t e rim se l e ct i on o f the coo li ng circuit , the t ube wa ll heat trans ­

fe r :rna l ys .i s 1,as rcfir~e<l to proviJe mo r e ,, ccurate gas - side film coeffi ­

cients . The s traight li ne int e rpo l a tion , which was us ed in t he p r ev i ous 
?r 

ana lysis , was changed to a curve fit inte rpo l ation of t he NSt x NPr- ~ 

vs combustion gas Mach number. This r ef ineme nt r educed the c al cu l ated 

max imum value of the throat gas - side fi lm coeffici e nt at 650 ps i a ch amher 

pr essure f r om a value of 0,00395 Btu/i n.
2

- sec - F to 0 , 00345 Btu/in.
2

- sec- F. 

~eduction o f the gas - side f il m coefficient r esul t ed in change s in the 

pr edic ted heat f lux and t ube wall temperature . 
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(U) The predicted maximum gas-side tube wall temperatures that resulted from 

the r efined analysis are shown in Fig. 128 and 129. The significant change 

compared to the previous values presented in Fig. 120 and 121 was for the 

inner body where the peak gas-side wall temperature was reduced. 

(U) Ana lytical studies were also conducted to investigate possible advantages 

that might be obtained with an unequal distribution of the number of cool ­

ant tubes in the downpass and uppass of the outer body. By decreasing 

the number of downpass tubes and increasing the coolant velocity, where 

the hydrogen is at its lowest bulk temperature and has relatively poor 

cooling properties, the gas-side wall temperature could be reduced. The 

approach would be to have a maximum of two adjacent tubes with coolant 

flow in the same direction to provide a near equal temperature distirbu­

tion. More nearly equalized maximum gas-side tube-wall temperatures of 

uppass and downpass tubes would result for the outer body. The study, how­

ever, indicated that the small heat transfer benefit derived was not com­

mensurate with the additional manufacturing effort that would be required. 

(C) An interim analysis of the main thrust chamber nozzle extension also was 

conducted . The nozz le configuration consisted of 900, 347 CRES tubes 

with a wall thickness of 0.012 inch . The unformed tube outside diameter 

was 0.145 inch. The tubes did not require tapering prior to forming. 

Furnace brazing was to be used to attach the tubes to the CRES backup 

st ructure consisting of two "hat bands" and an end frame. The predicted 

axial gas - side wall temperature distribution of the nozzle is shown in 

fig . 130 . 

(3) Final Chamber 1":ooling Analysis 

(U) As additional experimental heat transfer data became available from the 

Task II, 30-degree water-cooled and 30-Jegree tube-wall segment testing, 

the main thrust chamber cooling analysis was updated and refined. The 

rec;ults of this analysis predicted excessive pressure drop .and gas-side 

wall temperature for the tube-wall configuration and led to the considera­

tion of several alternate design approaches. The tube-wall analysis and 
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(U) alternate approaches, which led to the f inal chamber cooling configuration, 

are discussed in the following paragraphs . 

(a) Tube-Wall Analysis 

(C) Using the heat transfer method of analysis described in the previous sec­

tion, the gas -side heat transfer film coefficients were determined from 

tests of the 30-degrec water-cooled thrust chamber segment. The hea t 

transfer film coefficient profiles are shown in Fig. 131 through 133 for 

chumber pressures of 650 , 342 , and 90 psia, respectively. The three 

chamber pressures arc fo r tests 078 , 079 , and 081 of Task 11 (Vo l. 11 ) . 

I'h l.! outer and i nner body coefficients arc shown to be the same in the 

conve rging part of the chambe r. On the expansi on no zzle, the outer body 

coefficients were higher than the inner body coefficients as a result of 

the hot-gas turning . 

(U) 'lhc heat transfrr coefficient profiles shown differ somewhat from the 

prr, fi lcs shown in ri g . 119 whi ch were obtained from earli er 5- inch seg­

ment exper imental data . The coefficients of Fig. 131 through 133 were 

ob tained from tests in which the prototype 30-degree injector design was 

utili:ed , wlule inj ector design \'ariations were bei ng made for the earl er 

tests . 

(U) TI1e coolant-side heat transfer fi lm coefficient was calculated using the 

t echniques and equations dd~elopcd in previous Rocketdyne studies 

(Ref . 23) . The curvatur e enhancement factor was varied in the ana l ysis 

from a value of 1. 0 (no enhancement ) at the beginning of curvature to a 

maximum of 1, 5 in 10 equivalent tube diameters. 

(U) The coolant exit pressur e from the chamber must be suffi cient l y hi gh to 

allow for pressure drop through the nozzle extension, interconnect l ines, 

injector body , and injector orifices. Figure 134 shows the cal cul ated 

exit pressur e of the chamber , as well as the injector inl et pressure, as 

a function of chamber pressure. 
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·, 

(CJ Applying these data t o the tubul a r wall segme~t design, and by mak ing t he ,,, 
appr op r iat ~ co rrect i ons fo r rated. coo lant ·iio1ffafe (design va lue), the 

pr ojcc t ed coo l ant e xit temperature , pressure d rop of the coolant, and maxi ­

mum gas - s ide 1-•al 1 temper a tun: 1,•e r e de t e rmi ned for chamber pressures o f 650 

and 222 psi a . These data are pr esented in Tab le 30 , and r ep r esent a n 

average o f a ll the tube -wall test ing . The c alcul:iti ons 1,e r e not pe r formed 

at chambe r press ur<'S be l o1, ps ia becaus e the predi cted maximum hot- gas 

wa l l tempe rature o f 2000 F (at 222- ps i a c hamber pr essure ) was conside red 

e xces sive , and e ven hi ghe r wall temper atures would occur at l ower pres ­

s ures . ,\ maxi mum ho t - gas 1-:a l l temperatur e of 1600 F ,,;as the design goal 

to achieve a long- l ife chamb nr design . 

T,\ ll 1.E 30 

PREO I C:TEIJ TU 131.-1\',\LL TIIRUST CIIJ\MBER COOL I :'-JG PJ\RAMl:Tl.:RS 

(Two - Pass Des i gn - No Injector Oxidi ze r Bias ) (U) 

650 psia 222 psia 

~lax . Exit ~-lax . 
lfa l l In let Press . Bu l k \\'al I Inl et Pr ess . 

Temp., Press., ll rop , Temp. , Temp. , Press. , Dr op, 
Configuration F psia psi F r: psia psi 

Oute r Body l 700 1750 

2300 835 1000 1200 225 

I 1111c r Body 1960 2000 

Exit 
Bu l k 

Temp., 
F 

1310 

(U) The value of 2300- psia t h rust chamber inlet pressur e at 6S0- psia chamber 

p ressur e was the max i rnum va I uc consider ed practira l f rom consideration 

o f the foe l pump design (Section V). In addi tion , choking of the coo lant 

in the tube passages 1,·as predi cted to occur at an in l e t pr essur e of 2100 

ps ia . The higher va l ue of in l et pressur e (2300 psia). however, caused a 

lowe r p ressure drop o f the coo l ant (compared to 2100- psia i n l et p ressure) 

by vi rtue o f ca us i ng a high dens ity o f the coo l ant, 
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(U) One other important factor noted from the analysis was the high-pres s ure 

loss that occurred in regions other than th e throat (in low heat flux 

regi ons ) . In t he s e a reas, the coo lant mass flux was much higher than that 

requ ired t o cool the tubes adequate l y . Therefore , excess ive pressure losses 

1,c re encount er e<l with litt le regar d for optimum cooling at high chambe r 

pressures . This facto r a l so incr eased manifold pressure losses caused by 

high entrance and exi t velocities to and from manifolds. 

[CJ Basc<l on the above result, a new tube diameter profile was analyzed in an 

attempt t o l ower the heat transferred to t he coo lant and l owe r the pr es­

sure J rop . 1·1ie diamete rs of th e tubes o f the ori ginal tube -wa ll segment 

chambe r a rc compar ed to the new t ube design in Fig . 135 . The diame ter 

Lie:c reasc of the tube in the throat a r eH r esult ed in an incr easc o f coo lant 

mass flux from 4,1 t o 4, 83 l b/ in.-s t'.'C , 

(U) The Liesign was made with the conLii tion that the heat transfer t o the 

cool ant was equa 1 t o that o f the original tube-wa l 1 chamber design. llow­

evcr, because of the lower coo lant mas s velocity in the combustion zone 

of the new tube design , the gas -side tube- wall temperatur e may increase 

and the hea t t r ansferred to the coolant may be lower than that measured 

in t es t s with the original tube-wall design. 

lC) A comparison made of t he o ld tube and new tube design parame ters at the 

050- psi chamber pr essur e l eve l (on the basis of equal heat input ) showed 

a r eLiuction in pressure loss of 11 50 psi while lowering the maximum gas­

side wall temper ature 150 F. Thi s result was because the combustion zone 

an<l supe r sonic region we re previously overcoo led for the 650- psia chamber 

pressure condition, Lowering the mass ve locity in the combustion zone 

an<l expansion noz.:. l e reduced t he fricti on loss in the tube and the mani­

fo ld entrance and exit pressure losses sufficient ly to allow for some in­

c rease of the mass flux in the throat region. This design approach, 

howeve r, reduced the combustion zone coo ling margin at reduced chamber 

pressures . 
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' 

(U) The calculated gas-side tube- wall t emperatures c f the new tube design are 

given as a funct i on of the di s tance from the throat in Fig. 136. Little 

additiona l improvement in reducing the gas- side wall temperature can be ex­

pected except by using sma ll e r diameter t ubes with a great dea l more 

pressure drop . 

(C) The inlet pressur e to the thrust chamber with the new tube profile was 

2300 psia . As the resu lt of the re l a tively high wall temperatures and 

pr ess ure rcqui r ement fo r the two-pass tubular wall chamber design , an 

ana l ys i s of a one-pass inner body design was performed . Coo lant tube 

si:cs and pressure drops were determined for the single- uppass cooling 

circuit as a functi on of coolant i r. J~t temperatur e and var ious maximum 

(one-dimensi onal ) tube-wall t empe ratures . A two- dimensional heat transfe r 

anJ lysis of t he tube in the throat region was conducted to obta in the 

nt: .:essary temperature corrections resulting from the use of a thi ck-wal led 

tube . "A nominal ni cke l wall thickness of 0. 0165 inch was used in the 

analysis . 

(CJ The analysis showed that fo r the expected hydrogen inlet temperature of 

800 R t 1, the inner body, the tube size necessary to maintain the 

combustion-s i de wall temperature at 1600 F was less than 0,01 6- inch inner 

diamete r (0 .049-inch outer diameter ) . This tube si ze results i n approxi ­

mate ly 2700 tubes for the inner body . The r equired coolant inlet pressure 

t o prevent choking was de t er mined to be i n excess of 3000 psia . A larger 

tube (d. = 0. 028 inch , d = 0.061 inch , N = 2164 tubes) resulted in a 
l 0 

l ower pressur e drop but had maximum tube-wall temper atures in excess of 

2000 F based on a two- dimensional thermal analysis. 

(UJ A primary problem area resul t s from the use of relative ly thick-walled 

tubes because two-dimensional temperatures are about 300 t o 500 F higher 

than those calculated on a one-dimensional basis (Refer t o Vol. II , 

Section Ill , 4.0, b, (1) for a detail analysis of the two-dimensional 

heat transfer . ) The use of a thinner wal l was not considered because the 

285 

@®~[F~[ID~~lf ~&[L 



tS
2)

 
(§

) 
~
 

C
ui

] 
c

=
:,

N
 

~
 

1
M

] 
~
 

c=
:{)

 
c:

::
::

J 

~
 

[F
l 

240
0-

--
--

--
--

--
--

--
--

--
.-

--
--

--
--

-.
--

--
--

-.
..

--
--

--
-...

. 

L&
.. 

.,,,r
:.:r

:, 
•,:·

;:i•
:'O

 r.1
U, 

' 
-

.J
 .

...
 

..t
,_

 
.. 

v
J
 

• 

. 
w

 ~
 

16
0

0 
~
 

~
 

w
 

Q
. 

2
: 

w
 
~
 

-
' 

-
' :I w
 

0 - V, I 
V

, 

<
 

C
, 

Bo
o o 
_

_
_

_
_

_
_

_
 .....

._ _
_

_
_

_
_

 .....
._ _

_
_

_
_

_
 .....

._ _
_

_
_

_
_

_
_

_
_

_
_

 _ 

-3
.0

 
-
2

.0
 

-
1

.0
 

0 
1 
.o

 
2

.0
 

DI
ST

AN
CE

 
FR

OM
 T

HR
OA

T
. 

IN
CH

E
S 

F
ig

u
re

 1
3

6
. 

T
u

b
u

la
r 

In
n

e
r 

B
od

y 
G

a
s-

S
id

e
 

l\'
a
ll

 
T

em
p

e
ra

tu
re

s 
a
s 

a 
F

un
c
ti

o
n 

o
f 

D
is

ta
n

c
e
 

F
ro

m
 

th
e
 
T

h
ro

a
t

. 
(P

 
=

 
6

5
0

 
p

s
ia

) 
(C

) 
C

 

(5
2)

 
(C

?)
 
~
 

,n
]
 

C
=

=
=

>
 

(c
:::

,J 
[i

ui
] 
~
 

c=
:{)

 
c
::

::
, 

S:
:>

 
[F

l 

.. ~
 



(U) estimat e<l wall thid..ness of ni ckel tubes would have to be less than 0.008 

inch t o be o f signifi cant hene fit in achieving acceptable wall temperatures 

and pressure drops . ·rh i s tube thi ckness was considered not to be pract i cal 

fo r manufac turing, hand ling, etc •• Based on the above results , the tube­

wa ll design , wi th a s ingle- pass coo lant c ircuit for the inner body, was 

not considered a s atisfactory solut ion for the excessive gas - side wall 

tempe ratures and pressure drop of the tube-wal l thrust chamber . Al ter· ate 

coo ling concepts we r e required and arc discussed in the next section. 

(bJ \l t c rnate Coo ling Design Approaches 

(U) ,\nalys i s o f the <lat a from the Tasl-. 11 30-dcgree tubc-wa l l segment t esting 

sho1-.-e<l t he tube- \..al I t hrust chambe r design was unsatisfacto ry because of 

excessive llL'at loa<l5 and as sociated required coolant circuit pressu re 

drop . Seve ral app roaches fo r reduc ing the heat load and i mproving cham­

be r coo li ng wer e conside red, These approaches were: 

I. 

' -. 
3. 

-1 • 

5 . 

Flattened rubes 

Fi li ed o r Uimpl c<l Tubes 

Shortcn<:<l Combust ion Chamber Length 

Channe l Coo l an t Passages (Channcl - l~all ) 

ln_iector ~lixturc Rat i o Bias (Film Coo l ing) 

(U) 1:val11ati on o f t he mor e promising approaches was conducted in Task 11 and 

arc <liscusscd in Vo l. II, Section 111, 5. 0 . The test eval uations o f the 

channel -wall and mixture ratio bias concepts we r e successful in reduc ing , 
the heat l oad an<l resul tcd in a sat is factor y 30-dt!gree ·prototype segment 

design . rit e anal ~·scs o f these concepts, as they pertain to the main 

th rust chambe r des i gn,a rc discus sed bel ow. 
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fl.'.I l.hann L'l -1\a l l '1q~mcnt l"hrust Chamber 

llJJ The c.lc,;ign approach s1..-lr <..: tt::d fo r t he r r o t o t ypc r cg<:'nr rnti vc- 1~· coo lc-d :m­
Jc-g rc r -;cgment uti 11:ed channel <..:oo l ant rassagc ~ for al I or t he ~cgment -

1.·all coo lin g c;u r fncPs. lhi~ approach o ffered c;e\·c ral poten t ial aJv:in t af!C ~ 

ove r t he tub ular - 1s•a ll .;;eg1•1cnt dec;ig n 1,hich 1,as p revious!)' C\'a luatcd. 

l' rin c1rally, t hcc;e ad'. 111 tagc-s 1,•c-rc- reduced t o t al 1n tcg r att•J hl.'a t load and 

rcducl'd f abr1ca t 1011 C,)<;t and ti me- . 

llJJ lhv f1hri -..i t 10 11 1111p r tl\l'I 1. n t s rt:"11I 1 1.:d f r nr.i l'! im111.1t i on 11 t' t oo ling fo r 

tuli(• t u r 111 111g , ,1-; i-t• l I a s t h..: h .1 11d l i11 g u f t hL· laq.!t' numh-: r o f t11hl'S fo r 

rorm111g , S l.l L' k.ing , b r .1.: 1ng , l'l( . 

(IIJ lhl' i!dv.intagv 0 1· r vducl'd t o t .ii i11t cg 1·ated he-a t lo:1d r vsu lt t'd from havifl )! 

.1 fl.it ho t - g.i-. wall r ..tthL· r t han t hL· bumpy s u r f:t <..:L' o f a t11hc -1>·all Jcsign . 

lhL· hu t- ga s i-.111 hL'a t tra,1--fr r su r f.ice a r c-a o f tl:c ch:1nncl -1,•al l cksign 

was .1pp r o:1.1m.itt·I~· -., pt· r -: ,'n t o r t ha t o f th e tuhl'- i- n ll des i gn . 

Ill) \n a11 al y.., i s i-as madL' to JL, f inc t he ht•a t transfe r clw r a c tt' ri s ti cs o f t he 

t.:han11L·l-i-al l "L'~::1L·11 t thrust o:h.11:ihc r, usini th l' ga -; - sidc f i I m l.'.oc ffi c i e11 t s 

JL' lL' r m1ncd f r om tlit' lasl.. 11 1,atl'r- coo l cJ scgmL·n t thrus t ch~•mhc- r t es t s . 

(lll lll1th ti-u-pass ,111d singlt• - pass dL·St!,!ns 1,L' r c anal~·:cJ . The sing l e - pass 

d1:11nlwr h.td ~l 1w r <..:cn t les s p r l'SSlll'C.' d r op than the two - pass des i g n . i\ 

t·omp.1rt so11 o f 10 11 L' - and ti-·o - r a ss dtan11el -1,all des igns is shmm in Ta b l e 3 1, 

\1-;o 11:L·l11JcJ arl' pa r amL·tc rs fo r the tubc - 1,all design . 

tll) lhe d1a n11L'l - 1,a l l 'iC):!ml'nt cons truct1 o n was anal y:cd fo r t1. o -di mensiona l 

hL'at t.:onduct i o n . \ d1.1rt o f the iso the r ms fo r t he channc l-wa l I con -

s t nn:tinn i s sho1; n i n l· ig . 137 . lhc gas - siJc surfac e tempe r atu r e o f th e 

s i n~lc - p a ss ·h,1111H.'l - ...,all des i gn , in general, was 500 I· 101.·c r than the 

tuhL' - i-a l I t h rust t.:h.1rnbt' r. ,\ compa r ison o f two -Ji men s i o nal e ffect s fo r 

t ubL'S and channel s is show11 i n !able 32, 
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TABL[ 32 

fWO-Ul ~IF~S I ONr\L I FFECT ON GAS-SI DE WA LL TH!PERATIJRES 

(l'OMPAR I 50S OF T'n'O- PASS 1 UBE h'ALL A1'0 ONl:- PASS CIIANN!:L WALL) (U) 

Di ffe rencc Be tween Two- and One-
Ga-;-S i<lc Dimens i onal \\'a I 1 Temperatu r es•, F 

!!cat lransfcr Coolan t Bui~ (T2- D - T 1-D) 
t:0c ffi c1en t, Temperatu re , 

., r I· Channe l 1 ubes ( Bt11/ 1.1 :-- sec - ) 

0 . 00-1 I 000 200 400 
-~()0 50 400 

0 . 00 I l (hlO 30 uo 
-.?Oil -200 -•10 

() . 000.? 1000 - I () - 80 
-200 -3SO -3SO 

•The onc-d1mcn-;i onal t cmpcrat u r r i s 1-\00 I' in a ll c:1ses . 

1) Ill,· · ,,~-dimt·n .. i on.il i..il I l.'11111: r a t ur\.' l'l-"ft•l· t as ,1 fu nc ti o n o f gas-si c.Jc 

l1l'a t l r 1n..,rL• r l'Oe ft icilnt an.I hyd1·ogc•11 temperature 1,•as :ina l y ~cd fo r a 

U. Ult,- t~ U. Ll.)t1- inl"l1 ch,111 111:I , 1,ith a U. Olh- 1nd1 g:1s - s idc wall thi c ~ncss 

,ind .1 1. 0 l-1 111:h l.111d i.1dth . \11-ni .. t- l·I d1 :i11nel s 1,c: r c usrd . The ana l ysis 

llsL·d 1 -..nuo I .1di:1b.1t IL 1-, ,!l I L'mpe:·atu r c .in<l ,1s-.11mcd a 1 100 F onc -

d t mL·ns i ,rn.1 I g.1s-sidL· i. ,i!I t t•m1w r ,1t urc for comp11ting tht• coo lant- s ide film 

COL'l° f1 l ll'li t. lhe l"L'sul " 1) ! t his .111.tlysi s arc- ~hown in l· ig . 138 . The 

trend of rn.1ximw:i 1,,1! I t<:mpL' r .1tu r c 1,as as cxpC'c ted , with two-dimensiona l 

t•t' 1:i•1.· t s L, 111 --111g 1111.re.1'-L", :it hi,l!h heat trans f e r rates and dec r eases f o r 

lo·., ht•,1t tr.111-;fc r r .ttL'S . lhL· r.1.1xi mum 1-,·a ll temperature obtained with t h e 

d1.11111el l·on fi~ura t ion 1.a s l lll,·cr than that ob t .1 in1:J using a tubu lar con ­

t'i gu r.iti on bt•c,1use o f thL' bl' tt c r t1.-o-dime11sion:1I tempe ratu r e characteristi cs, 
l 

,\t t h1.· no:~IL· h ro,1 (h = O. OU.,9h Btu/ jn , ~- Sl'C-F ) , the maximum wall t e rn-
!! 

1w r .1tun: i111.: r l'a'ic from t1-,o-Jimcns 1o nal influenc e s was _appr o ximate l y 180 F . 

l'hc 11t'luL'ncc o f the as<:umcd one-dimensio na l gas - side wa ll t emperature is 

shoi- 11 in I 1g . 139 . ,\t l ow he-at trans f er rate (h = 0 . 0002) , the maximum 
g 
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200r-----"T-"""------------------

500 

-200 

Or-----1-

-200 

-so~-1-00 ____ 1 .... 20_0 ____ 13 .... 0_0 ____ 1_,1t0_0 ____ 1500 

TWG • F 
1- 0 

BTU 

hg • 0. 004 IN . 2- SEC-F 

BTU 
hg • 0.0002 2 IN. -SEC-F 

Fi gur e 139. lnfl ,Jcncc o f .' ss umcd One-D1m<'nsional Wall Temperature 
(Ch.;.nne1-1,·a1 1 Segment ) (U) 
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..,al l t l!mpc r atur c va ric<l 300 F fo r t he 11 00 t o I SU0 F one - di mensional t c rn-

pc rat u ri.:s . l!owcvcr , at hi gh hea t trans f e r ra t es , the mJxi rnum wal I tl' lnPL' ra -

t u rc \ar1c<l appro.>.imat cl~· SU I . Fo r onc- J1rnens 1o nal ..,·a l I tempe rat u r es 

oth c: r h,111 1,100 I· , t his anal~",IS p ro v 1<lc•· , in 1nJ1 ca t ion o f t he r esu lting 

1-. a l l lL·mpL· rature , 

IUJ lhL· c ffeLl o t usi ng ,t st a111l1:s s - stL'l' I ba c~ui> s t ruc t ur e 1n l ow hea t flux 

r1.:g 1u11-, u r t he coml>us t 1on cha ml> L·r .i n<l 110 :.:le 1s sho1-. n i n )able 33 . lhe 

, ta1 n l l·-., - s t l'L'l ha d11p , truc t u r e r esul t ed in app ro xi ma t e l y a ~00 I- 1n­

c n·as,: 1n th L' m~•x 1mum ga-. - s 1Je 1,all t empL' ra t11 r L' o ve r the all-nid,c l co11-

t' q,u r1 i on UL'Call!> L' , f t hL Ji ffc r e111.: L' in t hc rm,11 con<lul'ti\'l tics o f th e 

t 1-. o m.1t e r 1al -. . 

ll J 111th 1 ga <; - <.; 1dc w.11 I t h1 d ,11e '>.., o t' 1.J . UI. i nch and a channL'l 1,idth o f 

u.o:b inch , t hL' ch .11incl <lL'p t h a nd lan<l 1-.1 Jt h w1.•r c varied 1, h ile mainta1n-

111g a Cllnstant l.'oo l an t ma s~ _vL· l oci t ~· o f -1. S lb/ 111 . - - !>l'L , l·o r a thro a t 

g,1-; - s1dc h 1.',il transfe r L.'O l'ifi Lt L.'n t o f 0 . 00)9,' Btu/ i n . - - se<.: -1· , r ep resen ta­

tive coo lant bu l~ t empL' ratu re a nd co<.> l J n t -s·qJc fil m coe ffi c ient s 1,c r c 

.. , suml·d fo r t hL.· tllllL' r .ind out e r bod i es . l:1..'~ e \l L.•ra l , the maximum gas- s ide 

1-. ,ill t empe r a ture wo11ltl l>L· <lt•c n ·a scJ a ~ he channe l <le pt h is i nc r e a sed; 

. 111 1nc r casL' 111 th l' l and w1<lth wo u l d res ult i n a t empe ratu:-c inc r ease . 

\ s ~hoi. n i n i·a u h : 3-l, t he in~ r cascd lanJ 1.-i<lth domina t ed th e e ffec t o f 

the i nc r ease i n ch.1nnc : <lcpth , and the maxi mum 1,a ll t empe r a ture inc reased 

.1ppro~1 m.1t L• l y 120 I· f r om 0 . 02 72 - t o 0 . 0Jl-i nch land width, All the chan-

1w l n .,:1fi g11 rat i ons rcsul tl'<l i n ma xi mum gas - sit.le wall t emperatures less 

t h,rn l oU0 I . lhl' inco r po rati o n o f s tainl e s s - s t ee l bac ~up , a s shown in 

l .1bl1.· 3~ r cs11ltcJ i n a IJ U t o : so I· i nc r ease in ma xi mum i. a ll tempe rature 

t ~ loUIJ I J . \ throat ~h.innel si :e o f 0 . 0 1<> by 0 . 02 i 11ch ( a ll n i de l ) 

.,.1s ,;c h.•c t cd ha s l'd 0 11 tin s anal ys i s . 

Llll 11,c p red i c t e d coo l an t J1sch ar~e tenpr rat u re for the channe J-1,·all chamber 

1s shoi. n a<. a fun c t ion of chanber pressu r e in rig . 1.10 . The gas-s ide s u r ­

face tempe r a t u r e o f t he ch anncl -1,al 1 t h r ust chambe r was determined fo r t he 

de<. i~n con<lit 1on, and a p l ot o f t he r:iax ir.ium gas -si de sur f a ce tc!T'oe rat ure 

:? 9J 
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•, 

(U) as a function of chamber pressure appears in Fig. 141. This figure also '· 

compa r es the results of the one-dimensional and two-di mensional analyses. 

(C) An additional design i mp rovement which was incorporated i,nto the channel-wall 

design was a re v i sed coolant pas sage flow area profile (as compared to the 

p revious tube -wall profi le) . The .new profile i ncreased the coolant passage 

f l ow area ( re duced mass - ve locity) in the overcooled regions of the chamber 

(ups tream and downs tream of the throat region) . This change resulted in in­

creased hot-gas wall temperatures in the se regions, with associated reduced 

heat transfer and pressure drop. A plot of the channel -wall thrust chamber 

coo l ant flow area as a funct ion of distance from the throat is given i n Fig. 

142. The channel width is kept at O. 025 i nch, while the depth is varied. As 

shown in Fig . 142, the channel area varies from a max imum value of S i n. 2 at 

the outer body entrance to l i n.
2 

at the throat. Also seen in Fig. 142 is a 

plot of the previous tubular thrust chamber design flow area wh i ch vari ed from 

2.5 in.
2 

at the entran ce t o 1. 2 i n. 2 at the throat. 

(C) The calculated in l e t pressur e to the channel wall thrust chamber is given as 

a f unc t ion of mix ture rat i o fo r three chamber pressure i n Fig. 143. As shown, 

the pressure requirements for the chamber approaches 2200 psi for the extreme 

mixture r atio of 9 :1. 

(U) A s tudy also was made to asce rtain the effects of manufacturing defects on 

the heat transfer in the channel-wall thrust chamber. The s tudy was performed 

on a two-dimens i onal heat transfer basis. 

(C) The effect of a void in the land is shown in Fig. 144. This case was for the 

inner body at a chamber pressure of 650 psia. Only for gross voids (more than 

50 perc~nt of the braze over a long length of the land) do the temperatures be­

come excessive. In this case, the chamber would fail during the prefiring pres­
sure check. 

(C) Figures 145 through 148 show the effect of reduction in coolant-side heat 

trru1~fer coefficient for all channels on the ~all temperature. Figure 146 

shows, in addition, the effect of a single-channel reduction. Of significance 

is that, for total plugging of a single channel, a temperature well in excess 

299 
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(C) of 2200 F would be reached locall y . Thi s plugging condition could , however, 

be detected during the fabrication pressure checks. 

(C) The effect of channel tolerances also was studied. The vari ation considered 

was +0. 001 inch. At the throat of the chamber, the dimensions considered 

were: 

Nominal 

\•Ji th To lerance 

0 .028 x 10 .016 inch 

0 .029 x 0.017 i nch 

(C) A IO-percent increase in passage area occurred at the throat with the larger 

dimension, and resulted i n the follow i ng wall temperature increases: 

Outer Body Inne r Body 

At p = 650 ps i a : 70 F At p = 650 psia: 20 F 
C C 

At p = 
C 

90 psia: 140 F At p = 
C 

90 psia: 20 F 

(C) The minus tol erance condition (-0 .001 inch) was not analyzed because this 

condition would increase the local coolant mass velocity and r esult in a 

lowering of the wall temperature at that location . 

(ci) Influence of Mixture Ratio Bias 

(U) Because of the favorable Task II test results obtained with mixture ratio 

bias (Vo l. II, Section III, 3.0, b , (2)) , a study was performed to ascer­

tain the heat transfer effect of the oxidizer bias on the operation of 

the channel-wall (prototype) main thrust chamber. Three tests with oxi­

dizer bias were evaluated in this study . The tests were conducted at 

chamber pressures of 612, 222 , and 74 psia. The data were obtained with 

the water-coo led segment thrust chamber hardware and were utilized for 

determining the operating parameters for the prototype channel-wall seg­

ment configuration . The bulk temperature rise , hot-gas wall temperature, 

and pressure drop were determined. 
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(C) The effect of the oxidizer bias was analyzed by theoret ically lowering the 

gas-side heat transfer film coe ffi cient throughout the combustion zone and 

in the throat, As a result, the local heat flux and t he overa l l bulk tem­

perature rise were lowered. The lowered local heat flux and bulk tempera­

t ure rise caused the maximum wall temperature to be lowered approximate ly 

150 F compared to operation without oxidizer bias . Tab le 36 shows a sum­

mary of the conditions pr edicted for the prototype thr us t chamber oper a­

tion with oxidizer bias. 

TABLE 36 

MAIN THRUST CHAMBER OPERATION lflTII OXIDIZER BIAS (LJ) 

Coolant Coo lant Coolant* 
Chamber In l et Exit Exit Bul k 

Pressur e , Pr essur e , Pressure , Temperature, 
psia psia psia F 

650 1940 1405 474 

222 760 508 782 

78 360 263 1330 

*Chamber inle t temperature assumed to be - 340 F 

(U) Figure 149 compares the thrust chamber exi t bulk temperature with and 

without injector oxidizer bias over the range of chamber press ures neces­

sar y for throttling. The s igni f i cant improvements in pressure drop and 

heat load resulting f r om the oxidizer bias is apparent from the data of 

Table 36 and Fig, 149 • 

(4) Main Thrust Chamber Pressure Dr op and Coo l ant 

Temperature Distribution 

(U) A par amet r ic anal ysis was conducted to determine predic ted hydrogen pres­

sure dr op and temperature rise for the various components of the final 
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(U) main thrust chamber configuration over the intended operating conditions. 

The ana lysis utili zed the Task II experimental test results for the proto­

type channe 1-wal I segment chamber. The analysis was conducted for each of 

the thrust chamber subcomponents on a parametric basis to make the resulting 

data independent of any possible variations in future design or experimental 

results in other subcomponents in the thrust chamber assembly . The method 

of analysi!- consisted of a detailed heat transfer analysis based on specific 

t es t poi nts . The hydrodynamic anal ysis performed for interconnecting ducts 

am! other subcomponents where no heat addition takes ·place was based on the 

design details for the 30-Jegree prototype channe l - wall segment assembly. 

fhe results o f these detailed point design analyses were then extended on 

a parametrl c basis to cover the intended operating rang~ with the use of 

scaling equations developcJ f rom the theoretical analys is. 

(a) Chamber End Plate (Baffle ) 

(C) lleat transfer and fluid fl ow calculations were made for the ba ffle where 

the coo ling ci r cuit is divided into increments. For each increment, an 

iteration procedure was followed to determine the heat f l ux from the com­

bustion gas to the coolant , the resulting temperature profile, and the 

coo lant change of state until these parameters are compatible with the 

resulting friction and momen tum pressure drop over the increment. This 

analysis was conducted for three operating chamber pressures (613, 222 , 

and 74 psia) based on data obtained in solid-wall segment tests 014, 016, 

and 01 7 (Vo l . I 1) . The heat flux data obtained from these tests were us ed 

to predict the heat f lux profil e , gas- side wall temperatures, coolant bul k 

temperature rise , and coolant pressur e drop for the prototype chamber 

baffles operating at an engine mixture ratio of 12:1 and a coo l ant inl et 

temperature of 65 R. The results of the detailed analysis for these three 

engine operating points were then used as the basis for an analytical 

scaling analysis to provide the same type of infor mation over the ent i r e 

engine system operating range. The scaling techniques were developed 

from the theoretical equations used in the analysis of t he three bas ic 
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(C) operating points. These s caling methods were computeri zed to facilitate the 

rapid analys i s of a wide range of parametric data. The computeri zed scal­

ing methods also simplified the evaluation of the e ffects of newl y acquired 

test data or design modifi cations . The r esu lts of the parametric analysis 

are shown i n Fig. 150 through 15~ . The baffl e coolant discharge tempera­

ture i s shown i n Fi g. ISO ver sus chamber pr essure for engine mixture 

ratios from 9 :1 t o 13:l. The bulk t emper ature ri se of the coolant in the 

baffl e is r e lative ly insens iti ve to inlet pressure , and the curves shown 

in Fi g . 150 ar e consider ed va lid over a fairly wide range of coolant inlet 

pr essures. ·rhe baffl e coo l ant inl et ve rsus exit pressure re lationship is 

shown in Fig . 15 l for each of the three s e lect ed operating chamber pres­

su res and over the r ange of engine mixture ratios . The difference between 

the inlet and co rresponding exit pressures is presented in Fig . 152 in t he 

fo rm of baffle pressure dr op versus exit pressure . 

Lb) Chamber Segment--Outer and lnne r Bodies 

(C) 'Ili c thrust chamber segment outer and inner body heat transfer and fluid 

dynamics calculations also wer e based on test data obtained in solid-wall 

segmen t t es ts 014, 016, and 017 . The detailed ana lysi s was performed for 

the three operating chamber pressures (613, 122 , and 74 psiaJ used above 

fo r t he end-pl a t e analysis . The coolant enters the oute r body and makes 

a single downpass t hrough the coolant channels . The coolant then crosses 

through the lower portion of the baffle t o the inner body, which is cooled 

by a singl e up-pass, and the coolant is then transferred to the nozzle . 

1~e r esults of the de tailed studies for the three operating chamber pres­

sures were used to generate parametric data describing cool ant temperature 

rise and exit pressure for a range of inlet temperature and pressure con­

ditions for both the outer and inner bodies. The coolant discharge tem­

per ature versus operating chamber pressure is shown in Fig . 153 for mix­

ture ratios of 9:1 to 13:1. The outer body coolant i nl et temperatures 

were obtained from the baffl e coolant discharge temperature (Fig. 150 ) 
• and the outer body discharge temperature becomes the inner body inlet , 

temperature for the corresponding chamber pr essure and mixture r atio 

values. 
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(C) Chamber inner and outer body exit versus inlet pressure are shown in 

Fig . 154 for operating chamber pressures of 613, 222, and 74 psia and engine 

mi~ture ratios from 9:1 to 13:1. Inlet temperature for each engine mixture 

ratio was obtained from Fig . 150 and 153 for the outer and inner bodies, 

respectively. The pressure drop versus exit pressure is shown in Fig. 155 

and 156 for the outer and inner bodies, respectively . Note that the outer 

body exit pressure is not equal to the inner body inlet pressure; an addi­

tional pressure drop occurs in the crossover duct within the lower portion 

of the baffle, Estimates of this crossover duct pressure loss are pre­

sented in the next section, The pressure losses shown for the outer body 

include all losses from the baffle exit to the entrance of the crossover 

duct, The pressure drop values shown for the inner body include all losses 

from the crossover duct exit to the exit of the inner body coolant chan­

nels. Heat addition was assumed to occur only in the coolant channels. 

(c) Outer-to-Inner Body Crossover Duct 

(U) The pressure losses that occur in the crossover duct between the outer 

body and inner body were estimated for a range of engine fuel flowrates 

and for inlet conditions dictated by the outer body discharge flow con­

ditions for the indicated values of operating chamber pressure and mix­

ture ratio. The results are shown in Fig. 157. 

(d) Transfer From Inner Body Channels to Nozzle Tubes 

( lf) The coolant is transferred from the inner body channels to the nozzle tube 
~ 

bundle through a series of collection and distribution manifolds and 

transfer ducts, The total pressure loss incurred in this portion of the 

cooling circuit has been estimated versus engine system fuel flowrate for 

the transfer system inlet conditions (inner body di'scharge) dictated by 

the indicated operating chamber pressure and mixture ratio values . The 

results are shown in Fig . 158, 
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(e) Nozzle Extension Tube Bundle 

(U) Parametric heat transfer and fluid flow calculations also were conducted 

for the nozzle extension. The cooling circuit was divided into increments, 

and heat flux, wall temperature , and coolant conditions were evaluated for 

each increment. The method balances heat flux with the friction and momen­

tum pressure drop over each increment, The coolant enters the nozzle tube 

assembly at a location 6 inches (measured axially) below the leading edge 

of the nozzle extension (Fig, 159 ) . This nozz l e extension manifold loca­

tion was chosen to simplify t he attachment flange design by not having the 

manifolds located at the flange location . 

(C) The analysis was conducted for estimates of nozzle tube bundle inlet con­

ditions for ope rating chamber pressures of 650, 222 , and 90 psia, The 

r esults were then scaled to cover a range of inlet pressures, inlet tem­

peratures , and mixture ratios. Nozzle coolant inlet temperatures were 

obtained from the inner body exit temperatures (Fig. 153). The resulting 

nozz le coolant exit temperatures are shown in Fig. 160 as a function of 

operating chamber pressure and mixture ratio. Coolant inlet versus exit 

pressures and pressure drop versus exit pressures are shown in Fig. 161 and 

162, respectively. 

c. Main Thrust Chamber Design 

(U) Based on the work discussed above, design guidelines were defined for the 

major components of a flight-type thrust chamber and are presented in 

Table 37. The flight-type thrust chamber design was not intended to be 

the final £lightweight configuration but, rather, an intermediate step 

with the purpose of demonstrating performance and regenerative cooling. 

Each of the design areas of Table 37 is briefly discussed below. 
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Figure 159. Two-Pass Nozzle Extension With Manifold 
Located 6 Inches (Axially) Downstream of 
Rear of Thrust Chamber Inner Body (U) 
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TABLE 37 

THRUST CHAMBER ASSEMBLY DESIGN GU 101::LINl::S (U) 

THRUST CHAMBER SEGMENTS 

Guide Lines 

Use lightweight segment support 

structure. 

Segments are t o be bolted at the 

segment-to- segment interface . 

Segments should be identical in 

configuration. 

Coolant cir cuitry and channel 

configuration should be based on 

Phase I design. 

Remarks 

Engine starting and throttling characteristics 

wi 11 be influenced by t·~e transient heating 

and cool ing of the thrust chamber structure. 

Test evaluation of these characteristics 

should be done on a structure that approaches 

a flightweight configuration. 

The use of bolts at the segment-to-segment 

interface, in lieu of a serviceable weld 

joint , will permit greater freedom in the 

removal and installation of new segments. 

Welding on future configurations, however, 

would result in a weight savings . 

This provides interchangeability of a spare 

segment with a segment in the assembly 

regardless of its position in the assembly. 

The Phase I coolant channel configuration and 

coolant circuitry should be adhered t o , except 

in the end coolant panel where Delta P's can 

be reduced with minor modifications, 

(j 
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u TABLE 37 

(Continued) 

THRUST CHAMBER sroMENTS (CONTINUED) 

Guide Linea 

Hot gas wall contour same as 

Phas e I Design. 

Remark• 

·· Change• i n the hot gaa contour tor potential 

weight savings would require additional segment 

testing t o evaluate. 

Hot gas face sheet and substrate Preaent contiguration uaes electrotormed nickel 

s ame as Phase I Design. substrate and brazed- on wrought nickel "200" tace 

sheet. The nickel substrate is a functional part 

of the heat transter capabilities because ot two­

dimensional heat transfer etfecta. The beat 

process f or applying the substrate is to be deter­

mi ned . 

Throat area change should be 

mai ntajned t o wi thi n 10 per­

cent of the nominal design 

value. 

Use lightweight injector body 

construction. 

Both pressure and temperature l oading causes 

def l ect ions which result in throat area variations. 

INJECTOR SIDMENT 

Response ot the injector to temperature changes 

should be evaluated for tuture tlightweight con­

tigurationa. 
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TABLE 37 

(Cont i nued) 

INJECTOR SIDMENT (CONTINUE!') 

Guide Line 

Use same i nject or f t e stri p 

configuration as Phase I 

inj ect or . 

Use a serviceabl e weld joint 

to provide sealing and a 

structural t i e t o thrust 

chamber. 

Nozzle is t o be detachable 

f rom t hr ust chamber segments. 

Remarks 

Performance, stability, and durability has been 

demonstrated i n Phase I segment test ing . 

. ', 

Sealing the i njector t o thrust chamber segment on 

the Phase I desi gn has been demonstrated , The 

method employed uses two seals and pressurizing 

t he cavi ty between .them to eliminate external 

combustion gas leakage . 'Ibis approach, however, 

i s not compatible with lightweight construct i on 

and does not provide f or maximum structural usage 

of t he i nj ect or as a tension tie between the 

i nner and out er bodies of the t hrust chamber . 

Install ation, removal and reinstallation of the 

i nj ector will be made possible• bY using a 

serviceabl e wel d j oint . 

NOZZLE EXTENSION 

Bolted flange similar to Phase I deaign will be 

used t o facilitate segment removal and re­

installation . 
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TABLE 37 

(Concluded) 

I 

NOZZLE EXTENSION (CONTINUED) 

Guide Lines 

Coolant inlet and outl et lines 

rerouted for maximum engine 

hardware accessibility and 

clearance . 

Outlet manifold redesign t o 

incorporate a propellant feed 

system tank pressu.rant heat 

exchanger. 

Aft manifold-base closure 

mounting f l ange modified f or 

attachment of lightweight 

base closure. 

Remarks 

This was not a requirement of the Phase I nozzle 

extension. 

Heat exchanger was not required on the Phase I 

design. 

An integrated base closure and secondary engine 

simulator was used on Phase I tor evaluation of 

optimum base flow cooling and performance . 

THRUST MOUNT AND BASE CLOSURE 

Thrust mount similar to 

Phase I design. 

Base closure of lightweight 

construction . 

Modification of oxidizer and tuel feed lines are 

anticipated, but basic design will be similar to 

Phase I design. 

Detail design considerations tor a lightweight base 

closure will be baaed on the teat result• of the 

present Phase I thrust chamber. 
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( l ) Thrust Cham6er Segmen t 

(a ) Support St ructur e 

(U) The basi c design considerations fo r the structura l support we re to r estrain 

the th roat def lection ~ithi n acceptab le limi t s , to effecti ve ly use mate r i a l s 

to minimi ze t he wei ght, and t o use known manufacturing techniques t o faci l­

itate their fab r i cation. A str ess an.ilys is tracleoff study was made whi ch 

considered weight, numbe r of segments , and throat deflection, The results 

i ndicated that t he throat deflection would be l ess than 2. 0 pe r cent of the 

throa t gap. Various designs for ae rospike t hrust chamber support s t ruc­

tures , such as "C" c lamp , hoop tension , subsoni c baffles , and super sonic 

baf f les have previ ous ly been invest i gated . St udies a t the backup s tructur e 

for t he ae rospike t hrust chamber conducted (Ref . 23) indi cated that e i t he r 

a r ib- or honeycomb-type st ructure would provide adequate rigidity to t he 

assemb l}' to contro l throat gap . Fabrication an<l wei ght of t he two assembly 

t ypes were comparab le . The a~~lysis , however, indicat ed that loads pre­

dic ted fo r t he backup structure were gr eater t han t hose in which honeycomb 

designs are gener a l ly used. 

(U) The use of supersonic baffles as structural ties between the inner- to­

outer body can effectively control throat area changes. The supersonic 

baffle des ign bas i cally consists of an inner and outer ~ing j oined to­

get her with equally spaced radia l ties. The combustion chamber pressure 

ac t s between the two rings, applying radial outward loading on the outer 

r inr and radia l inward loading on the inner r ing . The pressure loads 

between the supersonic radial baffle ties are restrained by the ring 

segments acting as fixed-end beams. The loads t r ansfer through the ring 

and react as a tension load across the baffle ties. The use of 12 such 

ba ffle s results in a good basic structural ring design. In addition to 

contro lling throat def lection, the design is l ightweight and is conducive 

t o several conventional manufacturing techniques. 

332 

~®OOlFOrID~001f O/AlL 
(This page is Unclassified) 

u 

u 



I (U) Two basic design approaches were studied for the flightweight support 

st r uctur e : precision investment casting using !NCO 718C material and a 

weld-fabricated, ribbed structure using !NCO 718 wrought material. The 

welded, ribbed str uctur e is similar in configurat1on t o the support struc­

ture fabricated and structurally tested in Ref. 23. 

(U) Design layout drawings of t wo versions of the cast support structure have 

been made , and a comparative stress analysis was compl et ed to determine 

the most optimum approach. The first design used an open-faced rib con­

struction with integrally cast manifolds. The axially oriented beams 

spanned from the forward manifold to the shroud manifolds on the outer 

body and to the nozzle-mounting flange on the inner body. A main load­

carrying, circumferential I -beam located at the throat pl ane on each body 

transfers the separating load due to chamber pressure into the structural 

end plates. The main I-beam was welded to the casting to maintain simpli­

city of the open-face casting. 
-------........ 

(U) The second cast support structure design used an open-faced casting with 

four c ircumferential beams on the outer body and t hree beams on the inner 

body. The mainfoldi ng is cast integral with the support structure. 

---

(U) Both des i gn approaches indicated adequate structural rigidity for equiv­

alent weights, The circumferentia l beam configuration, however, e liminates 

the necessity for secondary welding, affords better structural continuity 

at the segment-to-segment interface, and provides more freedom for weight 

reduction than the combined axial-main I-beam configuration. For these 

r easons, the cast approach is considered more desirable for the circum­

ferential beam configuration. A preliminary design layout of the cir­

cumferential beam cast support structure thrust chamber segment is shown 

in Fig. 163. 

(U) The welded-rib structure approach offers a possibility for a lightweight 

segment but with a somewhat greater cost than the cast approach. The 
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(U) fabrication of the i-•e l<led st ruc ture is compli ca t ed b)' the segment approach, 

Attachment of the s upport struc t ur e t o the segment -to- segment flanges must 

be done in intervals as the overall support st ruc ture is bui 1 t up. Furt he r 

difficu l ties a r e anticipated i n contro lling dis t o r t i on due t o we lding. The 

cons equences of the above discussion ~ill be evaluated in continuing 

studies . A la yout dr awing o f the we lded- rib st r uctur e approach i s shown 

in Fig , 164. 

(2 ) ~echanica l Interfaces 

(UJ Seve n , 7/16- i nch-diamete r, high- strength bolts form the s egment-to-segment 

structure ti e . The aft bo lt on the outer body and the tor bolt on the 

inne r body a lso se r ve as a s hear jo int t o reac t the torsional loads be ­

t ween s egments. The no zz l e is a ttached to the segments at the aft flange 

of the inner body . The inj ector-to- t hrust chaml-er joint is tentative ly 

planned fo r a servi ceab l e weld joint, i.e. , the injector can be removed 

and r einsta ll ed without damage to eithe r component, The weld will be a 

full penetration, hand fusion we l d , To remove the inj ector, an EDM e l ec­

trode conforming to the weld joint contour wi 11 cut a 0,020- to 0.030-

inch slot through the we ld material and free the inj ector, To r e install 

t he inj ector, the 1,1e l d joint is remachincd and the injector r ewelded in 

place . Thrust mount at tach points are integrally cast on the inner body 

structure . 

(3) Coo l ing Circuitry 

(U) The coo ling c ircuitry for the fligh t-type thrust chamber was iJentical to 

the design for the Task II thrust chambe r except for the direction of fuel 

coolant flow in the end plates , In the Task 11 thrust chamber design, the 

end pl ates a r e coo l ed by a single downpass and the coo lant is transferred 

through external tubes t o the oute r body forwa rd end for a single downpass, 

The fli ght-type thrust chamber coolant inlet was located at thf' aft portion 

of the end plate. The -coolant flowed up the end plate and was internal] y 

334 

l 

u 



--- -

_\ -- ( · r.-- . . 
~ :::------
t--- . ... ' . . . I -- ' v,cw ~ """ I 

1•'1· \ .-• f ......- - I ' 

~ 

• J 

,.- - l==--1 ; \ 

\ . 
.---~ ' - -. 

- t • - • -- - - ·-

I 
--- -- -- _ _ :] --· --- ---------- ·---- -



r , a o " "--
o • a --, 

\ • J •• .,;:;:-

-~ 

·.~\ - -

' . \ I -· :- • 

.J.. -~ ~ 

( ~ . --
~ . I 

\~"\ ~ ··.·. 

-\,r--~ \J __ .... - - . 
I \ . 
' · . . - -

._..,:..-

, , o 
~·-
\ ~. \ . ~ 
t' ---------\- ··. .--:;::::. - -- ___ ..: 

I •• 

-• 

,, 

J 

'- , 
: ,J .: 

:•·: 
\ 

' '--- ::·: 

. ... r .J .. 

·. ' : " ,. 
-~ . .... I' 

::. ; ,; ,; I 

-~·-
· .. . r ·-

x c r,,
11 

~:l• · ~ ·•-;-_;.; 
' 

, • . i' I 

• - I!.'-· ---· -~- I 



,.. 

, ,. ,...---
~ . · .... ..., ·• 
..... \ \ · . .. 

• J 

:-·-t·=--
•• -I 

-- , 4 ~/ 

r r,ov :;cc r ,ov 
[ 

'- ... ... 
1 -

'\ 

/ . . .. ·,.,,. ', 
. / . , /)·' , '/ 

.I 

,(,f , 

.' ~/ 

..-\_, ,/ 
~ ;, , 

~ ~ .. ~ l l Sf( r 'O'- •'- - -----
3 

---- i=_ - .. 



•o 
0 \ - ... 

. 
I:.· 

.I~ -::--

1,,-

~-'.w~ -/, 
_, . . : --:--r-:- ------:-- ✓-;'I ,:,:_,~ 
~ ,· • f . _,; . • 

-~ ~ 1 

? 
,0 

C 

.,. 0 .. , 

., , c -Q c/ _, ' 

I 

I : 

\ 

0 ,,, rce aoo-r 
, .,t'#4;, t. 7,4 

-~ -____ ..,.';! ---

r---
-.r-=-----

$.'• .. :-=..-:~ 'I; 

J!-!.-..•z·• i ·•-•• 11 L__. I ·'I'-·"_ : 

\ 

- -

_f 

,,,,, --\ .. -;._ -::: 
I , . • 

·-

-- - - ----· . 

L 



I -------------------- ---------·-----·--------, 

.. .. 

--· --

I 
.. .. 

_L 
- .. J ) 

~--\.-- -- --=:....--

\ 

......... 

·•. ·.-·· 
"\ ,., ~· 

-------·--------
•r ,• 

--, -- -~ ! • • : -

.._ 
I 

.... · . .. 

L~ I r ,..J 
I ( · 

\ 
\ 
\ -

- ,. -,,,,.,,, 

-----
,uuc 11 ~.,j, 
1~ c v 1 , 7'1~ 

F-, 
' ·-
' I 

. ' ,, 

...:. :. .\ . . 

_, 
-=· ----

- -·-_-_-_-_--:._-_-_-__ 
~ T-;

1
7. 'v-- ~ 

\ I Ll_r-- --:-:_ "--~_--r __ ---~~ 

\ r· 

- ,~· 
, :,• -­' 

I 
I 

_,.. r vr, ea:1.. 11~r O :J T 

I 

..... .... -
I 

, . , ,. ~o 

---

I 

I . 
I • 

J'lS 

' ' 
.-:•. / 

,,, 

,,,,___..
1 1
.__--< £ /j N~l D 

u 

llfH 

1 



-

---

- -----< £I$ ~/C lO 

II 

335/336 

-

VI 
... ,.... ou,c.,,.,""" «-'I ~ " 

I _, M "l'~•lD I If~ --, C._..,f 
lfMIIII)' • ~ ••to • lloQlt ".,,q-..c,,ct ,....,.,_.°' 

.,~o i / ,'10 - •=--~ -~;j 

I' . 11; I / -~ ; " '~ , J ,!.) 

.z ,0011 9,;
1

, , . ; • ~. ;; 

I-' "~., i ' 9 i1 ; I 

---- ,-
( 

/ 

0 
THIS IS ; iOT A 

lflEASE COP1 

163. Circumferential Beam Cast 
Support Structure Layout (U) 

l 

~ - -------- ·- ----------L-- ~-==-- ·----- ----·· ---' ---.. ·- . 

I 



G 
r 

I I 

F • r•uo ou u ,r rt~ _ ___,:_ ., j 
>• ll~Teuc Ao.,O ~ - 1 
wor c,• s ra:c ~-ct T ~ ~ ~ 

I 
~ 

SECTION 8-8 
SECTN 

E 

I. N fL# 

II 

D 

C 

• • 

A 

l 



r 
~ .1 - ---- ---c -·-• 

·•t•i.•• uu • 

E 
_j_ 

, .. 

\ 
__,.,,.-

,,..,,. 
SECTION A-A 

\ ----, .. 

~ 

C~tAIJ't 11/l t T 

Yl(W E-E 
'll(W 0-0 (,u.ciu ~oor •~ 

• 
r - --, .. 

. --o-- --f•::= I -iwd l 
---- -•... :;, ..... -,----



'"'T'" .... . t 

E 
J_ A r 

I 

~c 

~c 

VIEWC-C 

C"OO( • u r DVTt , r 

·L ,.: 
I ~ 

co,i • VT IU / r T 

IIEWD-O I 
( ,ufJ!~ l!J;,r ,o:c:, v,; 

• I 

. .. - -· .. . , -~ -
I . l•t•.•· I I 

• I t 1 

-



__ ___.., ___________ ._ _____ ... _____ __.__ 

• 

mwC-C 

V 
r. 1.• au,:,,,r.,:,. llt"I ___., &,.,.~ 1 111.:aD ... ,--~ .. ---.... ~---· 

THIS IS NOT A 
De, t: 11 ce ,-nDV 

Figure 164. Welded~Rib Structure 
Layout (U) 

H 

G 

F 

I 

D 

C 

• 
----

-· --·-----



(U) manifo lded to t he forward end of the outer body for a single downpass. 

This coolant circuitry modi fication simplified manifolding and resulted 

i n a more compact and lighter weight thrust chamber segment . 

(4 ) Coo lant Channel s and Hot-Gas Face Sheet 

(U) Thr coo lant channel confi guration was the s ame as that used on the Task II 

segments , The heat transfer capabil i ties of these channel s have been 

adequat e ly demonstr ated during the segment testing. The nickel substrate 

was necess~ry in the t hroat region of both the inne r and outer bodies t o 

reduce the maximum gas -side wal l temperature and the face sheet- t o-land 

br a z.e jo i nt temperature . Two methods of applying the nicke l substrate t o 

the s upport str uc t ure we r e cons i dered. One method uses e l ectroformed 

ni c~c l deposi t ed directl y on the backup structure (as done in Phas e 1) , 

and t he other me t hod woul d be to exp losi ve ly fo rm a wrought- ni cke l sheet 

and braz.c i t t o the backup structure, 

(U) The hot-gas face sheet was wrought-ni ckel 200 sheet and would be either 

explosively or st r et ch fo rmed to fit t he hot-gas wall contour as used 

on t he Task II segment s , 

( 5) Coo l ant End Plates 

(U) Coolant plates use wrought-ni cke l 200 bodies and brazed-on nickel 200 

hot - gas face sheets. The coolant channels are electrical-discharge 

machined in to t he body , The manifolding and crossover passages arc 

drill ed in t he body . Direction of coolant flow is upward as indicated 

i n Fig . 16.3 . 

(6) St ructura l End Plates 

(U) The structural end plates would be fabricated form INCO 718, inset, and 

el ectron-beam we lded t o the end flanges of the support structure. 
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( 7) Injector 

(U) The injector face strip incorporated in the design was the same as used 

in the final Task II segments. The body of the injector was designed for 

fabrication by investment cast ing using !NCO 718C material. 

(8) ~ozzle Extension 

(U) The noz z le extension design incorporated the same tube design as used on 

the Task fl nozzle. Inlet and outlet coolant lines were rerouted to pr o­

vide maximum c learance for engine hardware. The outl et manifold i ncor­

porated a heat exchanger for the prope llant feed system tank pressurant. 

Both the nozzle-to-thrust segment flange and the b ase c l osure attachment 

flange required some redesi gn to meet the requirements of a flight-type 

engine design. 
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2, SECONUARY ENGINE THRUST CHAMBER DESCRI PTION 

( U) The secondary engine thrust chamber is a bell-type configuration and is 

based on previous optimi,ation studies of Ref. 1. Basic design param­

eters are shown in Table 38 and addi t i onal parameters are shown in 

Table 2 . 

TABLE 38 

SECONDARY THRUST OIAMBER PARAMETERS (U) 

Th rus t (max), pounds 3330 

Chamber Pressure (max nozzle 

stagnation), psia 750 

Ex pans ion Area Ratio 60: 1 

Engine Mixture Ratio 12: 1 

Throttling Ra t io 
@®~~a@rn~v~lilll 

9 :1 

( U) The Task l analysis and design work accomplished on this component con­

sisted o f the foll0wing three areas: 

1, Chamber Contour Selection 

2 , I nj ec tor Ues ign 

3. Chanber LJesign 

( U) Each of these areas is discussed in the following sections. 

a . Chamber Contour Selection 

(C) The results of previous bell chamber and toroidal segment hot-firing tests 

indicated that high combust ion efficiencies could be obtained with chari>ers 

having a combustion chamber length of 6 i nches and a characteristic length 

(L•) of approximately 22 inches. To meet these requirements and also to 
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(C ) 

ensure good boundary-layer attachment for low throat heat transfer, the 

combustion chamber should have a contraction ratio of 4:1 and a contoured 

tapered into the throat. The combus tion chamber shape was important in 

that the throat, and combustion zone heat transfer rates, could be signif­

icantly affected by different combustion chamber shapes. The range of 

comhus tion chamber shapes conside r ed for the secondar y engine bell c~amber 

as shown in Fig . 165. These shapes varied from a conventional be ! l com­

bustion chambe r shape (contour A) to a conical shape (contour C). 

(C) S ignifi cant reducti ons in combustion chamber heat transfer rates arc 

a cldcvc<l through,_ t.he use o f grudunl conve rgen('e combustion chambers . 

These r·e<luc tio11s have been s hown to be t he rc su l t, of t he boundary-laye r 

growth behavior with i11 the combustion chamber. wl1en t he integrated length 

fr om the sta rt. o f the boundary l uyer to the nozz l e throat is 1011g , the 

t hrout hent flux is l o"·e r. Consc11uently, for u· fixetl combustion c:hnmbcr 

l cugth, us in the c.1se of the scco11<.lnry en~ine, t he combustion chamber 

shope in conjunction "·i th the inje cto r, deu: rmi ncs the boundary-layer 

a ttachme11t point and thus the integrated bo1mtlnry-lnyer development length. 

Eady botmdn1·y-luyer ut.tncluncnt (dose to the injector· face) results i n 

l ow t hroat heu t flux. Howeve r , thi s method of reducing the throut, heal 

fltLx i11c1.·cascs the combustion chumhf'r hent flu.xes and this, in turn, in­

creases t he integrated heat input. 

(C) Ann lylica l pred i ctions o f t he gas- sid e hea t lrnnsfe r coe ffi c i ent und t he 

cor.ilrnstion chambe r integ rated h<!at input "'e t·e performed for contours A 

amt R us ing I.he so l ution of the integral energy houndry-lnyer equation 

with n semi-c mpiri cn l r e lationship between t he e nergy houndury-luyer 

t hiclrncss 11ml the Stnnton number . For the predicted boundary-layer 
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(C ) uttuchme n t l ocuti ons show•n i n Fig.165 contour B reducf'd the throat heat 

oppr11x1mntc ly 1 rw 1·cent l ower t han co11 to1u· ,\ and resulted in nppl'oxi ma tely 

a l 'J-percent increase in hea t input at bo th 75 ps ia and 750 psia chani>er 

p r essure . 

(11) lride pc mJ c n t of the .i njec t. o r configw·at.ion, con tow· A would result in 

liowu.lury-luyer a t t ac hme nt. near the sturt o f the contrac tion and utilizes 

only 30 pe n ent uf t he avui lab l e houndary-l nycr gl'owth l e ngth. The boundnry­

luyc r nttar-hme11t l o<.ntion for contour B, de pending on the i njector configu­

rat ion, could move close r t.o t h<' injec t or, ... -hi ch would further reduce the 

throat hcn t. flu.x . Al 8o 1 the predi ct.l•d JO-percent inc rea se in hent inpu t 

was u I i bc 1·n l cstim11Ll' s ince a constant hent fltLx from t he injec t or fncc 

tu t he• ho w1da ry-l ayc r a tta chmcnt ...-as assumed ; 1101·mnlly, th<' heut fhLx is 

a t a lower l r \·cl t ha n at. t he 1Jow1dury-lnyc 1· nttnrhmcnt loc ntion. 

(u) Co11 tou1· C (F ig,16·S) would provide t he mos t effi c ient use of t he avnilnble 

bowulary-l11ye r gro...- t h l e ng t h ( i.e. , lo.,.·est thront hent flux) ; however , the 

h iizhcst in tegra ted hcnt. input would result nnd on nn uppnss coo lnnt c ir­

c u i t., contour C would not a chi eve the most effi c ient coolnnt c urvature 

enhancement . TI1e conclusion was that either of the three contours could 

be used .... i t h sa t i s fa c tory 1·es1tl ts on t he sccondnry engine . 

(c) .\ s a C"Omp r omisc t o r educe the thront. heat flu.x .,.· ith minimum increase in 

111 tcg rntc 1I heat inpu t. , contow· IJ \o'US se l1•c tcd for the secondary engine 

Lhru ·t. c hambH 11 111I i s sho.,.,1 dimcnsi onnl ly in Fig.166 . The coordinates 

shown f o r the contour were based en a 13.402-inch radius which is tangent 

Lu both t he l. 313-inch t hroat rndius nnd the 3.500-inch-tliumcter cylinder 

a s imli cntecl in the tnhle sho-11 in Fig. 166. The 1.00-inch dimension from 

t he inje c tor fn ce l ocati on to the e nd of the chamber was bused upon ex­

i s ting inJector des igns s imilar to the one being considered f or the sec­

ondary e ngine chamber. 

(c ) ,\ I t.hough this s tudy 1lid not. cons ider, in detail, the contour aft, o f the 

thrnnt plnrw, prc•vious stud i es ( lle f, 1) indi cutoothnt a constant L.313-

inch thront rndius results in negligibl e performance losses and reduces 

fnhri cnti on compl e xi ty. 
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b . Seco11Ja ry I 11 j ec t o r Ues i gn 

(C) The p r e J i minary des i g11 o f th e s eco11da ry thrus t c hamb e r inj e c t or i s shown 

i n Fi g . 167 , anJ the i njec t or ri11g s e t i s sho1:n in Fig . 16 S . The bas i c 

injecto r design c rit er i a es tab li shed Juring the main thrust. c hamb er injec ­

t o r deve lopment p r ogram 1,c r c used fo r the des ign , Some s peci fi e des i gn 

features a r e : 

L I mp i ng ing fan pat t e rn wi th orifi c e s i :cs t o obtain required 

injecti on velocities fo, ma xi mum ,, 
c* 

2. ~id.c l face 

3 . ll igh oxi<l i :c r r i ng groove vn l oci ti es (·10 ft / sec) fo r gooJ face 

co0 Ji11 g 

,1. Inj ec t o r fa ce p r ov id es fo r cent r a l hot- gas tapoff a nd diluent 

sys t em 

tC) ,\ t hree-Ji 111cns i ona J, s t e ad y-s t a t e con<luc ti o11 he at transfer :rnalysis 1,·as 

co11Juc t eJ t o <l e t c rrnin e the i so thc r • a l temperature <li s tribution in th e 

injec tor body and rings a11J on th e ho t- ga s surfac es. The analysis wa s 

bas ed on fa ce heat fluxes o f 3 Btu / sec , which wa s considerably greater 

than the \'al ues tha t could be i nfe rred fro m the experime11tal results ob­

tia nc<l J urin~ 30 -<leg r ee segment tes ting at uSO ps ia . In those t e sts , t he 

ac tual face heat flux was 11 o t meas ured but \\1as assumed _to be equal to the 

me as ured wall heat flux i11m1ediate ly below the i njector fac e , A maximum 

gas-s id e wall tempe ra ture o f 19 10 R was predicted . 

( U) The analysis required the a s sumpti on of heat transfer condit i ons in the 

centra l tapoff r e gion bec ause of a lac k o f experimental data ( Fig . 16 7) . 

Ue ve lo pment ve r satil i t)', however, was prov ided in the design to allow t he 

nece s sary cooling , as r equired . 

c . St:c onJary Chamb c1· Ue s i gn 

( U) The s econdar)' thrust c hambe r was des igned as a ni c kel channel-wa l 1 com-

busti on : o ne that mates 1dth a tubular 1,al l nozz le ( Fig . I 69). The 
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(C) cha r,nel-wall constru<; tion and designwere not finalized. Sintered nickel, 

spun nickel, elec trofonned nickel, and brazed nickel sheet are all possib l e 

cons truction methods. The chamber is to be re~eneratively cooled by a 

single- pass system with the coolant ent~ring at the nozz l e exit plane. 

Unlike o the1 tubular designs the tubes for the noizle are singular, i.e., 

there is 110 split t ing of the flow from one tub e to two tubes, and the 

c ross sec tion of the tubes is ci rcular , instead of eliptical , at al l sta­

ti ons. The nozz le Jes.i.gn utilizes a 360-degree manifold at the fo r-.ard 

en<l of the tubes t o rec eive the fuel coolant from the tubes and distribute 

the fuel t o the channel passages (Fig . 169). A layout of the assembled 

thrus t c hamuer an<l i njector is slHMn in Fig . 170 . 

(C) The expansion ratio of the nozz l e is 60: 1, and the nozzle is designed as 

.an 80- percent bell con tour . 
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SECTION V 

TURBOPl.MPS 

. l. GENERAL DESI GN DESCRIPTION 

(U) The design of the main an<l seco11dary engine turbopumps was the result of 

trade studies , incorporation of new technology, and previous experience. 

Typical trade studies included (1) an evaluation o f the Barske-type pump 

which s howed the shrouded centrifugal pump to have a higher efficiency 

potential an<l fewer mechani cal prob lems, and (2) an evaluation of vaneless 

versus vaned diffusers which showed improved performance for the vaned 

diffuser . The incorporation of new technology included the utilization 

of material compatibility data obtained from the Task II bearing and seal 

tes ter program, The utilization of previous experience included the 

scaling of empirical data from Rocketdyne's Mark-15 L02 pump and the 

Mark- 29 LH
2 

turbopumps to establish head, flow, and efficiency maps for 

the AMPS turbopumps. 

(U) The design parameters for the four turbopumps are presented in Table 39 . 

a . Inducers 

(C) All four inducers have a cylindrical tip and a tapered hub. The purpose 

of the cylindrical configuration , in addition to better performance, is 

to eliminate the dependence of tip clearance on axial location. Each 

inducer has three blades, a tip solidity (blade cord length/blade spacing) 

of about 2. 5, a leading edge sweepback of 90 degrees, and a 30-degree sweep 

forward at the trailing edge . The fuel inducer cant angle is zero degrees, 

and the oxidizer inducer cant angle is 15 degrees . In each case, the 

inducer required head is quite low, with head coefficients nuch lower 

than 0.100. 
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b. Impellers 

( U) Both oxidizer pumps arc single stage and both fuel pumps have two stages. 

The two s tages have the effect of increasing the very low specific speed by 

the f act o r of t he square root of 2, so that the fuel pump efficiency will 

b,e higher. 

(U) The fuel impellers on both the main and secon_dary puq> cl'esigns have five 

full .• ,vanes runni ng from the inlet t o the discharge. Part way through the 
I 

impeli'er, the pa.$Sages between these vanes split with partial vanes and 
• then, far t her on , these passages split ·again, giving a total of 20 vanes 

at the discharge . The r~~son for the l arge nuroer of vanes is the r e­

latively high r equired head coefficient per stage of 0.65 and 0 . 60 fo r 

the main and secondary pumps, and the high discharge blade angle requires 

more guidance ( reduced passage aspect ratio). 

(U) Because the oxid i zer impeller tip diameters are small and the eye diam­

ete rs large, the head coefficients are necessarily low and the discharge 

b lade angles arc lower than on the fuel impellers. Six full vanes are 

used with no partial vanes. 

(U) The discharge flow coefficients are lower on the fuel impellers than on 

the oxidizer impellers to keep the discharge width from getting too smal 1. 

c . Di ffusers and ~olutes 

(CJ The fuel pump designs a re equipped with diffuser vanes at the impeller 

discharge because of the high fluid velocities. The main and secondary 

diffusers have diffusion factors of 0 .56 1 and 0 .402, respectively. The 

diffusion factor is defined by : 

D = 1 Cu 
2oc2 
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where 

C .., - inlet vel oc ity 

c3 = outlet ve locity 

Cu = change i r. tangen tial component of velocity 

0 :: so l i dity = chord length/spac ing 

(U) ·rhc diffusers were des igned so that the l eav ing ve loci t y is roughl y two­

thi rds that of the ent ering ve loci t y. 

d . Turbines 

(U) As a r esult of a trade s tudy of optimum turbines versus identica l turhines 

for both main turbopumps and both secondary turbopumps, the designs incorp­

orate the identical turbines. The va lue of minimum development cos t s out­

weighed the very small performance penalty. 

e . General 

(U) The designs incorporate the basic phi losophy of s imi l ar ity of construction 

in a 11 areas \\her e si :e and funct ion wi 11 al l ow; e.g . , identical turhi nes 

for bo th the fuel and oxidi zer turbopumps, i~entical hydrodynamic passages 

for both stages of the hydrogen pump, s imilarity in arrangement and func ­

tion between the main and secondary turbopumps, and similar fabrication 

concept s . 

MAIN FUEL TURBOPUMP 

(U) The general design layout for the main fuel turbopump is shown in 

Fig. li'l . 

(U) The pump hous ing arrangement. eliminates all high-pressure external joints, 

except the pump discharge flange . The volute inlet, just aft of the 

second-stage diffuser vanes, incorporates a relief on both volute walls 
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(U) for a full 360 degrees. This relief was incorporated to pressure balance 

the volute side walls and, thus, reliev·e the tensile stress in the volute 

tongue arec1.. Figure 172 shows the hydrodynamic l ayout of the volute passage. 

The impeller dynamic seal material final selection was not made. The 

relative size of this pwnp, in comparison with previous hydrogen pumps, may 

influence the selection of material. Materials including plastics and 

sintered materials would be considered for the impeller dynamic seal. 

(U) Both first- and second-stage impellers for ci1e main fuel pump would be 

machined from identical INC0 713C castings. The stress analysis was com­

pleted on the machined configuration of both impeller back ·plates. The 

first-stage impeller is pressure balanced to minimize the axial loading. 

'Ihe variable turuine axial thrust loading encountered during throttling 

is compensated for by the balance piston incorporated on the second-stage 

impeller. 

(U) The crossover vanes for the main fuel pump direct the fluid from the first­

stage diffuser vane discharge to the second-stage impeller inlet. This 

part would be cast from INCO 713C material. The first-stage diffuser 

vanes would be machined as an integral part of this casting. The ~econd­

stage diffuser vanes would be machined from an INCO 718 ring and held in 

place by a retention nut. The tips of both first- and second-stage dif­

fuser vanes would be pressed against a soft. material (Bearium B-10) with 

sufficient force to yield the material locally, and thus, restrain the 

vanes from vibration. Bearium B-10 was also selected as the sealing sur­

face for the balance piston at the second-stage diffuser vane location . 

This soft material has been used in Rocketdyne's Mark-29 pump in similar ap­

plications. The hydrodynamic layout of the crossover is shown in Fig. 173. 

(U) Figures 174 ;ind 175 show the main fuel pwnp predicted performance based on 

scaled empirical data from Rocketdyne's Mark-29 pump. 
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3 . SECONUAkY FUEL TURBOPUMP 

(U) The genera l design layout for the secondary fuel turbopump is presented in 

Fig. 176. The general arrangement is similar to the r:1ain fuel turbopurnp 

except fo r the impeller and shaf t seals which are different in mounti ng or 

design as indicatcd by the small si ze. The volute and crossover hydro­

dynami c layouts are shown in Fig .1 77 and 178 . 

4 . MAIN OX l UI ZER TURl.lOPL.MP 

(U) The general design layout for the main oxidi zer turbopump i s presented in 

Fig. 179. The des ign i s that of a convent ional centrifugal turbopump and 

incorporates a single shaft mounted on two ball bearings. The pump inducer 

and impel l er are overhung on one end of the shaft outboard of the pump 

bearing . The turbine disks are overhung on the other end of the shaft 

with the dynamic seals, outboard of the turbine bearing. The pump port ion 

consists of an inducer, impeller , volute or scroll, and a discharge dif­

fuse r cone. The seal package is of the conventional design and incorpor­

ates a primary face-riding turbine seal. The pump is small in size, 1·equir­

ing c loser tolerances than in previous turbopump designs. Similar materi­

als will be used in the major c0mponents and where cose tolerances are 

required so that the differential contraction and/or expansion of the two 

components will not affect the Jesign clearances. 

(U) INCO 718 malerial and variations of this material would be used as the 

basic material for the main oxidizer turbopump. This material was used 

for a liquid fluorine pump which was built for a NASA-sponsored experi­

mental program (Ref. g ) . 

(U) The impeller would be machined from a lost wax investment casting of INCO 

713C material. Dynamic seals are incorporated on the front and rear side 

of the impeller to reduce recirculation; the diameter of the rear impeller 

seal is selected to compensate for the axial load of the turbine. 
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figure 176 . Secondary f uel Turbopump (U) 
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(U) The volute would be an investment casting and, as in the case of the fuel 

C pump, the volute has a relief 360 degrees around each side wall to bal­

ance the pressure and, thus, reduce the volute tongue loads. 

(U) Figures 180and 181 shew the main oxidizer pump predicted performance based 

on scaling empirical data from the Rocketdyne Mark-15 L02 pump. 

(U) The hydrodynamic layout drawing of the volute passage is shown in Fig. 182 . 

5. SECONUARY OXIUIZER PUMP 

(U) The design 1 ayout drawing for the secondacy oxidizer pul11) is shown in 

Fig. 183. The general arrangement is similar to this main oxidizer pump 

except for the dynamic seal package which, due to its small size, has a 

modified design. This design is similar to a LF2 pump design which is 

in the feasibility testing phase under a NASA contract with Rocketdyne 

(Ref . 10). 

(U) The volute hydrodynamic layout drawing is shown in Fig. 184. 

6 . TIJRBINE UESIGN 

(U) The turbine operating parameters are shown in Table 40 • As stated pre­

viously, identical turbines are used on the main fuel and oxidizer turbo­

pumps, and identical turbines are used on the secondary fael and oxidizer 

tu rb opumps • 

(U) The main turbopump manifold assemblies would be fabricated using light­

weight sheet metal construction with a machined nozzle. A sheet me_tal con­

struction appears to be feasible for this size manifold. The .manifold 

for the secondary turbines would be machined from a forging or made from 

an investment casting; in either case, the nozzles would be welded into 

place . 
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TABLE 40 

TURBINE PARAMETERS (U) 

Main Engine Secondary Engine 

Parameter Oxidizer Fuel Oxidizer Fuel 

Inlet Temperature, R 1038 1038 1660 1660 

Inlet Pressure , psia 225 360 200 200 

Pressure Ratio 7.5 12 10 10 

Discharge Pressure, psia 30 30 20 20 

Speed, rpm 27,500 75,000 75,000 138,000 

Flowrate, lb/sec 0.336 0.535 0.055 0.059 

Efficiency ®@~~O!ID~~VOfillL 0.27 0 . 575 0.32 0.50 

Horsepower 202 810 43.6 73.8 

Mean Diameter, inch 4.75 4.75 2.50 2.50 

Mean Blade Velocity, ft/sec 570 1555 818 1505 

(U) Because of the h.:.gh turbine gas temperature encountered with both main and 

secondary .turbines at the full-throttled condition, the preferred material, 

!NCO 718, is inadequate . INCO 718 age hardens at the elevated temperature. 

A material investigation showed !NCO 625 to be the best candidate. 

(U) Manufacturing and cost studies, together with an evaluation of the hot-gas 

passage for the secondary turbines, showed that the best turbine design 

was achieved by machining the blading as an integral part of a forged disk. 

A vibration analysis was made on the blade geometry and showed that shrouds 

would not be required for vibration damping. The shrouded blade configura-
' tion was required for the main engine turbopumps to provide the necessary 

vibration damping. 

7. CRITICAL SPEEl) ANALYSIS 

(U) Synchronous c ritical speed characteristics were defined for the fuel and 

oxidizer pump designs and are shown in Fig. 185. 
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(C) For the main engine primary fuel and oxidizer turbopumps there are two 

speed areas which were investigated. The first area was the "free-free" 

mode synchronous critical speed in which the bearings are not loaded and 

the shaft rotates within the bearing clearan:::e in its bent shape about 

the bearing geometric centerline . The free-free rnode is a function of 

shaft stiffness and weight only . The free-free critical speed was main­

tained above maximum operating speed by securing maximum shaft stiffness 

an<l minimum weight . The fret:-free synchronous critical speeds are esti­

mated to be 318,000 rpm for the oxidizer turbopump and 157,000 rpm for 

the fuel turbopump. These free-free roodes are sufficiently above the 

opera ting spee<ls t o avoid prob ler:is. 

(C) ·111cre are two o the r synchronous critical speeds, 1.Joth well below the free­

free c ritical speed . The main oxidizer pump can have its first syn­

chronous critical speed below, at, or above the engine full-thrust opera­

ting speeJ of 27 , 500 rpm, depending upon bearing radial spring rate . 

The design provides sufficiently high spring rate in order to place the 

first synchronous critical roode well above 27,500 rpm. 

(C) The main fuel turbopump will have its first two synchronous critical 

speeds below the nominal speed of 75,000 rpm, for any reasonable value 

of spring rate. The bearings and mounting are designed with sufficient 

flexibility to keep both criticals well below 75,000 rpm but rigid enough 

to prevent excessive bearing load. 

8 . STRUCTURAL ANALYSIS 

a . Main Fuel Pump 

(C) A maximum operating speed of 78,750 rpm was used in the structural analysis 

of the main fue 1 turbopump . 



( ! J ! mpe!lers 

(C) ·me ca l cu la tt!J fi rst- and second-stage pump impeller burs t speeds are 

10 4 , 000 rpm and l00,9 UU rpm, respectively . These s peeds are suffic i ent ly 

in excess of the max i mum operati ng speed such that impe l !er failure will 

no t occur , The mos t s e ve re condition with regard t o burst speed occur s 

at Hnopcrati ng temperature of - 100 F (Tabl e -ll ) . The materia l elongation 

to ul timate s trength rati o i s unfavo r able a t this tempe r a t ure . i mpe ll e r 

s tress d istributions at r:ia ximum operating speed (78,750 rpm) a r e shown in 

Fig . 186 and I 87 . 

T,\BI.I" 4 1 

MA I N FUL:L PUMP l ~•IPEI.LEH BURST SPEED (U) 

Operating 
Temper a t ur e , Burst Speed , 

Stage F r pm 

Fi r st Room 107 ,600 

- 100 101,300 

-423 104,000 

Second Room 103,900 

f ~(oJ[;.']f?Ol~~~'ii'O&\ll -110 92 , 000 

I -423 100 , 900 

(.:) Turbine Disks 

(CJ · The turbine rotor disks 1,·e r e sized for the requi red center th icknesses 

of O. SLl and 0 . 54 for the fi r s t and second stages . r espectivel y. The pr r{_­

files an: based on main t aining an average tangential s t ress l eve l of 

approximately 68 , 000 psi which is s uff icient ly l ow to provi de a n adequa te 

safe ty margin. 

(3) Turbine Roto r Blades 

(C) Airfoil stresses were calcul ated based on the selec t ed b l ade shapes . The 

designs we r e s truc turally adequate. The b lade r oot stres s e s for the 

fi rst- a nd second- s t age shr ouded b l ades are li s t ed below (Table 42) fo r 

the max i mum ope ra ting speed of 78, 750 rpm. 
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TABLE 42 

MA IN FUEL TURBINE ROTOR BLADE STRESS {U) 

Blade Root Stress , 
ps i rirs t Stage Second St age 

Di r ect Centrifugal 54,500 71,500 

Power Bending 1,700 1.300 -

b . Secondary Fue l Pump 

(C) A maxi mum ope rat i ng 3peed of 145, 000 rpm was used in the structural anal­

ysis of the secondar y fuel pump. 

(C) 

( 1) Impellers 

The calcul ated first - and second- s tage pump impeller burst speeds are 

185 , 900 r pm and 192,300 rpm, respectively. These speeds are sufficientl y 

in excess of the maximum operation speed such that impel l er fai l ure will 

not occur . Impeller stress distributions at maximum operating speeds 

are pr esented in Fig. 188 and 189. 

(2) Turbine Uisks 

(C) Si zing of t he turbine disks was accomplished for a required center 

th i cknesses of 0, 32 and 0, 38 inch for the first and second stages , r e­

spectively . The profiles are based on maintaining an average tangent ial 

stress level of 68 , 000 psi which is sufficiently low to provide an ade­

quate safety margin . 

c , Ox idi zer Turbopumps 

(U) Both the primary and secondary oxidizer t urbopumps are subjected to l ess 

severe operating conditions and present no major structural problems . 
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SECTION VI 

CONTROLS 

1. CONTROL SYSTEM COMPONENT OESIGN 

(U) Ana lysis and design of the main and secondary engine control system com­

ponents inc luded the following: t urbine throttle valves, main propellant 

valves, main and secondary control logic, main and secondary pn"umatic 

control as sembli es, turbine spin valve, e lectri ca l control system, and 

engine performance contro ll er. The design features of each of the compo­

nents are desc ribed be low. 

a. Turbine Throttle Valves 

(U) These valves control the flow of hot gas to the oxidizer and fuel pump 

turbines on the main and secondary engines . One valve controls each tur­

bine and, consequently, four d~fferent valves are used. The designs, 

which are similar, are ball - type valves ac tuated by a-c motors through 

planetar y gear systems. Position feedback potentiometers are provided 

for control and instrumentation. Figures 190 through 193 show the design 

details. 

(U) A ball-type throttle valve was selected rather than a poppet type because 

of its inherent simplicity and lower pressure drop. The rotary actuation 

eliminated the need for a long stroke bellows as an external dynamic seal. 
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(U) The des ign features an integral ball and shaft which has a shaped flow 

passage and i s eas ily replaced for modification of throttling character­

istics . Thrust and r adial loads on the shaft produced by the flow of 

the hot gas are t ransmitt ed to t he housing by means of ba ll bearings so 

that fri c tion is kept to a min i mum. 

(U) The shaft seal i s a rotary face seal welded t o a s tat ionary , short­

st roke, hydrofor med bellows . The sha ft seal is on the low-pressure s ide 

of the th rottle valve so that leakage i s reduced to a low level. 

The leakage 1,:is t the shaft sea l i s routed overboard. 

(U) The t hrott le valve i s positioned by means of an e lectri cal rotary actu­

ator. The actuator is compact, utilizing an e lectr ic motor and a 

p lanet a ry gear sys tem witli open and c lofed stops and dual position poten­

t iometer s for feedback. The e lectr ic motor i s an a-c servomotor requiring 

no brushes to avoid radio frequency interference, and no permanent magnet s 

wh jch may be weakened by hi gh temperatures . The actuator i s coupled to the 

throttle shaft through a spline. There i s an additiona l seal on the actu­

ator shaft to prevent hot gas from seeping into the motor. 

(U) The ball seal serves a dual purpose. In the c losed throttle position, 

it reduces the flow to an acceptable level. 

th~ seal forms part of the throttling area. 

In the semi-open position, 

The ball seal al so is welded 

to a s tationary , short- stroke, hydroformed bellows wh ich, in tum, is pro­

tected by a shield from the eroding effects of a high-velocity hot-gas 

s tream. Both the shatt seal bellows and the ball seal bellows are pro­

tected f r om overdeflection during the assembly procedure or possibly dur­

ing val ve operation transients . 

(U) Heat trans fer from the valve into t he electrical actuator has been 

reduced to a tolerable level by minimizing the heat transfer area and 

providing an insulator between the valve housing and the electrical act­

uator bil~e. 
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(U) 'fhe design utili zes high heat-resistant nickel alloys with matching coef­

ficients of expansi on . Sufficient clearances have been provided between 

moving pa rt s, inc luding t he ball bearings, so that during the initial 

moments of hot firing, thermal gradients will not cause the valve to bind. 

Sea ling surfaces have been flame plated to ensure minimum wear, low fri c­

tion, antigalling characteristics, and good surface finish. Valve torque 

has been reduced by throttling at the ball inlet on ly, and allowing the 

ba ll out l et t o he open t o downstream pressure. Maximum va lve torque includ­

ing fri c tion i s approximate l y one-fourth of the sta ll t orque of the elec­

trical actuator. ·1his rati o will pro\'ide sufficient acce leration capabi l­

ity fo r adequate transient response when the throttle valve is part of a 

c loseJ scrvoloop. 

(U) The valve design permit!) case of assembly and disassembly "-'i th no spec ial 

t oo ls required. 

h. Main Propdlant Valves 

(U) These va lves are two-posi tion, poppet-type valves that control the flow of 

oxidi zer an<l fuel t o the main and secondary engines. They are located 

immediately downs ream of the prope llant feed system interface and up­

stream of the turbopumps. Figures 194 through 197 show the design details, 

and Fig. 198 and 199 show the inlet manifold configurations. 

lC) The fo l low ing Ji scussion presents the technical approach associated with 

the des ign of the main propellant valves for the AMPS engine. The most 

stringent Jesign requirements arc generated by system requirements for low 

shutoff l eakage in a flightwcight valve controlling corros ive propellant 

at c ryogenic t emperatures. The so lution to these design prob lems incorpo­

rated the most advanced state-of-the-art concepts acquired through 

Rocket<lyne's poppet and scat development program, NASA's component and 

srs·: em programs, and the Air Force's meta l bellO\ol'S analysis and test pro­

gram (Ref . 10 through 18). 

395 

@®~lPO@rn~VO&lL 

I 



I 

CONFIDENTIAL 

11 c.roo,,. 8·8 s~ •ll f 

Of' 1 A tt,,. D 
) ( A L ( ' 

~, c , o .... E ... E 
j (. A It ~ 

O[fA •~ G ~ C A ~ [ • 
I 

o· 
@~PA, .. G 
t)l.- t 1,,. 0 Pf: O .-1( W 

t.oo 

l~O Al~ 

O,,CNIW4 (ONtllOI. P Oii ! - -

._so o,a At, ,-.... ,, 

~ --,- ,-,,=,-- ...,___,=-e_,,,.. ______ ..._ ________ _ _____ ....__ ____ _ ________ __.._ __ _ 

f - --'- J.oo ,.o. •r, -------

.. 

1.000 

MIOO•cr 



orn 

·=====::;;;;;;=~::::::::;::::::::::::::::";.atea;11,a: _____________________ .!,..;.. _ _.: 

c:. 1 , ,t n - " h G ... l\. 
, Ot\, , H Ptlil ou, . ,. fll • J l0f 00001 
JP'fOP fl '- A .. r s, c 1,o ... 

"- 0 '-' ,.,. , 1•• .t • PQ f I t 11 ~11 A 
..,_., .. ,,v ~ .-, .. t r .. ,,,,, •~O•• • 
fl'~ QOI Pa ! \ 1 lO O P t , C, 
., v A\ r Pr;f ( \\ J OOP)1Gi 
~Pt40 •• ~• t u ! , tt cl , ,,,,. • " " 

lac rv• , 0 11 
N Q -., 1,-.1\\. P~tt~ • 1iO!'l \ P\•G 
•11• • Ot:>tfl i:.r •• C. ••tt, too .,,,r.. 
,.,. :c.- ~ "( 1 1 lf00 P ~ • C. 
t,y Q ) r P Cl f \\ •·~(.I S,),<, 

.. 

• PQO P( u. At.r \ ( A • • C. t , ..., .. . , , ar 10 P ) ... , ,1:,• • 1 
( ~ T ( A ,-4 AL I O • ,,< 1 M 

,~, , ~ ... ~:n o, " ' """ 
\ AC rv ... r c • ~t. • ...- Ac. r 

i
\ C) \ (I._,. ,,_, Ai• T ,:) T A \ N ( /11. F 1 ~ 0 P1, 4 ( t . o •• 
T w (.A8 1 O t ' ... ,., 0 11, P. f f \•tw1 •.,., , A Qf A 
t 1l ,(# (O0 C>( U f v Rr • .a. t 8 8 .& l f 

~ll lili..,Ou f O NG P) OOO 'I O • L , 0 11 ~. l f : 
HOv t 1N G (. 0 • 411(,u~A r ,o .... 

IIRtA~ (Oll•l ( Q, == ~ .. , ... ~ 

- ~ t OG'} • O'l S O t. 

~St A ~ ) "' A '- f 

001"' .OV• 

.OIOQ .,_.A a 

I 
10 · 

\ 

.u J O"' • ! nc, 0 1" ·.o · 

I lit'! 0 0 • 0 A 

l • ~ .. 0 ,j 

@ 

f 
l 00 I 0 

l 
1 000 

t .00 It(' 

/ 
,_ I 070 l O 8f1 

__ ! 
J - JOO • 0 ltf' 

----------

•- I O 14 O>A A Ir :,• ._. ... t PL A C (!, 

: ::c., • t~t 
t.. ~. A:. l ~ 

~-J 
Do1 : c:i, iltr 

o,, .. . ~ F 1 • .& .. 1 ~ 

I CONFIDENTIAL7 

=. _ :S=-• U:Y• rt -- -----.. 

__ ,,,.., .,~ 
- --... ,o,1t 

r.e..,-;rc 
-~~--·-·· ' ; f :;:- ,.._----· 

Pigure 194 . Main Engine Oxidizer 
Valve (U) 

396 

_____ _;_ __________ .j._ __________ ._ _________ ......... _ _ _ __ --=-- --



~-· 
O PlN1H C. co ... ra o\. P O A 1 -

11.41 .,, 

,.n 

Ul • U 

I 
----



. ' 
- C ~_ .. ,_ 
~ J L.J,! l -1 J:iU , 11,... I 

1J JO.-J 

- z.ooo~:88? o," 

- ~., 

1S0 t l 1 ltSIG 
900 PtlG 
1100 PIIG 
16SO P61G 

B"CAo< CORMfR ~ .OO S MAll 

· --1, , .,,, !,no, o,• -

--'\,- Z.685!.00JO tA 

----..A,,- J .2$0 OIA ___ _ __ _. 

01!.T ... IL A SCA LC !f-

--4- t .7O001A RH l'-- .00IMA( ZPLAC(5 

"~ .. ,=-1 I c.·~ ...... 
1/4~ ~~ ] 

:DOJ!.001 RH' 

oc TI\IL F SCALI ~ 

Figure 195. Main Engine Fuel Valve (U) 

397 

------

; 
I 



\ 

_ QP(NINC. CON f QOL POA. T 

s.as 

• 

-

'J 

1.575 !;:C: DIA 

1,0'70' 1.0, •• ,-

-~-

I IU UIY0UT 0WG IUOOOtotL ,011 INLIT Hl6, CON,-­
•• L<IIYO"T OWi IHOOOtOIL ,011 L/M( AOOltlONAL C 
S"YI. (01'1'111 IIWIIN<IICI ·••II 
TU CA11e101 ,LAMI •LATI STIM T•1t AIHA 
A~T"ATO• LIA•A6l 1 
t•O tctlfMA• , 1'01'AL .... AT '710 .... , ••10•,­

...... 1'-.. ANT L!.AeCAll(,..Aa, ,-, AT 70ttllA •HO' 
l•TI ... A .. I 10 ktM 
INTI.NA!. I 0 ,1 ICTM 

&ACTUATa. 
IIOMINAL .,_IH: · 7101",Stl 
MAa, Ottl.ATINII "°" Ult 900 •· . "Oo,' ••11t1 1100 l'Stlll 
euatST ttltlll: --16SClll' ... 

&."UIL .. A .. 1' SICT10 .. 
....... ~ INUT l'lllllt 1• l'ltA. 
WM-- INI.I T .,_, 111 160 •1tA m-- ..... : ........ 

IT ~1$1 l!fl'lt• •• r1.,, &.e.JHc . .._,, 1.aA~•1 : • f'M 
e. ••• .,.. ••• .,..., .-.:,,1.cro-0000• ----



rs 

1,0·1.0. 1111, 

-·· ~ 
t ___ _J ______ ... 

""" OJ' w,uN • s"o"'o"'•v VALVI AISV(IIUOOOtOtl-) 

1tOtL ,011 t"'LlT MS<.. (ON,ic,ulllATION 
If OIL ,011 L/"'( AOO ITIQNAL Ol TAIL I 
•c• ••• 11 ~ ATI STIM Twit AIIIA 

... . AT 7'0 •ltOC • 160•11' 
t (MA"· '• AT ,o .. ,,.a. -uo•,) 

,,o,,s ,s,o 
H : tOO PltG 

1100 lltltG 
--16SClftl16 

I 
,: S• lltltA 
I 16011t11A 

·aoo11t111 

·-···· •~i•t : . "'" t •1JL0'4• 0000• ----

-"• U?O!. OOl01A ----M/ 

-4-1. JIO!. OO:SOIA - - --<a,(/ 

~(AL )UIUA(( 

.OOl t .001 

-41.4 0 9 r .oo, 01A - - - -1 
01 

-----1,- r~sss ~.oas m.a ----<-.j 

--1,- r.6,U CIA 

OlTAIL A SC.AL[ 1¥ 

Figure 196. 

398 

CORNf R . OO!I MAX 

Secondary· E~gine 
Oxidt zer Valve (U) 



- Ol'IHING CONTROL POAT · 

r _ 

.---
•, T 

• .sao 

I 

,94'CO. Na, 

ltd LA'(OUT ow, IIIOOOto0L JOit IN •· L•"'"' OWi ltl000t0IL ,011 L/c 
111.wt• co•••• '"""'"" ••"' 11 
TV CM9101 ll'LAMI •LATI ITCM ' 
41UVATOll UAICA6f 1 ... t,'.:1111 WA a , TOT AL ~. AT ,so II' 

._ NI ILLANT LIAICA61(MA•.H
1 

AT 
11 t•NAL r 7 ICIW 
t .. TI.NAL I 1O0...UtM 

& c,u=:~ ... : 710tn 
WAIi, ••••v•w• 11t11u,, too " =Iii ""' IS: 1100 11'1 

If ll•Us : !HO •• 
I, #IUANT IICTION 
........ ""'UT llltlll\ "ILPIIA 
........ IN1.IT llt1tlU 1 100~ 
_. • ., ..... ts: uo .. ._ 
evtltT .... .. • ,.~ ,.,,. 
.tollttlltL.,lMC-.a..t.tL• .P't'I : • ~ 

1. IIIIIN-" DIi i ..... lll•t71,cJ4. cJoo ----



Ll7S :-~~ D<A 

t -·· 7 
I 

- ··-'---~--&. 
lll'AU--Or WAIMt SUON0AIIV 
VJ'!,VS AISV CRSOOO t 10 L) 

_ UUOI.CL 

If LAYOUT ow, II !t0009•0L ,011 IN Ll T MS,. (014,.<,UIIIATIOM 
II LA .. OUT OWG IISOOOtOSL ,011 L/ 11,! ( A001T10MAL Ol TA1L I 
,v1• co••• 11 ' "' " .. "" ••• u 
\I CA•·•Ol ' LAM( •LATl STIM TMII AIUA 
~T'UATO. LIAICA<,f : -------
10 ICIIII MAI . TOTAL ""· AT 710 •1111 C •l<,O~ -
tt.-lLLANT LlAl(AGl {MA•.. M1 AT 7$ PSIA L,_iUl •p ,-_ 
.,. ....... L r ' SClw 
-,,-1,tHAL I 100..S( IM 
1CTUATOR 
IOMINAL PRUS : ,sot,s PSIO 
IA1l, Oftl.An we1 PIUU : ,oo PSIO 
1100, Plltl IS: I 100 PIIO 
UIIIIT' ltlHU : 14,IO PIICI __ 
•OPILLA .. , SCC: T ,o,. 
IOMINAL INLI T ltlllC SS: 6 ~ --"SIA 
IAIII- INLI T •11c 11 : 10 Q l"SJ-
11100' •111 SS: UO PW--. 

,'l.tet,\ft"'l·'\~~-Ls.,Le.),\\{:'': Ps1 
U .. N I> OIU '"V ltS·lh04·0000S ----

YUIil COltNt" S 

..MAL ,u11, AU 

.OOl&.001 

-4-, -409 1.001 0 1A __ ___.,_. 

r.001 MA• Z PLA( C!, 

·.010 • MA• ""'-

J1111u =.oo, ,;;;f 
0 • TAII. f SC.ALI ~ 
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(C) The poppet-type valve was selected because, compared with ball, butterfly, 

gate, slide, or other valve types, it is the only valve ln which sliding 

b~tween the valving elements at valve closure can be held to the minimum 

required to maintain acceptable shutoff leakage. Three different valve 

sizes are used (1, 2-1/2, and 3 inches), all of which incorporate the same 

basi c design features scaled to the individual valve requirements. 

·•. 

(C) The basic approach to th~ subject valve design was dictated primarily by 

the engine system requirement for low shutoff leakage of a corrosive , 

cryogenic propellant, throughout a relatively long duty cycle with a 

minimum-weight valve. Rocketdyne's Nomad system experience and NASA's 

various liquid fluorine system test programs (Ref. 19 and 8) dictated that 

all valving elements exposed to the propellant be metal . Rocketdyne's 

poppet and seat development program (Ref. 10) has shown that, for lightly 

loaded seats, the only metal-to-metal type that will operate without scrub­

bing or degradating the seat is the flat-faced poppe~ . In the preliminary 

design concept study, a "flow-to-close," "push-off" type of poppet config­

uratiot, was selected for the following reasons: (1) "flow-to-close" pro­

vides higher seat loading (lower leakage) with higher propellant inlet 

pressures than the "flow-to-open" design, (2) it permits placing the poppet 

stem guide close to the poppet for a minimum of overhang when seat contact 

is made, thereby reducing poppet-to-seat scrubbing, and (3) pressure drop 

through the valve is lower when the stem is on the downstream side of the 

poppet because the stem provides better continuity of flow area through­

out the valve and, correspondingly, less turbulence . 

(U) Other basic design principles considered critical to successful perform­

ance are a minimum of rubbing surfaces in the propellant and the elimina­

tion of propellant traps which cannot be drained or purged. Details of 

these features in the subject valve design are treated in the following 

discussion. 
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(1) Valve Seat Design 

(U) A basic seat configuration was derived in a preliminary design concept 

study (Ref, 11 ) . Details of seat land configuration (width, finish, edge 

condition, etc.) were designed utilizing concepts developed in the poppet 

and seat d~~elopment program and summarized in Ref, 10. The only other 

deta i ls were poppet and seat materials and the method of mounting poppet 
' 

and seat to l imit poppet-to-seat scrubbing. 

(C) Ti tanium carbide material was selected for both the poppet and seat based 

on three significant considerations: 

1. Compatibility with liquid fluorine has been demonstrated by 

Rocketdyne in the Nomad main oxidizer valve, by Pratt and 

Whitney in liquid fluorine pump shaft seals, and by NASA in 

materials compatibility tests (Ref. 8 and 19). 

2. Exceptional hardness t olerates more scrubbing between poppet 

and seat without dt~radation of the sealing surface. 

3. Exceptional hardness also has greater resistance to damage from 

contaminant impingement and propellant erosion. The material 

has further advantages for a poppet and seat design in that the 

material is a very fine grained, homogeneous, and easily fin­

ish~d by diamond lapping to the 0.3-microinch surface finish 

required for the subject valve seat . The relatively low density 

(approximately 70 percent that of steel) of the material reduces 

the inertia forces in the poppet, and the-relatively high modu­

lus of elasticity (approximately twice that of steel) ~nhances 

the rigidity of poppet and seat against deflection under load . . 
The material cannot be welded, but it is readily brazed with a 

variety of alloys which are compatible with liquid fluorine. 
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(U) Reference 10 delineates the amount of relative lateral motion between 

poppet and seat which can be tolerated: 0.002 inch radially and 0.002 U 
inch circuraferentially . 

(2) Seat Installation 

(U) The valve seat is held in the housing by means of a diaphragm brazed to 

the seat and welded to the valve housing. This arrangement provides a 

positive seal against internal leakage between seat and housing and vir­

tually isolates valve body thermal and structural deflections from the 

seat. The seat is supported in the axial direction by lands machined in 

the valve body and installed with a slight preload on these lands to e limi­

nate fretting between seat and housing when the valve is open and propel­

lant is flowing. The body-to -seat configuration is so arranged that the 

seat sealing surface projects outside the body to allow flat lapping of 

the seat without special tooling. This feature is designed as an aid in 

both fabrication of new valves and servicing of used valves where only 

lapping is required. Complete seat r eplacement may be readily accom­

plished by cuttir.g out the diaphragm and rewelding a new di~phragm seat 

brazed assembly. Braze and weld joints are designed to eliminate cracks 

which cannot be cleaned. The body diaphragm cavity downstream of the seat 

is adequately relieved between support lands to allow propellant drainage 

and purge. 

(3) Poppet Installation 

(U) Dominant features of the poppet design and installation include a light­

weight poppet shell, ball loading, and control of radial clearance, rota­

tion, and cocking. A flexure between stem and poppet was originally con­

sidered. The flexure was dropped in favor of the ball-loading device 
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(U) primarily because of its eccentric load characteristics and fastener 

design problems. Eccentric loadi~g of the poppet by the flexure is cre­

ated by off-nominal parallelism and normality conditions in the flexure 

and its several retaining details. The resultant nonparallel condition 

between poppet and seat is reflected as an eccentric load into the seat 

from the poppet flexure which, under low seat loading conditions, intro­

duces a wide variation in seating pressure arowtd the periphery of the 

seat. TI1e fastener problem has to do with the space available (especi­

ally in the 1-inch valve), and the number and reliability of locking 

devices requi red. 

(U) The poppet loading device was designed to meet the lateral motion restric­

tion and also provide substantially concentric transfer of stem load to 

the poppet by use of the ball joint. (Note that the requirement for a 

centered stem load exists at low line pressures where seat stresses are. 

generated almost entirely by actuator forces applied through the stem, 

i.e., little contribution from propellant inlet pressure.) 

(C) The basic elements of the poppet include the INCO 718 poppet body, a 

beryllium copper retainer, and a beryllium copper bearing. The bearing 

is threaded to the poppet body, firmly locking the thre~ parts together, 

and is positively locked against loosening by a tab-locking sleeve. 

Clearance between the beryllium copper retainer and stem is designed t"o 

permit a 70 F temperature difference while limiting relative motion be­

tween poppet and seat to 0.002 inch, both in the radial and circumfer­

ential direction. Cocking between poppet and stem is limited to that 

required to allow the poppet to seat without restraint by a controlled 

diametral clearance at the lower end of the stem. A coil spring between 

the beryllium copper retainer and stem preloads the poppet against the 

end of the stem when the valve is open to prevent excessive poppet flut­

ter. The clearance between the end of the stem and poppet, in turn, 

allows free self-alignment of the poppet. Frettina between poppet and 

stem is prevented by flame plating with tungsten carbide and grinding the 

stem bearing surfaces. 



(U) Poppet assembly to the stem is accomplished by holding the valve open and, 

working between poppet and seat, torquing the bearing to the poppet and 

bending the locking tabs. Special protective devices would be provided to 

protect the seating surfaces during this operation. 

(C) A feature of the ball-loading detail pertains to the location of the center 

of the hall, which is located in the plane of the seat seal i ng_ surface. 

This allows cocking of the poppet to occur for self-alignment without intro­

ducing radia l scrubbing between the poppet and seat. The internal part 

of the poppet body , howeve r, is be l ow the titanium carb ide sea l i ng s urface, 

which al lows fl at lapping of the seat afte r fabrication without tooling 

l imitations. A large opening between the titanium carbide portion of the 

poppet an<l internal det ails and drilled cross holes in the inner portion 

of the poppet body permits propellant drainage and purge. 

(4) Poppet St em Guide 

(C) Design of the poppet stem guide was intended to provide the m1n1mum pos­

sible latera l motion of the poppet and the minimum number of bearing sur­

faces in the propellant . Virtual elimination of lateral motion is accom­

plished by providing a spring-loaded guide close to the seat and a close 

fitting guide at the other end of the stem on the actuator piston. This 

feature also results in only one guide operating in the propellant and, 

because of the long span between guides, relatively low bearing loads . 

Segmented beryllium copper inserts operate on a flame-plated portion of 

the stem to provide a trouble-free installation. 

(5) Stem Sealing Bellows 

(C) The single-ply, !NCO 718 bellows which functions as a dynamic stem seal 

was conservatively designed for a life of 10,000 cycles using the ad­

vanced design technology developed in Ref. 16. The bellows is used 
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(C) in compression for approximately 85 percent of its stroke, and in exten­

sion for approximately 15 percent of its stroke. The bellows is butt 

welded at each end to provide the cleanest possible configuration and 

adequately vent ed to the valve outlet to permit propellant drainage and 

purge. A bolted flange utilizing a gold-plated Naflex seal provides a 

seal to the valve body which may be removed for valve servicing. 

(6) Actuator 

(U) A double-ac t i ng pi ston actuator was originally considered. This design was 

r evised to a s ingl e-acting piston utilizing helium pressure to open and 

a spring to c lose . A stronger spring was incorporated which provides 

safety factors of approximately 3 on closing and 10 on opening over the 

maximum anticipated friction (safety factor= net available actuator 

force+ maximum friction; no line pressure assist on closing, opening 

against l ~O psig) . 

(U) The double-acting e.ctuator has additional seal friction and in the event 

of a loss of closing control pressure (fail-safe closing), has a safety 

factor of only approximately 2 for the same spring . Further arguments 

agai nst the double~acting actuator include the larger. heavier, more 

complicated actuator in addition to control system complexity, particu­

larly the four-way control valves required for a double-acting actuator 

as compared to three-way valves for a single-acting actuator. 

(U) The spring is located outside the propellant cavity to reduce cleaning 

and corrosion problems and to allow for ease of installation without 

entering the propellant cavity. The moving end of the spring is located 

on a flange of the actuator piston which is installed and locked to the 

poppet stem while thespring is held compressed. The piston is attached 

to the poppet stem with a large thread and locked with a tab-locking ring. 

A pilot diameter is provided and bearing faces held normal to provide 

alignment for the poppet . Lightening holes in the piston and stem flanges 
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(~) reduce the poppet inertia loads. The overall weight reduction in the 

poppet-stem-piston assembly eliminated the need to provide a flexible 

coupl ing between the· stem and piston as considered in the conceptual 

design study. 

(U) The dynamic piston seals are formed from r.tylar sheet, this design having 

been success full y used in main prope llant va lves for the J - 2 and F-1 

engines fo r both linear piston and rod seal s . The Teflon guide provides 

support for the seal and a guide for the poppet stem. Its location in 

the actuator cy l inder provides a long span between stem guides to reduce 

radial loads and poppet radial motion. 

(U) Valve s troke i s estab l ished by the gap between the poppet s tem flange 

and bellows flange . Pis ton loads at the full-open position , there fore, 

are taken through a relative ly heavy section of the bellows flange to 

the valve body, 

(U) The actuator spr ing cavity is sealed against external pressure to pre­

vent entrance of moisture and contamination. A relief valve allows 

vent ing of any piston seal leakage and normally holds a slight positive 

pressure in the spring cavity. 

(7) Stat ic Seal s 

(U) Two Naflex-type, pressure-actuated seals are used on the propellant 

section. Th¢y are fabricated from INCO 718 and are gold plated. Deep 

flange sections at the seals and conservative bolting keep flange deflec­

tions to a minimum for a reliable seal. Naflex seals were selected in 

comparison to other designs such as crush gaskets, Conoseals, or bobbin 

seals because of Rocketdyne's extensive experience with them and their 

relative ease of replacement. 

(U) The purge port is machined for use with a Harrison metal-plated K seal 
or equivalent. 
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(U) The actuator spring housing is sealed with a Teflon-coated Naflex seal 

for positive isolation of moisture and contamination. The spring housing 

vent valve is sealed with a Teflon-coated K seal. 

(8) Position Instrumentation 

(U) Position switches are used to show the full-open and full-closed valve 

pos i tion and are operated by a direct mechanical link to the actuator 

piston . The swi t che arc mounted i n a portion of the actuator spring 

cavity which isol ates them from the propellant and control atmosphere . 

The electrica l connector is per MIL-C- 27599. 

(9) In 1 et Housing- -Manifold Assembly 

(U) The inlet housing is part of the manifold assembly which connects the 

en~ine system inlet to the propellant feed system. This design yields 

the best configuration for minimum pressure drop, weight and number of 

connections , while allowing independent replacement of valves on the 

engine. 

(10) Internal Leakage vs Contamination and Life 

(C) The seat for the subject valves has been designed to maintain exception­

ally low leakage after a relatively long duty cycle. The main engine 

oxidizer valve, in particular, must not exceed 0.1 scim after 1530 cycles, 

including 31 engine firings spread intermittently over a 14-day period. 

Scrubbing of the seating surfaces on impact and liftoff is the most 

important factor to be considered in the seat designed to meet this re­

quirement. A large, highly loaded seat is unacceptable because of weight 

and space limitations. Rocketdyne's poppet and seat development program 

has demonstrated that the seat incorporated in this valve will meet the 

leakage and life cycle requirements as long as contamination is held 
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(C) within definite limits. The titanium carbide seat hardness prevents 

degradation or erosion from any anticipated parti cles f l owing past the 

SP.at. Partic le entrapment, however, is a possibility which may be, 

within reasonab le probabi l i t y limits, calcul ated by statistica l methods. 

(U) A simplified statistical examination of the main engine oxidizer valve 

seat was made , based on two level of particulate contamination considered 

to represent "clean" (level 4) and "dirty" (level S) conditions (Ref. 20) . 

The intent 1~as t o gain a better understanding of anticipated performance. 

The probabili t y of the seat trapping a large (greater than 240 microns) 

partic le and permitting catastrophic leakage (greater than 38,000 scim) 

is only one ac tuat i on in 1300 f0r l evel 4 and one actuation in 500 for 

level 8. At the othe r end of the scale, the probability of the seat 

trapping a small ( IO to 20 microns) par t icle is approximately one actua­

tion in 320 for leve 1 4, and one actuation in 32 for level 8, and would 

result in approximately 50-scim maximum leakage. It would appear that 

the valve and the associated engine propellant system must be maintained 

somewhere between level s 4 and 8 to ensure satisfactory operation. 

(U) Particulate contamination smaller than 10 microns is not expected to 

have a significant effect on leakage . The contamination anticipated is 

relatively soft compared t o the seat and will not cause damage; further­

more, the contaminant will be washed away upon valve actuation under flow 

conditions. Also, all sliding bearing surfaces in the valve are down­

stream of the seat, and under flow conditions, wear particles are washed 

away from the seat. 

(U) Results from the AFRPL Poppet and Seat Contamination Program (Ref. 17) 

have shown that a hard -on-soft combination of poppet and seat materials 

is much m6re able to enve lop contaminants and maintain low leakage. This 

result was considered during initial design phase but attendant potential 

problems in fabricating ultra-smooth, soft metal surfaces (and a lso 

obtaining basic cyclic operativn to meet the r equired low leakage) led 

to the more conservative choice of the hard carbide materials. 
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(C) The design for the propellant valves for the AMPS engine represents the 

latest state of the art in the development of low-leakage valves for high­

performance systems using liquid fluorine and liquid hydrogen. The de­

sign is a poppet-type valve with an extremely hard, flat-faced poppet and 

seat. All parts exposed to the propellant are metal, with a single bel­

lows used for the dynamic stem seal. Actuation is by pneumatic pressure 

to open, with spring and line pressure to c lose. No heaters are required 

for cryogenic operation. 

c. Main Engine Pneumatic Control Assemb ly 

(U) The main engine pneumatic system cons ists of a pressure regulator, a l ow­

pressure high-capacity relief valve, a solenoid-operated isolation valve, 

two solenoid-operated three-way valves to control the main engine propel­

lant valves, two solenoid-operated two-way va lves to purge the propellant 

ducts, two filter~ to protect the solenoid valves, and one filter at the 

regulator inlet. Figure 200 shows the design details. 

(C) The pneumatic pressure regulator is designed to regulate downstream pres­

sure to 750 ±50 psig with flow demands from Oto 0.12 lb/sec at an inlet 

pressure from 3600 to 900 psia . 

(C) The downstream pressure is controlled by a pressurized bellows which is 

supplied by inlet pressure. The correct control pressure is obtained 

by orificing the flow into and out of the bellows cavity. The orifices 

were sized to provide a control pressure that compensates for the changes 

in supp ly pressure. The control pressure opposes outlet or regulated 

pressure; thus, if outlet pressure decreases below 750 psig the inlet flow 

area increases to correct the pressure decrease and, inversely, if out­

let pressure increases, the inlet flow will decrease to r educe the out­

let pressure. 
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(U) The regulator is of all-metal construction. The materials selected are 

similar to those used on the J-2 regulator, which is also designed for 

cryogenic service. The J-2 regulator is fully qualified and has proved 

to be very successful on numerous flights. The poppet and seat are flat­

lapped to achieve low leakage. The solenoid valve shuts off the regu­

lator control pressure upon electrical command, thus closing the poppet 

to shut off downstream pressure. The poppet and seat are flat-lapped to 
achieve low leakage. 

(C) The l o,.r-pressure · relief valve is located directly downstream of the pres­

sure regulator. The relief valve was designed to crack or start to open 

at 825 psig, and be fully open at 900 psig, with the flow area sufficient 

to expel the flow through a failed-open regulator with an upstream pres­

sure of 3600 psia. The downstream system pressure will not exceed 900 .psig 

even if the regulator fails wide open. 

(U) The re lief valve utilizes a pilot valve which relieves the balance pt'essure 

within the bellows at the crack pressure, thus unbalancing the main ~9ppe.t 
to open. 

(U) The isolation valves are located downstream of the relief valve. Their 

purpose is to shut off flow to the system not in use (i.e., main or 
secondary) • 
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(U) The secondary isolation valve is mounte<l on the main engine pneumatic 

package for two consi<lerat ions: (l) the secondary package can be shut 

off at the regulator to prevent an interconnect leak between the main 

and the secondary package from <lepleting the helium supply , and(~) the 

secondary package becomes a simple manifold mounting four solenoid valves. 

(U) The isolation valves are pressure balanced by metal bellows. This design 

allows a large flow area, keeping the valve pressure drop to a minimum. 

(U) The three-way solenoid va l ves supp ly pressure to, and vent, the main 

propellant va lve actuating piston cavities; one for the fuel and one 

for the oxidizer. The valves have metal seat s and poppets that are flat 

lapped to achieve low l eakage. 

(U) The two-way so leno id valves supp ly flow to purge the propellant ducts 

during engine shutdown. These valves are identical to the three-way 

propellant valve control valves except the vent port is blocked off. 

d. Secondary Engine Pneumatic Control Assembly 

(C) The secondary engine pneumatic system consists of two three-way solenoid­

operated valves to control the secondary engine propellant valves, and 

two solenoid-operated two-way valves to purge the propellant ducts. 

These valves are identical to those on the main engine package except 

for size. The valve size has been designed, fabricated, and qualified 

for cryogenic service on existing Rocketdyne engine production progr811S; 

Fig. 201 shows the design details. 

e. Turbine Spin Valve 

(C) The turbine spin valve controls the flow of helium and hot gas to the tur­

bine on the secondary engine . The valve is solenoid operated and, on elec­

trical conaand, opens a helium por.t and closes a hot-gas (combustion 
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(C) products) port to a common duct to the turbine control valve. Upon 

removal of the electrical signal , the he 1 ium port wi 11 close and the 

hot -gas port wi ll open and the turbine will he powered by the thrust 

chamber gas. r:i gure 202 shows the design details. 

(U) 1be valve is actuated by means of a three-way so l enoid-operated pilot 

valve ~,ich, when electrically actuated, directs pressure to an expand­

ing bellows, thus closing the hot-gas port while simultaneously opening 

the helium port. Upon removal of electrical s ignal from the pilot valve 

solenoid , the pi l ot blocks pressure and opens the hellows cavity to vent. 

The spring load of the bellows closes the he 1 i um port whi l c simul tan­

eously opening the hot-gas port. 

(U) The materials used in this valve are consistent with those used in the 

turbine control valves which are subjected to the same h!lium and hot­

gas media. 

f. El ectri cal Control System 

(U) The electrical ~ontrol system provides for start and shutdown of the 

main and secondary engines. Command signal s for thrust and mixture 

ratio are the principal activating signals. Provision also exists for 

emergency shutdown of either engine on receipt of ·a sustained cutoff 
command. Additional signals are given to the control system by pressure 

switches which sense the progress of the commanded sequence . These sig­

nals are distinct from those which provide feedback for the thrust and 

mixture ratio servosystems. This approach provides advantages during 

engine development and in maintainability of the ultimate system. Rapid 

anomaly investigation is possible because of limited interrelationships 

and, for the same reason, replacement of a sensor or servocontroller is 

permitted without the necessity of overall elaborate rebalancing. 

(U) Electrical control system outputs activate solenoid valves to direct regu­

lated pneumatic energy for initial drive of the secondary engine turbines, 

main propellant valve actuation, and required purges. Electrical control 
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(U) system outputs a lso control the time and mode of operation of the thrust 

control ler and mixture r atio controller . The mode of operation may be 

to perform their named fun ction or t o hold the turbine valves at speci fie 

positions. 

(U) Logic for the electrical control system is largely derived from the main 

and secondary engine start and shutdown sequences. These sequences are 

portrayed in Fig. 77. , 80 , 83 , and 85 in a manner that is convenient 

for fol l owing the main engine l ogic circuit diagram and the secondary 

engin~ logic cir cui t diagram, shown in Fig . 203 through 205~ Each logic 

diagram is composed of lines and symbols. A l ine r epr esents a path be­

tween symbol s. This path, when translated into hardware, may be a single 

conductor, a shie lded conduc t or, or a multiconductor cable, dP.pending on 

the requirements of the compon~nts represented by the symbo l . Symbol 

meaning i s shown in Fig. 206 . 

(U) The OR symbol defined in Fig. 206 shows two inputs and one output . 

Ei ther input causes an output . Diodes connect ed together at the output 

provide the physical hardware. These diodes ar e presently in use in the 

J-2S program. 

(U) The ANO symbol defined in Fig . 207 shows two inputs and one output . One 

input must be present and the other absent (not high level) to cause an 

output . A switch module, consisting of transistors , diodes, and resistors, 

is usable without modi fication. This switch module is a developed item 

presently in use in the J-2S pr og~am. 

(U) Other ANO symbol functions are obtainable by interconnecting switch 

modules with l eads and diodes. In each case, a line into the straight 

side of the symbol r epresents an input that must be present to have an 

output. A line terminating in a small circle on the straight side of 

the symbo l indicates an input which must be absent (not high level) to 

have an output . 
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U (U) Timing function symbols represent timers similar to those used in the 

J-2S electrical control system. 

(U) The current amplifier or driver symbol defined in Fig. 208 shows a low 

current input and a high current output. Pouer switch part number 

503662 provides this function. In addition, this power switch provides 

inductive surge suppression and a path to accept an isolated component 

test signal. 

(U) Major logic portions of the electrical control system will be potted, 

,~elded assemblies. Nickel leads and nickel component terminations with 

controlled characteristics will ensure uniform connections of high reli­

ability with a minimum number of weld schedules. To avoid excessive 

throwaway cost, the major logic portions will have plug-in connectors 

with redundant paths and provision for bolted retention. 

(C) Electrical control assemblies composed of potted modules have been suc­

cessfully tested at random vib~ation levels of 2.5 g2/cps. Vibration 

capability of the individual modules is approximately 70 g. In addi­

tion to providing vibration capability, the potting material conducts 

heat from the electronic components to the exterior of the assembly. 

This is important in a zero gravity environment where convection cool­

ing is unusable. 

(U) Temperature range of the electrical control system is largely a func­

tio~ of location in the vehicle and conditions encountered during a 

long hold period. Al though neither of these is exactly defined, the 

temperature range of -130 C to +60 C appears reasonable and is the 
design temperature range of the J-2S electrical control system. Commonal­

ities of the engines support reasonableness of this temperature range. 
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(U) Protection from moisture and other atmospheric contaminants is given 

to the electrical control system by enclosing it in a pressurized, 

sealed container. Experience with electrical connectors, seals, and 

valves used on electrical packages of other engine systems would result 
in a minimum of required development effort. Final selection of the 

exact exterior configuration is largely dependent on space availa• 

bility within the engine system. A single large package would pro­

vide the most convenient electrical layout, but more than one package 

of smaller sizes may be more practical to locate. 

(U) Self-checking features for preflight checkout have not been included 

in the logic diagrams; however, they would be added prior to initial 

circuit development. These features must be part of the first physical 

circuit. 

(U) A combined malfwtction analysis of the engine and electrical control 

system is required before ~eaningful fail-safe features can be defined. 

This malfunction analysis also will indicate where redundancy techniques 

would be most applicable. 

(1) Main Engine Logic 

The engine selection circuit (Fig. 203) receives thrust and mixture 

ratio commands from a vehicle source . 

(a) Start 

(U) When commands indicate required operation of the main engine, a start 

signal from the engine selection circuit is sent to the succeeding 

AND (L)*. If cutoff signals are not present at its inputs, it gives 

an output. This output passes through OR (2) to AND (3). Output of 

AND (3) passes through OR (4) to driver (5) which energizes the system 

*The numbers in parentheses refer to logic symbols in Fig. 203 . 
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(U) pneumatic supply solenoid val ve. Output of A.~D (3) also causes driver (6) 

to energize the engine pneumatic s uppl y solenoid valve. Output of AND (3) 

enters OR (2) , consequently providing an electrical lockin. 

(U) Output of AND (1) also passes through OR (7) to AND (8) . Output of 

AND (8) provides for lockin through OR (7) and causes dri ver (9) to 

energ ize the sol enoid val ve to open t he main fuel val ve. 

(U) AND (10) i npu~ al so rece ives the output of ~~D (1) . Output of AND (10) 

passes through OR (11 ) to driver (1 2). Driver (12) energizes the oxi­

dizer sys tem purge solenoid valve. 

(U) Output of ANO (1 ) enters t he input of ANO (13) . AND (13) gives an out­

put to the se rvosys tem to open the fuel turbine valve to the 180-percent 

position. 

(U) Progression of the starting sequence i s sensed by redundant fuel prime 

pres sure swi t ches , Output of the pressure switches passes through a 

voting c i rcuit to an input of AND (10) . This causes the output of 

AND (10) to cease, thereby removing the input from OR (11) and driver (12). 

The ox idi ::.er sys tem purge solenoid valve is consequent ly de-energized. 

(U) Output of t he fuel pr ime pressure switches ent ers the input of AND (13). 

The other input of AND (13) is already energized by the output of AND (1). 

Therefore , AND (13) gives an output which passes through OR (14) to the 

input of AND (15) . Output of AND ( 15) goes to the input of ~river (16). 

Drive r (16) output energizes the solenoid valve to open the main oxi­

dizer valve. 

(U) Fuel prime pressure switch output also reaches an input of AND (17). 

AND (1) is also providing an input to AND (17) , but the input from the 

mainstage monitor pressure switches is not present. Consequent ly , 

AND (17) provides an output to the servosystem to position the oxidizer 
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(U) turbine valve at the 20-percent position. The previous command to 

position the oxidizer turbine valve at the 0-percent position is removed 

when the fuel prime pressure switch output reaches an input of AND (18). 

(U) Operation of the mainstage monitor pressure switch~s cause an output 

which goes to the input of A.'JD (13) . AND (13) output ceases and the 

command to hold the fuel turbine valve at the 180-percent position is 

removed from the servosystem. 

(U) Output of the mains tage monitor pressure switches al so is sensed by an 

input of AND (17) . The output of AND (17) ceases to command the servo­

syst em to hold the oxidizer turbine valve at the 20-percent position . 

Previousl y, the command to hold the oxi di zer turbine valve at the 0-

percent pos ition had been removed. Absence of these position commands 

causes the servosystem to operate for thrust control. 

(U) The mainstage monitor pressure switch signal to the input of AND (19) 

causes i t s output to cease and return the 5-secon~ timer to zero. If 

the mainstage monitor pressure switch signal had not been received 

within 5 seconds from start, a locked-in cutoff signal would have 

resulted. A reset signal could remove this cutof f ~ignal. 

( LJ ) A 1-second timer is started by the output of the mainstage monitor 

pre ssure switches, Output of the 1-second timer is given to the servo­

system. This causes MR control to operate; thrust control remains . 

~1ain engine start is complete. 

(b) Shutdown 

(U) When commands indicate shutdown of the main engine, the engine selection 

circuit removes the start signal from AND (1). Output from AND (1) 

is removed from the input of AND (20), AND (20) then gives an output 

which commands the servosystem to hold the oxidizer turbine valve at 

the 0-percent position. 
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(U) Output from AND (1) also is removed from the input of AND (21). Outyut 

of AND (21) then commands the servosystem to hold the fuel turbine valve 
at the 20-percent position. 

(U) Operation of the mainstage shutdown pressure switch~s causes their output 

to be removed from the input of AND (22). AND (22) then gives an output 

to AND (23). AND (23) sends its output to an input of"AND (15) . AND (15) 

then removes its output from OR (14), interrupts the lockin circuit, and 

also removes its output from the input of driver (16). Driver (16) 

ceases to energize the solenoid valve which controls the main oxidizer 
valve and the valve closes. 

(U) Output of AND (23) also activates a 100-millisecond timer. AND (24) 

senses the output of the 100-millisecond timer and gives an output which 

passes through OR (11) to the input of driver (12). Output of driver (12) 

energizes the oxidizer system purge solenoid valve. 

(U) Outout of AND (23) energizes a 2.1-second timer. The 2.1-second timer 

gi ves an output to AND (21). AND (21) ceases to give a command to the 

servosystem to hold the fuel turbine valve at the 20-percent position. 

(U) An output of the 2.1-second timer enters a servosystem input and commands 

the holding of the fuel turbine valve at the 0-percent position. 

(U) Output of the 2.1-second timer enters an input of AND (8). AND (8) 

ceases to give an output to on (7), interrupting the lockin circuit, 

and ceases to send its output to the input of driver (9). Driver (9) 

stops energizing the main fuel valve control solenoid valve and the 
main valve closes. 

(U) A 100-millisecond timer a_lso is signaled by the output of the 2.1-second 

timer. The 100-millisecond timer sends its output to an input of AND (2S). 

AND (25) output goes to the input of driver (26). Driver (26) energizes 
the fuel system purge solenoid valve. 
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(U) The 2.1-second timer output s tarts a 2-second timer. 

(U) Output of the 2-second timer enters an input of AND (24) . AND (24) 

ceases t o given an output through OR (11 ) to driver (12). Driver (12) 

de-energi zes the oxidizer system purge solenoid valve. 

(U) An input of A.'H) (25) senses the output of the 2-second·. timer. AND (25) 

ceases t o give an output to driver (26) . Driver (26) de-energizes the 

fuel system purge solenoid valve. 

(U) AND (3) receives an input from the 2-second timer. AND (3) ceases to 

give an output to OR (2). interrupting the lockin circuit, and ceases 

to give a signal to driver (6) • Driver (6) stops ~nergizing the engine 

... ; pneumatic supply solenoid valve. Engine shutdC'wn is complete. 

(U) Output of AND (3) also ceases to pass through OR (4) to driver (S). 

Unless an output from the engine selection circuit is passing through 

OR (4) , driver (S) de-energizes the system pneumatic supply solenoid 

valve. 

(U) When the engine selection circuit intends to follow shutdown of an 

engine with start of the other engine, it provides an output through 

OR (4) to driver (5) to prevent de-energizing of the system pneumat ic 

supply solenoid valve. This prevents unnecessary cycling of the pneu­

matic regulation system. 

(2) Secondary Engine Logic 

(U) T~e secondary engine logic diagram (Fig. 204) contains the sequencing 

for the start and shutdown. 

' . 
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(a) Start 

(U) When commands indicate requi red operation of the secondary engine, a 

start si gnal from the engine selection circuit is sent to ANO (1). If 

cutoff signal s are not present at it s inputs, it gives an output . This 

output passes through OR (2) to AND (3). Output of AND (3) passes 

through OR (2) to provide a lockin . Output of AND (3) is sent to cause 

energi zing o f the system pneumat ic supply • 

.,., .. -·· 
(U) Output of ANO (3) also goes to driver (4) . Dr iver (4) output energizes 

the engine pneumatic suppl y solenoid valve. AND (5) receives an input 

from ANO (1) . ANO (5) output is sent t o driver (6). Driver (6) output 

energi zes the turbine spin valve solenoid. 

(U) Output from AND (1 ) passes through OR (7) to AND (8) . Output of AND (8) 

passes through OR (7) t o provide a l ockin , it a l so goes to the input 

of driver (9). Output of driver (9) energizes the control solenoid 

valve to open the main fuel valve . 

(U) Output of AND (1) goes to the input of AND (10) . Output of AND (10) 

passes through OR (11) to the input of driver (12). Output of driver (12) 

energizes the oxidizer s ys tem purge solen~id valve. 

(U) Output of AND (1 ) al so _goes to the input of ANO (13). Output of AND (13) 

commands the servosystem to hold the fue l turb ine valve at the 100-percent 

position. 

(U) When the fue l prime pressure switches operate, they send an output to 

AND (14). AND (14 ) sends its output through OR (15) to AND (16). Out­

put of AN~ (16) goes through OR (15) to provide a lockin. Output of 

AND (16) reaches the input of driver (17) . Driver ( 17) output energizes 

the solenoid valve which opens the main oxidizer valve. 
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··,• ~U) ['.ND ( 10) rec,e i ve·s an input from t he fuel prillle pressure switches. output 
t \ . I 

of AND (10) ceas es to pass through OR ( 11 ) to driver ( l J) . Driver (12) 

de~energizes t he ~xidizer system purge solenoid valve, 

(U ) Fuel pr ime pressure swi t ch output goes t an input of A.~D (18) . AND (18) 

gives an out put whi ch commands the servosystem to hol d the oxidizer tur­

bine valve at the 2'0 -pe rcent position . 

(U) Output of the fuel pr ime pressure switches at an input of AND (19) 

cause ANO ( 19) to· stop c!ommandi ng t he 0-percent posi t ion of the oxidizer 

turbine va lve , 

(U) Fue l prime pressure switch output also reaches an i nput of AND (13), 

AND (13) ceases t o command the servosystem to hold the fuel turbine 

valve at the 100-perct?n t po.si tion. 

c~J AND (20) senses t he output of the fuel pr ime pressure switches and its 

output commands the servosys tem to hold the fuel turbine valve at the 

200-pcr cent position , 

( lJ) Ac tuat i on of the mainstage monitor pres sure switches causes an output 

which goes to an input of AND (s). AND (5) ceases to provide an output 

to driver (6). Driver (6) de-ehergizes the turb ine spin valve solenoid, 

(U) Output of the ma instage monitor press ure switches goes to an input of 

AND (18) . ANO (18) ceases to command the 20-percent position of the 

oxidizer turbine valve. 

(U) AND (21) senses output of the mainstagc monitor pressure switches. out­

put of AND (21) commands the servosystem to hold the oxidizer turbine 

valve at the 100-percent posi tion. 
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(U) The mainstage monitor pressure switch signal to the input of AND (22) 

causes its output to cease and return the 5-second•timer to zero. If 

the mainstage monitor pressure switch signal had not been received 

within 5 seconds from start, a locked- in cutoff signal would have 

resulted, A reset signal could remove this cutoff signal. 

(U) Fuel prime pressure switches also send their output to an 800-rnillisecond 

timer. output of the 800-millisecond timer reaches AND (21), causing it 

to stop commanding the 100-percent position of the oxidizer turbine valve . 

(U) AND (20) senses the output of the 800-millisecond timer. This causes 

AND (20) to stop commanding the 200-percent position of the fuel turbine 

valve. 

(U) Without· turbin~ valve position commands, the servosystelll provides thrust 

control and MR control. 

(b) Shutdown 

(U) When commands indicate shutdown of the secondary engine, the engine 

selection circuit removes the start signal from AND (1). Loss of 

AND (1) output is sensed by AND (23). AND (23) gives an output to 

command the servosystem to hold the oxidizer turbine valve at the 0-

percent position. 

(U) Loss of AND (1) output is also sensed by AND (24). AND (24) commands 

the servosystem to hold the fuel turbine valve at the 20-percent 

position. 

(U) Loss of output of the mainstage .shutdown pressure switches is sensed 

by AND (25), AND (25) gives an output to AND (26). AND (26) gives an 

output to AND (16). AND (16) ceases to give an output to OR (15), 

interrupting the lockin circuit. Output loss from AND (16) also is 

sensed at the input of driver (17). Ori ver ( 17) de-energizes· the main 

oxidizer valve control solenoid valve. 

432 

,, 
I 

u 

, 



(U) A 100-millisecond timer is activated by output from AND (26) . Output 

of this timer is sensed at the input of AND (27). Output of AND (27) 

passes through OR (11) to driver (12). Driver (12) energizes the oxi­

dizer system purge valve . 

(U) AND (26) al so activates a 2.6-second timer, Output of the 2,6-second 

t imer goes to AND (24) . This causes AND (24) to cease commanding the 

servosys t em to hold the fuel turbine valve at the 20-percent position. 

(U) Output of t he 2. 6-second timer directly co11111ands the s~rvosystem to 

hold the fuel turbine valve at the 0-percent position. 

(U) AND (8) senses the output of the 2,6-second timer. This causes AND (8) 

to cease providing an input to OR (7), thereby interrupting.the lockin 

circuit. Driver (9) senses loss of output from AND (8) and causes the 

mai n fuel valve control solenoi d valve to de-energize. 

(U) The 2.6-second t i mer also activates a 100-millisecond timer. Output of 

t he 100- millisecond timer is sent to AND (28). AND (28) provides an 

output to driver (29) . Driver (29) energizes the fuel system purge 

valve. 

(U) A 2-second timer receiv.es its activ~tion from the 2.6-second timer. 

Output of the 2-second timer is sensed at an input of AND (27) . AND (27) 

ceases t o send an output through OR (11) to driver (12) . Driver (12) 

s tops energi zing the oxi dizer ~ystem purge valve. 

(U) Output of the 2-second timer is sent to an input of AND (28). A.~D (28) 

ceases to give a signal to driver (29). Driver (29) de-energizes the 

fuel system purge valve. 

(U) AND (3) also receives an input from the 2-second timer. ANO (3) ceases 

to pass a lockin signal through OR (2). Dtiver (4) senses loss of out-

put from AND (3). D"river (4) de-energizes the engine pneumatic supply valve. 

(U) ANO (3) re1110ves the system pneumatic supply command. Engine shutdown is 

complete. 
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g. Engine Controller 

(U) The performance controller interface consists of several logical input 

signals dependent on the mode of engine operation. The signals include 

power output to two valves (fuel turbine throttle valve and oxidizer tur­

bine throttle valve) and feedback fr-0m elements consisting of chamber 

pressure transducer(s), mass flow transducers, and valve position trans­

ducers for the two controlled valves. These signals are conditioned in 

an analog computer type of control circuit to perform the control func­

tions , while avoiding regions of engine operation that are undesirable 

(such as excessively high mixture ratio excursions). The controller 

design is shown schematically in Fig. 205. 

(1) Control System Components 

(U) The command signal components consist of provisions for a valve position 

control mode, used principally for start and shutdown (but also available 

for other purposes, such as calibration, checkout, etc . ), and certain 

variable command signals to generate the desired thrust and mixture 

ratio. Logic to generate shut position, full open (180 percent of nom­

inal value), and nominal value is required for the fuel turbine throttle 

valve; logic to generate shut position, 10 percent of nominal value, and 

nominal value also is required for the oxidizer turbine valve during 

start. For shutdown, the only new position required is the 20 percent 

of nominal position for the fuel turbine throttle valve. During engine 

operation, the position command mode may be continued on the ground for 

checkout purposes, but for flight (and probably most of the time on the 

ground) the closed-loop operation mode will be used. Logic sianal inputs 

will close the required relay contacts to bring about the various valve 

positions or operation modes required. 
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(C) Control over the engines is effected by two hot-gas valves, the fuel 

turbine throttle valve (FTV), and the oxidizer turbine throttle valve 

(01V). A current input to the valve motor causes the valve to move in 

either direction depending on the polarity at a • axilllUlll rate of full 

travel in 1 second, and a position transducer is provided ••ch valve 
for position information to the controller, An altematina current 

servomotor is used to position the valve; potentiometric feedback 
will be used. 

(U) Feedback signal input consists of the valve J>C?Sition potentiometers 

and the perfol"lllance control signals. Chamber pressure feedback will 

be used instead of thrust. This signal will probably utilize several 
transducers positioned around the chUlber to provide a aood averaae 
value and to increase the reliability of the system. Mass flow will 
be computed from volumetric flow as measured by turbine-type flow­

meters with frequency to direct current conversion, teaperature bulb 

measurement, and pressure correction from the chuber pressure 
measurement. 

(2) Valve Position Mode of Control 

(U) When the appropriate relays are actuated, the control loop is on 

valve position only. _This mode of operation is required to hold 

the turbine throttle valves at intermediate positions for either 

start or shutdown. This feature ~Jr-·•:tao have other uses, such as 

initial checkout of the control systeu, test stand calibration of 
the engines, or safety backup in case of a failure in the perfora­
ance control loops. 

(U) The signal from the valve position indicatin1 eleaent is coapared with 

the valve position cOlllllftd sipal (which aay be 1enerated by either the· 
perforaance controls or by the relay loaic durin11tart or 1hutdown), 

and any error is used to drive a lead coapensatlon network to iaprove 
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(U) response characteristi cs of this inner control loop, Thi s network 

drives a modulator package which, in turn, provides a signal of the 

proper magnitude and phase to the se rvomotor that drives the valve. All 

of the valve position control loops are assumed to be simi lar; l ater di f­

ferent response characteristi cs may require different compensation net­

work s to be used to get the required response characteristics. 

(U) The schemat ic shows the control signals to both valves on the right (OTV 

and FTV dri ven) . The nomenclatur e is such that the nominal value (100 

per cent ) is the valve position for full thrust at nominal mixture ratio . 

This value is not a limit; it may be exceeded during start or during mix­

ture ratio excursions at nominal thrust. 

(3) Closed Loop Mode of Control 

(U) Oper ation in this mode of control consists of using commanded thrust 

(chamber pressure) and mixture ratio signals for comparison with meas­

ured chamber pressure and mixture ratio signals, and generating the 

appropri ate valve posi tion command. Proper dynamic compensation dictates 

that certain parameters must vary with power l evel (or with chamber pres­

sure ) . Four terms require function generation varying with power level: 

both integral terms in proportion plus integration compensation, and the 

gain and lag time constant of the lead-lag network for chamber pressure 

control of the oxidi zer turbine throttle valve. These variables (labeled 

K2 , K3 , K5, and t 2 in the diagram) are multiplied by the appropriate sig­

nal s to produce proper compensation as a function of power leve1. 

(U) Nominal values of command inputs and feedback inputs are again indicated 

by the diagram, with nominal being the full thrust at nominal mixture 

r atio condition (nominal equals 100 percent). The chamber pressure 
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(U) co1111&11d signal can be directly compared with the f~edback signal to aen­

erate the error signal that drives the control loop. In the case of the 

mixture ratio control loop, the connanded value of mixture ratio is 11Ulti­

plied by the normalized •Value of fuel flow 1eneratin1 a coManded norul­

ized oxidizer flow. This is co11pared with the normalized oxidizer flow 

measured, and the resultin& error signal is used to position the valves. 

The nominal value of fuel flow must be used as a 1ain 11Ultiplier for 

this configuration shown. The numerical 1ain fi,ures given in the sche­
matic were fo\D'\d to produce suitable transient response characteristics 

in the analog model. 

(U) The numbers presented in the schematic are for the main engine. For t he 

secondary engine, the assumption was made that loop gains will stay the same 

to obtain equivalent response characteristics; this means that only those 
factors that have a dimension of time (or its reciprocal) need be chaneed. 

Accordingly, K3 should be the same for both enaines because the ratio of 

turbomachinery time constants is approximately the same. The factors that 

will vary from the primary engine analysis are K2,. K5, T2, and the tiae 

constant cross transfer function. This time constant is the reciprocal 

of the oxidizer turbopump frequency or 1/4 (• 0.25). The value of t 2 
and K2 is directly related to the ratio of the fuel turbomachinery time 

constants for the main to secondary engines or 1.7/3.18 or about 1/2 the 

value of the main engine. The value of K5 is directly related to the 
ratio of the oxidizer turbomachinery time constants for the main to 

secondary engine or 4.00/9.08 or 4/9 the value of the main Pngine. Ade­

quate corroboration of these extrapolations were found by comparison of 

several preliminary analog computer r\D'\S of the secondary engine to the 

present closed-loop control aodel. The variation of these functions with 

power level are shown in Fig. 209 for the main engine and Fig. 210 and 211 

for the secondary eng ine. 
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(4) Controller Assembly Construc t ion 

(~) ro r engine t est ing , the thrust and mixture ratio controller assemblies would 

be located in t he cont rol center. Therefore, they would be packaged for 

conven tiona l rack mounting using high-quality comme'rical or military speci­

fication component s . To provide for ease of ser vicing and modification, 

modu lar assembly techniques would be used wherever possible . Components 

requ ired in the controller assemblies also are shown in the schematic . 

(U) An ope rat ion a I amp 1 i fi er modul e would contain two amplifier s and associ -

ated componen t s mounted on a printed circuit (PC) boar d. The amplifier 

1.iou ld be a IJa ta IJevicc Corporation model D-16 or equivalent . These ampli­

fie rs provide !ll volts at !2 . 2-milliampere output with a _d- c open-loop 

gain of 100 decibel s . Multipli er modules would contain two quar ter-square 

multipliers per PC board. Multipliers used woul d be Burr-Brown Research 

Corporation model 4029/25 or equivalent. These multipliers have an ac~ur ­

acy of 0 .25 percent and an output of ~S milliamper es at 10 volts . Switch­

ing logi c would be accomplished with sealed-contact reed r e lays similar 

to C. 0 . Clare & Co. model CR4MB-1007. The r elays would be mounted four 

to a PC card . Nonlinear function generation would be performed using com­

bi nations of the previous l y described amplifiers, multipliers, and conven­

ti onal Zener diodes. All module assemblies would be the same s ize and 

would plug into commercially avai l ab le card racks. 

(U) The val vc dri ver s ubassembl ies would provide the 400-cycle power for t he 

valves and should be located at or near the test stand (within 100 yards 

of the valve if possible ) . The driver assemblies will require approxi­

mately 100 watts of 11 5 volts, 400-llz power (single phase) per valve. /\ 

Westamp Incorporated model S-212 (or equivalent) modulator would be used 

to convert the d-c valve posit ion error signal t o a 400-cycle signal suit­

able to drive the valve s ervomotor. Power amplification (ac) would be 

pr ov ided by a Singer Company (Diehl Division) model TA-060 -OA-S00, 60-watt 

transistorized servoampl ifier or equivalent . 
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I. INTRODUCTION 

APPENDI X I 

ENGINE SYSTEM COMPONENTS FAI LURE MODE 

AND EFFECT ANALYSI S (FMEA) 

(U) A fai lure mode and effect analysis (FMEA) was performed for all the major 

component des i gns completed within the Task I effor t . The results of 

these analyses a re presented herein. 

(U) The purpose of the analysis is t o i nvestigate t he adequacy of a des ign to 

meet its requiremen t s by an asses sment of the consequences and potent ial 

seriousness of the possib le occurrence of each of the fail ur e modes on the 

successful oper ation of the engine and vehi c l e , and/or on the successful 

complet ion of t he pl anned mission . 

2 . SUMMARY 

(U) ll1e FEM.A. ' s perfonned for the system components consist of four maj or steps: 

( 1) component de~cript i on and function , (2) a lis ting of potential failure 

modes , (3) a listi ng of the possible causes of each failure mode , and (4) 

an evaluation of the ef fect on engine system oper ation, vehi cl e funct i ons, 

and/ or mission completion. Because of the lack of test hi s t or y on some 

of t he component s pr esented in thi s study, the analys i s is less detailed 

in those ar eas. 

(U) The probability of a potential failure mode occurring has not been included 

but could be assessed i n the futur e as data and experience with these compo~ 

nents become a\·a i l ab le. 

3. SYSTEM DESCRIPTION 

( U) The control system for each engine consists of two mai n propellant valves 

Blad two turbine control valves , The main propellant valves are located 

upstr~am of the turbopumps t o afford extended coast capability in space. 
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(U) The turbine control valves provide both thrust and mixture r atio control. 

The main propellant valves are pneumatically actuated, while the turbine 

control valves are electri cally actuated for position changes during engine 

operation as required by the c losed-loop control system. 

(U) Because of the reactive propellant combination, individual oxidizer and 

fuel system purges are required in addition to oxidizer pump seal purges. 

Oxidizer and fuel system helium purges are provided downstream of the main 

propellant valves on each engine to maintain the oxidizer system insert 

during start and to scavenge r esidual propellants during cutoff. For space 

coast capability, pneumatic system isolati on solenoid valves have been in­

corporated to ensure minimum_ pneumatic losses. 

(U) A schematic diagram of the overall engine system is shown in Fig . I-1. 

4. ANALYSIS PROCEDURE 

(U) The failure mode and effect analysis consists of five basic operations: 

1. Identification of components 

2. Description of component function 

3. Identify possible failure modes 

4. Identify possible causes for each failure mode 

5. Prediction of possible failure effect on engine, vehicle, and 

mission, coordinated as applicable by time of occurrence during 

mission sequence 

(U) The engine system subdivision that was used is shown below: 

l. Engine subsystems 

Propellant Inlet Ducts 

Propellant Discharge Ducts 

Turbine Inlet Ducts 
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447 



(U) 2. Control System 

Main Propellant Valves 

Turbine Control Valves 

Pneumatic System 

3. Turbopump Assemblies 

Oxidizer Pump 

Oxidizer lurbi ne 

4. Thrust Chamber Assemblies 

Injector 

Chamber 

Nozzle 

Mainstage Controller 

Start and Cutoff Controller 

Fuel Pump 

Fue 1 Turbine 

(U) lhe design of the various components accomplished did not provide suffi­

cient detail to identify all possible failure modes that might be peculiar 

to the individual designs or fabrication techniques. Some of the possible 

failure modes can be determined only through detailed engine system de­

sign and development experience. Those failure modes that are identified 

a re determined primarily from previous analysis of similar components 

designs. The possible causes are determined by a logical functional re­

view of the design layout drawings. 

(U) The following gr ound rules were adopted for implementation of the J-1.IEA: 

I. Structural failures and double failures are not considered. 

2. The effects of the various failures are determined based on the 

results of the various engine system analytical and computer model 

studies. 

3. Engine failure mode effects on the mission are based on the gen­

eral mission requirements. 

4. An engine restart subsequent to the failure is required. 

s. Engine shutdown caused by the failure is con5'dered a mission failure. 

(U) The analysis for the main and secondary enaines and their components is 

shown in Tables l-1 through 1-8. 
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flow control o f 
tur1>ine d r i ve 1as 
for t hrust and •h­
ture ratio control 
dur in& u insta1e 
and s tart and 
c uto f f 

P0H1bl ,. 
T)'l>e o f 
Fu lure 

F;u l, to 
c l os~ 

Fal ls t o 
open 

Eacess ive 
intemal 
leakap 

E,11ceni n 
•xt emal 
leaka1e 

lrreplar 
response 
and fall ­
"" to 
• intaln 
position 
coaands 

lABLE 1-2 

(C:0 !1t i nuc J ) 

ros 51bl e 
Fa 1: u r ,e, Ca us e, 

I. ~ie,ct1ve a c t ­
ua tor 

1 . EAc ess1ve aech­
anic al ~eslsta nce 
1n actuator drive 

3. Loss o f elec­
trical power t o 
ac tuato r 

, . Contaai nat 1on 

I. Defec tive, a c tu­
ato r 

l . Excessive • ch ­
anlca l resi stance 
In a c tuator dr i ve 

l. Lou of elec­
tr i c a l power t o 
actuato r 

I • . Faulty ball 
seal 

2. Faulty ball 
seal bellows 

1. Defective 
l seal 

2. Defective act­
uator shaft 
bellows sea l 

I . Faulty po ten ­
tl 011«' t er for feed -
back loop 

2. ucessive 
aKJ\anical 
resistance 

Pr ob(lblc 

Se q .~ lni 1ne, 

Fa i lur e, t ffr ct 

P I De t ected a nd repai red 
l durin i irou.,J c he,c l 

\c:,h 1.:lr f 
-.ion<" 

l En1 1ne cut o ff trans 1rnt 
wi ll be e atende,d-- aay 
daaaar T/ P brar 1ngs 

~one 

p I Detec ted and rrpa 1 red I 'lonr 
dur 1ni iround che c k 

s I En g ine wl 11 not St art Nonr 

M I Thnut or e1ature rat1 Sonr 
control c annot be 
accoaplished 

p I Detrc ted and repaired Sone 
durtni 1TOU11d chec k 

s I Possi ble r o tation of I Sone 
dry o xldi:er puap ;puap 
bearin& daaa1e 

C I Extended c utoff t ran- I ~ne 
s l ent ; u y daaa1e T/ P 
bcarln1s 

p I Detected and repai red I Sone 
durln1 around died 

I Sone S,M Poss lb I<' fin 

p Detected and npai nd I None 
durln1 1roun-J check 

S , C ! lrr-..plar sta_rt o r c ut~ None 
off transient; M y 
~e <'n1lne 

I Non<' M I lrn,ular respon1e to 
dlan1es in thrus t or 
a ixture rat i o 

I 
I 

I 
I 

I 

I 

I 

I 

"11:)S!On 

~one 

Rr s tart may not 
bl' .. It,..:, . "' V~d 

~ OOl' 

><bo r t 

Pos s ib le, . oor t 

Possible del a y 

Possible abort 

Restart aay not 
be achie•.-.. d 

None 

Possible abo rt 

Sone 

Uncerta l n 

Uncerta in 

P • pr.fll8'1t dled:out; S • start sequence; M • uinstap; C • c utoff; 0 • o ~ital cciu t 

Rrmarl, 

I 
Depe nds on c r1t 1cal i t r 
o f thrus t and availab le 
p rope 11 ants 
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lte• I 

Part No. I Fun< t1 n n 

lur o1ne Con-
t ro l Val ve 
(co nti nued) 

Pne~t 1c Reg- Soleno id va l ve t o 
u lato r Shuto f p rov1Je positive 
Va lve shutoff o f hi gh -

p rc•~urc hel 11.111 

s upply t o regu-
l ator ac tuating 
be I lows 

I I I 

Pou1b le 
Typt, o f I Po•s1ble 

..£!.:_l u re ~i lu_!:_fau.,se 

Opens 
earl) 

Cl ose s 
earl) 

Fail s 
open 

to 

Exce ssive 
lealalle 

Fail s to 
c lose 

--

~aulty elec tri cal 
o r ,on tro l lcr 
Sy!'>te= 

Faulty elec t r i cal 
o r .:ont ro llcr 
s ys lCOl 

I. Lo s s o f elec -
t ri CII I po,,;e r 

! . Defecti ve 
so lenoid 

l. Plugged inlet 
f1 It er 

I. De fee t I ve s cat 

2. Cont u11 nat1on 

!exces s i ve lllll' chan-
,ca l resi stance 

I I 

T -\BLE 1- 2 

(Co r,tinued ) 

<;c'l . 

C 

C 

r 

s 

p 

0 

p 

C 

r r ~~ ~~1 e f31l u r- f ff~c t 

Fng inc \rhu.· l~ 

Ma r c ause oa id1:r r r r 1,~nr 
o vcr s peed ind Jw:iagc. 
Poss1l:, le o,·ershoo t i n 
tllrust and o,uture 
r~t, o . Poss ib lr T/l 
Ja=gc 

~uel t u rb inc ,ont ro I '-on e.· 
,·a lv.-: "13) , 3u s e h i,th 
TIC m1 1turc r at 10 a nd 
cha:ib.-r d.10.:igc 

Ox1di:er t u rb i ne con- \ one 
t r o l ,·a 1'·<' : no .-fft-ct; 
early c u t o ff 

Detected and r epai r ed ~one 
during ground chcc • 

Fails t o a c t1 vatr pne u -.o"lc 
:,.at t c ~ystesa ; C..'\10 

val vcs wi 11 no t open ; 
c"lg1nc w111 not ~tart 

Oe teLtCd and repaired \ one 
during groun,I chec l 

Ha~· activa t e pneuma t I c '-o ne 
reiUl at o r conti nuous!) 

Dete c t ed and repaired l,onc 
during gr ound c hcc l 

Regulato r would rccia1nl,ont-
ac tivated 

p ~ r r~fl ii,ht .:hc,t..\lu:: S ~ st , rt <cqucr.~e ; ·1 • r_, i,s t1ge ; C • c,~· 1!!. 

u 1~s1o n 

J .,,, , 1" l c­

.1bo rt 

Rc,t3rt 
~'h.H t,., =· 
~1~ ..:1.1e1;pl 1 '>hcJ 

:-.on e-

-.on.-

'l1 s <io n 
.1hort 

\:on<" 

\: o ne-

I '-on<' 

I ~ .'.tn~ 

;;,.m.irl , 

\ o t•ifc-t if : u..t t u r t,,n.­
c ontro l ~pe n~ ~Jr}\ 

o rl>1tal c oast 

CS?) 
@ ) 
~ 
,n) 
c=:, 

(c=>J 
[iln] 
~ 
c=:;] 
c:=::, 

~ 
[r=1 

' 
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TABLE l -2 

-; (Continued ) 

,-. 

I i Possib l e , - Pro~.1~1, ra:l ure f !fec t 

lte• I Type of Po ssib le 

~ --Part No. Func tion Fa ilure Fa i l ure C3u1e Sc . ~1ne Vehi c l e ~ 1ss1on I Rc:_~rh 

Pneuaat 1c l n,1s re 11Ul &t or con lli 1h out ' · RupturcJ <; ,'l , ( lh gh p re ssure.- wou lJ tie r I etc.- Po» itil e 

SyHe• t ro ls helium down - put bel lo"'s c :ausc.- re ltef •;11l ve t ambient .1\lort 

l e iula t , r st re u pres,ure t o z. Lea,i nii 
open. Conti~ueJ hig hc.-1,w:, 

750 ~SO psl a with p ressure would c au•c.- •uppl, 

deaands fro• 0 to 
poppet va I ,,e hel1wn depletion 

0 . 12 l b/se c with 3. Pl uqed con• 
an i nle t pressure pnis at 1ng 

(52) 
fro• 3600 t o pressure port @) 900 psia Lo,. out - Plug1eJ in let ,; Eni I ne pneumat I c " '•- , one ~bor t 

@) put filter t em 1no~ r;itive; Cci?J 
~ 

engine - ould not s tart 
~ 

CviJ Low- Pressur-: The relie f va lve Fat Is t o Ruptu1 :d bellows p Detec t ed and rc.-paired '-one , one- Cvi) 
c=> 

Re lie f Va l ve i s l oca ted open and durin& irr ound checl c:::::, 

[~~ 
directly down- rel 1eve S ,M,C Could cause l ine rup• licplct.: Po•s 1h l " Thi> would requ1rc :a doublr c~) 
s tre .. of the pres tur e and/ or s,ea I he I I Ull abort fa1 lure 

(ruiJ ~ sure re sulator . dasae c.- supph· (iviJ 
The va lve 1s de -

~ si &ned to s tart to Fa! u to Brol en spring p Detect ed :and repai r ed '-;onr ,;onr ~ 
~ 

open at 815 psi & c l ose dur1n& eround checA ~ 
and be ful l y open a:·ter S , '4 ,C Could cause depletion Dcplc.-te Possible 

c=:, at 900 psi s . This r r l1evin1 
c:::::, 

B> wi ll ensure t hat 
o f hel 1wn supp ly :anJ hel 1ua abort ~ 

t he downstre .. 
inoperative pnrW11at1 c suppl v 

' \ (F pressure wi l l no t 
s ys t e• (P 

exceed 900 ps 11 if Exccss1v 1. 0 a• a ged p Detected and repaired '-onf! \ ont! 

the n!l'J l ator l e akaee poppet scat dur ine ground check 
fuh 

1 ~ Cont amina tion S .M.C Could c a.us e dc plet ton I Deplc.-te I rosslb le 
o f hel 1ua supply and hcl1ua abort 
Inope rat ive pncuaatic supp l y 
S ) st ea 

., 

P • prcfl i eht checkout ; S • sta rt sequence ; :t • .,..1nst;ige; C • cutoff; 0 • orbital coast 
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lte• I 
Part No. 

aine Pneu­
tic System 

solation 
alve 

~

uel Syste• 
Puree Solenoid 
alve 

Possible 
Type of 

Functinn I Fa i lure 
This valve pro- I ·Fails to 
vides a means o f open 
shutting off the 
helium flow to the 
engine not i n use 
(i .e. , main or I Opens 
secondarv) pre-

The two-way sole­
noid valve con­
trols the purge 
1as flow to the 
engine fuel system 
during start and 
cutoff 

maturely 

Fails to 
close or 

excessive 
through 
le,.~age 

Closes 
pre­
maturely 

Fails to 
open 

Opens : 
pre- ' 
maturely 

Possible 
Fai lure Cause 
l . Faul ty 
so l .:noid 

~- Pl ugged bel ­
lows inle t port 

Fault)' e lec tri ­
cal contro lle r 

'• O•=god popp•1 
2, Contami nation 

3. Excessive 
mechanical 
resistance 

>. Cos s of •l••-1 trical power 

2. Faulty elec -
trical controlle 

Faulty solenoid 

Faulty delay I t:irner 

,.. 

TABLE I-2 

(Continued) 

r rohabl e Failure Effect 

'-e9. . , En i ne Vehi c le 
POet ect ed and r epaired :Sone 

during ground check 

s ! Engine ~ou ld r.ot s t a rt I ~one 

P t oe tec ted md repaired 
' . ..during ground check 

s t o e ffec t 
p Detec t ed and r epaired 

during ground check 

M lleliUJ:1 l eakage would 
escape through the 
inoperative engine oxi 
di zer turbopump seal 
cav ity 

C No effect; regulator 
shutoff valve would 
provi de positive cutof 

p Detected and repaired 
duri ng ground check 

s,c Insufficient purge ; 
possible engi ne damage 

p Detected and repaired 
during ground .check 

C !Res idual hydrogen in 
the thrust chamber 
would not be expelled 

p ! Detected and repaired 
during ground check 

C Purge injection pres-
sure is higher than 
fuel tank pressure; 
therefore, the purge 
gas could stop the fue 
flow and cause the he-
liUII purge to back up 
into the fuel tank. 

(continued) 

!\one 

:'<one 

l:ventual 
loss of 
pncuma t i 
helium 
supply 

None 

None 

1\one 

None 

None 

None 

Helium 
could be 
forced 
back intc 
the main 
fuel tanl 

~ic;.c;.; n n 

:-.!one 

I ~one 

);one 

~one 

Poss i b le 
abor t 

None 

Sone 

Pos s ibl e 
abort 

Sune 

None 

None 

I None 

R.rm...1.rk ~ 

Hydrogen would vaporize and 
eventually be expelled. Fuel 
purge may not be necessary 
on fl i ght engine 

p preflight checkout; S start sequence; :1 = r-,,iinstage; C cutoff; 0 orbital coast 
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lte• I 
Part Ho. 

Fuel System 

I

Purge Solenoid 
Valve 
(continued) 

!

Oxidizer Sys­
te• Purse 
Solenoid Valve 

I 

Funct ion 

The t wo-way sole­
noid valve con­
t rols t he purge 
aas flow to the 
enaine oxidizer 
systea durina 
start and cut off 

Possible 
Type of 
Failure 

Possibl e 
Failur~ Cause 

Fails ta !Excessive mechan-
close ical resistance 

Closes 
pre­
maturely 

Faulty delay 
t'imer 

Excessive ll. Damaged seat 
l eakage 2. Contamination 

Fails to jFaulty solenoid 
open 

Opens pre1Faulty delay 
uture l y timer 

Fails to 'Excessive mechan-
c l ose ical resistance 

s .. a. 

( 

TABLE I-2 

(Continued) 

Probable Failur" Effect 

Fnoine 

High T/C mixture ratio 
and T/C damage could 
occur 

Vehicle 

P ! Detected and repair~d INnne 
during ground check 

(. 

t> 

C 

M 

p 

s 

p 

s 

None I None 

Detected and repaired INnne 
during ground check 

Insufficient purge; !None 
some residual hydrogen 
would remain 

Helium would leak intolEventual 
engine fuel flow loss of 

heliwn 
purg" gas 

Detected arid repair"d 
during ground check INone 
Loss of oxidizer purge None 
coul d r esult in engine 
da• age during start 

Detected and repaired INone 
during ground check 

No effect None 

~i~<.ion 

None 

None 

Non" 

None 

Uncertain 

None 

~bort 

None 

None 

S I Higher pressure oxi- Heliaa I Possible 
dizer system purge pur ge gas abort 

C 

may hold back oxidizer would flo• 
f l ow and aliow helillll into oxi-
to hack up into oxi- dizer t~ 
dizer tank. Engine 
would not start. Lim-
iter switch would 
i:'\itiate cutoff 

No effect; engine sys-lNone 
t em isolation valve 
~ouldJ>rovide positive 
cutofr 

None 

Remarks 

R"gulator shutoff valve or 
engine isolation valve would 
provide shutoff 

Residual hydrogen would 
vaporize 

p pi-cfi i ght checkout; S $tart sequence; n r:.1:c1s tagc; C cut o ~f : 0 orbital coast 

.. 
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ltea I 
Part No. 

Oxidizer Sys­
tea purse 
Solenoid 
Valve 
(continued} 

Check Valves 
(2 requ1 red} 

\._. 

function 

The check valves 
are located i n the 
propellant purse 
lines downstreaa 
of t he purse sole ­
noid valves . The 
check valves pro­
tect t he solenoid 
valves from 
exposure to the 
respective 
propellants 

Possible 
Type of 
Failure 

Possible 
Failure Cause 

Closes !Faulty delay 
pre- t 1111er 
maturel y 

Excessive l l. Damased seat 
l eaka&e 

Fails to 
open 

Fails to 
close 

l 

2. Contaminat ion 

Excessive mechan­
ical resis t ance 

Excessive mechan­
ical resistance 

TABLE 1-2 

(Concluded) 

Se 

p 

s.c 

M 

p 

s,c 

p 

Pro~able Failure F.fft'ct 

F.n ine I Vt'hic l<' 

Detected and repair<'d lsone 
dur1n& &round ch<'c~ 

I Insuff icient pur&e; INnne-

possible engine damage 

I liellWII would leak intJ'l:one 
ena ine oxidizer flow 

Detec ted and repaired 
dur ing 1rowid check 

En&ine pur&e 1as wil l 
not flow; loss of o~i-
di zer pur&e could 
cause en1ine daaa1e 

Sonr 

None 

Non~ Detected and repai red 
durin& around check 

M ! Propellants are l sone 
allowed to f low back 
up to system pur ee 
solenoid valves ; may 
da..ma&e oxid izer pur ge 
solenoid valve 

p preflight checkout; S start sequence ; ~ ~d•nstage ; C • cutoff ; 0 

----- ~-

"fission 

Nonl" 

Possib le 
abort 

Uncertai n 

~nnr 

Poss ible 
abort 

Possible 
abor t 

Sonc 

orbital coast 

Remarks 
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Item and 
Part No. 

Fuel Turbopump 
Assembly 

Fun ct ion 

Possible 
Type of 
Failure 

Fuel t.:rbop..,,p isl Failure to 
a centrifugal start 
pump with direct 
turbine drive and 
is equipped with 
a seal purge and 
drain system. 
Pump is lubri-
cated with t he 
propellant and 
its function is 
to increase the 
pressure of the 
fuel and prope l 
the fluid 
through the cool­
ir.g jacket to the 
injector. The 
turbine is a t wo-
sta&e velocity 
compounded Curtis 
type. The drive 
gas is heated 
hydrogen fr011 the 
thrust chamber 
re11enerative 
cooling Jacket 

Fails to 
achieve de­
sign output 
in speci­
fied time 

TABLE I-3 

HAIN ENGINE--TIJRBOPUMPS 

Possib le 
Failure Cause-

I. High torque be­
cau.se of frozen or 
misaligned bearing 
shaft o r seal 

2. Turbine control 
valve f ails to open 

3. Turbine spin 
valve fails to open 

I . High torque 

2. Turbine cont ro l 
valve fails to open 
completely 

3. Excessive down­
stream fuel 
resistance 

4. Excessive turbine 
flow resistance 

1. Oxidi:er explo­
sion or st rJctural 
failure of p<af or 
turbine 

2. Turbine cont-JI 
valve c'loses 
prematurely 

3. Turbine drive ias 
leakage 

4. Bearing failure 

s .. q . 

p 

s 

p 

s 

M 

M 

Probable Failure Effect 

Eni; ine Vehicle 

Detected and repaired dur- Sone 
ing ground check 

I Engine wi 11 not start I None 

Detected and repaired dur- ! None 
in& ground check 

Engit:~ cay not start or may 
not ach ieve desired thrust 
and/ or mixture ratio 
thrust chamber damage aay 
occur 

Desired thrust and/or mix- lsone 
ture ratio may not be 
achieved. Thrust chU1ber 
damage may occur 

Engine will shutdown pre- INone 
maturely with certain daa-
age to the thrust chaaber 
due to lack of coolant flow 

Miss ion I 

None 

I Abort 

Non&! 

Possible 
failure 

Possible 
fa ilure 

\.. P - Prefli&ht checkout; S - Start sequence; M - !1ainst•ge; C - Cutoff; n - O\'hit• l Coast 

• .. 

Reaarlts 
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I tern 3nd 
Part .\:o _ 

Fuel Tur bopump 
Assembly 
(continued ) 

C 

Function 

Poss ible 
Type o f 
J:'.ai lurl' 

Ove rs peed 

Underspeed 

In t ernal 
shaft sea l 
leakage 

External 
hot- gas 
leaka2e 

Possible 
f:1i lur l" Ca.use 

1. Loss o f 1 i quid 
fue 1 input 

2. Ruptured high· 
pressure d uc t 

3. )talfunctton o f 
engine star t 

J. ~\al fun c tion o f 
overspecJ cuto ff 
nct.,,_or~ 

l. Loss of tu r bine 
h i :ides 

c . !lot gas leakage 

3. Tur bine cont r ol 
valve fails t o 
open completelr 

1. Damage t urbopump 
seal package 

I. Damage duct o r 
flange s ea l 

TABLE I-3 

(Cont inue<l ) 

5eq. 

s 

s 

)I 

S ,)1 , 
C 

S ,)1, 

C 

Pr ol:,ab le ,ai lure ~ffect 

!:nRtne 

Possible damage t o fuel 
t u rbop1.m1p 

\ e hiclc 

Possib l e 
1->SS o f 

P?ssib le spike in chambe r Possible 
pressure • i t h subsequen~ C"arly de -
structural damage to thrust ple11on ~f 
ch.unber I anl.e<l 

fut.• 1 

Slo"" engine start may 
occur . lllgh thrust chaa,­
bcr mixture rati o oay 
occur with subsequent dru:i ­
age t o the t h rust chamber 

High o per ating mixture 
ratio may occu r - ·1t"h s ub­
sequent damage t o the 
r h rue; t c-ham.he r 

Probabl e failure o f 
turbopump 

Reduc ed turbine po~er 
avai l able with subsequent 
reduc t ion in thrust or 
mixtun• rati o 

Sonit." 

Possible 
ea r ly de­
pletion o f 
tanl.<-d 
o x iJ1:er 

!\one 

~one 

~hss1on 

Possible abort 

Possib le 3bo rt 

Uncertain 

Possible abort 

Poss 1 b 1" abort 

Possible abort 

Re1narl.s 

Fue l pump speed must be 
limi ted Jurin• plDp p rimint 
t o assure p roper b~aring 
coo: in, and lubr1cat1on 

Cont r o l sy s tea, • l 1 1 adj ust 
t o ~a1n ta1 n connand mixture 
rat 1 0 and t hrust valv~ but 
Jepe nJin, on the seriousness 
o f thr failure . the requ1reJ 
corr«~c t 10n a.ay e>.cccd t he 
cont r o l syst em c:mrponcnt 
c apability 

r 
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Poss i ble 
I t co and Type o f Possible 
Part :-:o . ~unction F:ii lu re Failu re Ca use 

OxiJi :er Turbo- The o xidi zer Fa i lure t o I. ll i gh to rque be -
pump Assembly turbopump i s a s tart c ause o f fro : cn or 

cen t rifugal pump misa l i gne d bea r ing 
1,;ith d irec t t ur - sh:ift o r seal 
b ine dri vc and is : . Turb ine contro l 
equi pped ~•i th a valve fails to open 
sea I purge and 
drain s ystem. 

completel y 

The pump is se lf 3 . Turb int! spin 
l ubricated with valve fails t o open 

(s2) 
(§) 

~ 
,ii) 
c:::::, 

[c:,J ~ 
[iuiJ .... 

~ 
~ 
c:::::, 

\ ~ 
[? 

the prope 1 1 ant 
and its function I. lligh t orque 
is to inc rease 1 . Turbine contrc l 
the pressure o f valve fails t o open 
the oxidi:cr and 
prope I the fluid 

completely 

through the high- 3 . Ex cessh•c do-..-n -
pr essure duc ting stream oxidi,er 
t o the chamber. resistance 
The turbine is a 4. Excess i ve. turbine 
t wo-stage veloc - flow resistance 
ity compounded 
Curtis type. The I. Oxidizer explo-
drive gas is low 
mixture he:ited 

sion or structur:il 

hydrogen from the 
failure of pump o r 

thrust chamber 
turbine 

regenerative cool 2 . Turbine cont rol 
ing jacl:et valve closes 

prematurely 

3. Turbine d rive 
gas leakage 

4. Bearing failure 

TABLE I-3 

(Continued) 

Probab l e ; a , lu re Effect 

Seq. l:nginc \"eh1.:l e 

p Dete c ted and re p;ureJ <lur - .\:one 
ing grorn,d c ht'd 

s Eng i ne wi 11 not start Sonc 

p nctect cd and rcnaired dur-
i ni g r ornid d,cck 

Sone 

s E.ng i ne may not start o r Sone 
rnay not ach i eve dcs i r~d 
thrust ~,d/ o r mi xtu re r a t io 

~~ Desired t h rust and/or nix- :-one 
turc rat io m:iy not ~ .. 
achie,·ed 

~l Engine •· i 11 shutdo..-n p re - Sane 
maturely with pos sib le dam-
age to oxidi :er pu,:,p 

Miss ion Rt'marl.s 

Sonc 

Abort 

Sonc 

Poss ib le abo rt 

Possible 
failure 

Pos sible abo rt 

;,. J. 
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Item and 
Part No . 

Oxid i :er Tur bo­
p...,p Assembly 
(continued) 

Function 

Possibl e 
Type of 
Failure 

Overspeed 

Underspeed 

Internal 
s haft seal 
l eakage 

External 
hot -gas 
leakage 

l C -

TABLE I-3 

(Concluded) 

Poss ib l., 
Failure Cause 

Probab le Failure Effe c t 

1. Loss of 1 iquid 
oxidi:e r input 

2. Ruptured high 
pressure duct 

3. ~lal func tion of 
engine start se­
quence or mai~stage 
control !er 

4. Malfu.~c t ion of 
overspeed cutoff 
network 

I. Loss of turbine 
blades 

2 . !lot -gas leakage 

3. Turbine cont r o l 
valve fails to open 
fully 

Seq . 

<; 

l-1 

s 

~I 

I . 03Jllaged turbopuapl S ,fl, 
s e al package C 

l. Damaeed duct or 
flange s eal 

S,M. 
C 

Engine 

Possible high thrust cha&­
be r mixture ratio during 
start t ransient and subse ­
quent t hrust chambe r and/ 
o r oxidi:er pump damage 

Possible high th rust cham­
ber mixture ratio and sub­
sequent damage t o t h rust 
chamber and oxidi:er pWllp 

Sl ow engine star t may 
rt'SUl t 

Low opcrat in~ mixtu r e 
rati o may occur 

Pr obable fa ilure of 
turbopump 

Reduced tu rbine power 
available with subsequent 
reduction in thrust o r 
mixture ratio 

\'ehicle 

Possib le 
loss o f 
t anl.ed 
oxiJ i ur 

Possible 
l oss o f 
t anl.ed 
oxidi:er 

Sone 

Possib le 
early de­
p letion of 
tanl.ed 
fu~t 

.~one 

None 

!-t is~.i o n Rema rl. ~ 

Possihll" a hor r l t.:ontrol syst~m wi ll adjust 
to maintain comr:11and mi•ture 
ratio anJ t h rust value, but 
with t hese failure s the r e­
qui red corrt'cti on may exceed 

p . b l b I the control system component 
asst e a ort c apab i 1 i t )' 

Uncertain 

Possiblt' abo rt 

Probab le abort 

Po~sih l~ a.b~ rt 
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lt"11 and 
Part No. 

Thrust Chaaber 
Asse• bly 

Possibl" 
Type of 

Fun ct ion Failure 

Assembly consists SI ight 
o f injector and internal 
rcgencrat i ve ly leakage 
cooled thrust 
chamber whose 
fun ct ion is to 
efficiency ccn-
vert the products 
of colllbustion of 
the prope II ants 
into directed 
thrust Slight 

external 
leakage 

Obst rue-
tion of one 
invector 
orifice 

P - Preflight checkout 
S - Start sequence 
M • Mainstage 

TABLE I-4 

MAIN ENGINE--THRUST CHAMBER ASSEMBLY 

Possible Probabl" Failur" Effec t 

F ai I ure Cause Seq. Engine Velucl" 

l'Thermal fatigu-: vr s De layed start None 
111ate~ial deficiency 

~t Shift in engine contro ls Propel !ant 
and thrust alignment bias and 

reduced 
control 
capability 

C Shi ft in engi ne thrust Reduc"d 
alignment durin2 cut off control 

capab i I ity 

~aterial deficiency s ,c , Shift i n en2ir.e controls Propel !ant 
M bias 

Contaaination s,c. Sone Sane 
M 

C · Cutoff 
0 - Orbital Coast 

Miss ion Remar~s 

Pos51ble abort 

Possible 
p ropel !ant 
depl.,tion 

Sone 

Possible 
propel !ant 
deplet ion 

Son~ 

r - .ii! ,· ... 
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Item and 
Part No. 

Duct; Oxidizer 
Pump Inlet 

Duct; Oxidizer 
Pump Discharge 

Duct; Fue I PumF 
Inlet 

Duct; Fuel Pl.Inf 
Dischatge 

Duct; Turbine 
Control Valve 
Inlet 

Duct; Turbine 
Inlet 

Possible 
T~ of 

Function Failure 

Inlet duct car- Slight 
ries .oxidizer external 
from main valve leakage 
to Pl.DP 

Discharge duct Slii;ht 
carries oxidizer external 
from pump to in- leakage 
jector oxidizer 
inlet manifold 

Inlet duct car- Slight 
ries fut' I from external 
main valve to leakage 
fuel pump 

Inlet duct car- r;ig?lt 
ries fue 1 f rom external 
Pl.DP to i njector leakage 
fuel inlet 
manifold 

Control valve Slight 
inlet duct car- external 
ries turbine leakage 
drive gas from 
thrust chamber 
tapoff to TCV 

Turbine inlet Slight 
duct carries tur- ex-ternal 
bine drive gas leakage 
from TCV to tur-
bine inlet 

TABLE I -5 

SECONDARY ENGINE- -SUBSYSTEM 

Possible 
Probable Failure Effect 

Failure Cause Seq. Engine Vehicle 

;,1an2e seal leakage p Detected and repaired dur- None 
ing ground checks 

s,c. Shift in control range Propellant 
M bias 

Flange seal leakage p Detected and repaired dur- Sone 
ing ground checks 

s,c. Shift in control range Propel h:it 
~I bias 

Flange seal leakage p Detected and repaired dur- None 
ing ground checks 

s,c , Shif~ in control range Propellant 
M bias 

Flange seal leakage p Detected and repaired dur- None 
ing ground checks 

s,c, Shift in control range Propellant 
M bias 

Flange seal leakage p Detected and repaired dur- None 
ing ground checks 

s,c, Shift in control range None 
M 

Flange seal leakage p Detected and repaired dur- None 
ing ground checks 

s,c, Shift in control range None 
M 

ftission Remarks 

Sone Final configuration will be 
all welded construction 

Possible 
propel I ant 
depletion 

None Final confi guration will be 
all welded construction 

Possible 
propellant 
depletion 

None Final configuration will be 
all welded construction 

Possible 
propellant 
depletion 

None Final configuration will be 
all welded construction 

Possible 
propellant 
depletion 

• 
None Final configuration vill be 

all welded construction 

May Ulllit 
capability 

None Final configuration will be 
all welded construction 

May liait 
~apabi lity 

r 

Cs2) 
(§) 
~ 
,ii] 
c:=::, 

(c:=,J 
[iuiJ 
~ 
~ 
c:=::, 

~ 
[? 

.... 

, , 



\ 

~ 
<§> 
~ 
~ 
c=, 

C-=-) 
liiiiJ 
~ 
c=;) 
c=, 

S:J 
[i=' 

4:. 
0\ 
u, 

t 

Possible 
Item and Type of 
Part No. Function Failure 

Duct; Turbine Turbine discharge Slight 
Discharge duct carries tur- external 

bine exhaust from leal<age 
turbine to base 
manifold 

Heat Exchanger; Heat exchanger Slight 
Oxidizer Tank heats oxidizer external 
Pressurization tank pressuri za- lealcage or 

tion gas to min- obstruction 
mize mass flow 

Heat Exchanger; Heat exchanger Slight 
Fuel Tank heats fuel tank external 
Pressurization pressurization l eakage or 

gas to minimize obstruction 
mass flow 

P - Preflight checkout 
S - Start sequence 

C - Cutoff 
o - Oruital coast 

M - ~tainstage 

Possible 
Failure Cause 

Flange seal leakage 

Flange seal leakage 
or contamination 

Flange seal leakage 
or contamination 

( 

TABLE I-5 

(Concluded) 

Probable Failure Effect 

Seq. Engine Vehicle 

p Detected and repaired dur- None 
ing ground checks 

S,C, None None 
M 

p Detected and repaired dur- None 
ing ground checks 

S,~1 Possible P"""P cavitation Loss of 
tank 
pressure 

p Detected and repaired dur- None 
ing ground checks 

S,H Possible plllllp caviation Loss of 
tank 
pressure 

Mission Remarks 

None 

None 

No;1C" 

Possible abort 

None 

Possible abort 

.... 
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l te• and 
Part No . 

Main Oxidizer 
Valve 

TABLE I-6 

SECONDARY ENGINE--CONTROLS 

Function 

Possible 
Type of 
Failu.re 

The main oxidizerlFails to 
valve is a nom· open 
ally closed, 
poppet-type valve 
operated by pneu-
aat ic system pres· 
sure . The ~•Ive IFails t o 
i s located 1n the close 
low pressure pro-
pellant inlet 
duct and provides 
positive shutoff 
capabi l ity during 
periods when the 
engine is inoper - Exce~sive 
ative and durin& oxidizer 
fuel lead portion throu&h 
of the engine leakage 
start transient 
and at engine 
cutoff 

External 
oxidizer 
leakage 

Erroneous 
position 
indicat ion 

Possible 
Fa.;. lure Cause l5eq. 

l. Insufficient I P 
actuator pressure 

2. Excessive helium I S 
leakage around actu­
ator piston 

Binding of actuat or I P 
mechanism 

C 

Poppet seat damage IP 
or contamination 

0 

l. Defect ive Naflex IP 
seal 

2. Defec tive bellows o 
seal 

1. Malfunct ion in I P 
electrical systea 

2 . Faulty a icroswitcl 

Opens earlylMalfunction in ~eu- ~.C 
Closes aatic systea 
early 

Opens late 'Malfunction in sta.rt 
Closes l ate and cctoff controllei 

Probable Fai lun Effect 

Engine Vehic le 

Detected and repaired dur- ! None 
ing ground check 

Engine wil l not s tart INone 

Detected and prepaired dur -l None 
ing ground check 

Extended cu• 'f impulse; 
possibl e th1ust chamber 
burnout 

Possible 
fire 

Detected and repaired dur- I None 
ing ground check 

May accumulate oxidizer 
in t hrust chamber and 
i .nterstage 

Possible fire 

Possible fi re 

Possible fire 

Detect ed during prefli&ht 
cl,,-d 

Loss of 
oxidizrr 

Possible 
fi rr 

Possibl e 
fire 

Possible 
fire 

None 

Open~ early or closes late;INc~e 
• ay cause hi&h thrust cham-, 
ber aixture ratio and cham-
ber da• age 

Opens late or c lose s early; 
no effect 

P • P.reflight checkout; S • start sequence ; M • aai nstaee; C • c-utoff; O • orbital coast 

-

Mission 

None 

Abort 

Non~ 

Gr eater than 
targeted im­
pulse would be 
obtained 

Possible delay 

Foss i ble abort 

Possibl r abort 

Possiblr abort 

Possible abort 

None 

Uncertain 

Remar;L.s 

Prior t o :anking propellants 

C 
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It- I 
Part No. 

~ft Fuel 
Valve 

Possible 
Type of Possible 

F1111cti011 Failure Fai lure Cause 

l}le uin fuel Fails to l. Insufficient 
valve is a non- open actuator pressure 
al.ly closed, 2. Excessive poppet-type valve 
operated by pneu- helhm leaka1e 

around actuator utic syste• pres- piston sure. The valve 
is located i n t he Fails to Bindin& of actu-
low-pressure pro- close ator • echanis• 
pellant inlet duct 
and provides posi-
tive shutoff capa-
bility durina 
periods when t he 
uin en1i ne is i n- Excessive Poppet seat du-
operative and . t fuel aae or contuina-
cutoff. throuah tion 

leaka1e 

External l. Defective 
fuel INaflex seal 
leaka1e 2. Defective 

bellows seal 

Erronec.us l. Faulty • icro-
position switch 
i ndicati.01 2. Malfunction in 

~lectrical syste• 

Opens Malfunction in 
early pnetaatic systea 
Closes 
early 

Opens lat« l<talfunction in 
Closes start and cutoff 
late ~ontroller 

TABLE 1-6 

(Continued) 

Probable Failure Effect.-

.,_ . F.n•ine Vehicle 

p Detected and repaired None 
durin& 1round check 

s En1ine will not start None 

p Detected and repaired None 
durin& around check 

C Extended cutoff i111puls, Possible 
depletior 
of fuel 
supply 

p Detected and rep~ired 
durin& around check 

0 None Possible 
depletior 
of fuel 
SUJ)ply 

p Detected and repaired 
durin1 ,round check 

0 None 

p Detected and r:epaired None 
durina preflisht check 

p Detected and repaired 
durin1 prefliaht check 

s No effect 

C Closes early-poss{bl e None 
hiah T/C aixture ratio 
and chuber da• ase 
Closes late-excessive Excessi v1 
hydro1en usaae at Ut2 usa11 
cutoff 

~ 

·-
Mission Re-rks 

None Prior to tankin& propellants 

None 

None 

Possible 
abort of 
subsequent 
• issions 

Possible 
abort 

None 

Possible 
propellant 
shortage 

P • preflight checkout; S • s tart sequence; ti • l'l.linstage; C = cutoff; 0 • orl>ital coast 
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Part No. 

h-urbine Con­
ltrol valve 
(2 req: 1 fuel 
land 1 oxidizer 

Func:t ion 

The turbine contro 
valve is a vari­
able position, 
ha l l-t ype valve 
actuated by an a-c 
motor through a 
planetary gear 
system. The valve 
provides f l ow con­
t rol of turbine 
drive gas for 
t hrust and mixture 
ratio control dur ­
ing mainstage and 
start and cutoff 

Possible 
Type of 
Fai l ure 

Possible 
Fai lure Cause 

Fails to 11. Defective ac t-
open uator 

2. Excessive mech 
anica l resistance 
in actuator drive 

3. Loss of e l ec­
trical power to 
actuator 

Fai l s to ,1. Defective act-
c lose uator 

2. Excessiv~ mech 
anical resistanc:e 
1n actuator drive 

3. Loss of elec­
trical power to 
actuator 

4. Contamination 

Excessive 11. Faulty ball 
interna l seal 
l eaka11e 2. Faulty ball 

seal bellows 

Excessive 11. Defecti ve 
exte rnal K-sea l 
leakage 2. Defective act ­

uator shaft 
bellows seal 

lrre11ul artault y potenti­
response meter for feed­
and fai 1- ack loop 
ure to 
aaintain 
position 
c:-nds 

TABLE 1-6 

(Cont inued) 

Probable Failure Effect 

s .. o . 

p 

s 

M 

p 

C 

p 

s 

C 

p 

F.noin~ 

Detected and repaired 
during ground check 

Engine will not start 

Vehic:le 

None 

Sone 

Thrust or mixture ratid None 
control cannot be 
accomplished 

Detected and repaired I None 
during ground check 

Engine cutoff transien• None 
wi l l be e xtended--may 
damage turbopw.rp 
bearings 

!Det ected and repaired None 
during ground check 

! Possible rotation of !\one 
dry oxidizer pUlllp; 
PUIIIJ> bearing dama11e 

! Extended cutof f trans- None 
i ent; aay damage 
turbopuap bearings 

! Det ected and repaired None 
dur ing ground check 

S,M I Possi b le fi re None 

P ! Det ected and repaired None 
during 1round check 

s.c I Irre gular start or cut! None 
off t r ansient ; aay 
dallla11e engine 

(cont inued ) 

Mission 

None 

Abort 

Possible 
abort 

None 

Restart may 
not be 
achie ved 

Possible 
delay 

Possible 
abor t 

Restart may 
not be 
achieved 

None 

Possible 
abort 

None 

I Uncer tain 

R .. m.ar k s 

Depends on criti cal itr of 
t hrus t and available 
propellants 

P s pre fl ight checkout; S start sequence ; !I • r,.tinstage; C • cutoff; 0 orbital coast 
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rt .. I 
Part No. 

:T\lrbine 
~ontrol Valve 
(continued) 

•atne Pneu-
- tic Syst-
Isolation 
Valve 

Possible 
Type of Possible 

Function Failure Fai lure Cause 

Opens faulty electrical 
early or controller 

lsyste• 

Closes Faulty electrical 
early or controller 

lsyste• 

111is val ve pro- Fails to 1. Faulty 
vicles a •ens of open solenoid 
shuttina off t he 2. Pluuecl inlet heliia flow to the 
npne not in use port 

(i.e • • u i n or Opens pre Faulty electrical 
secondary) u turely controller 

Fails to 1. Dau1ed poppet 
close or 
eJ1cessive 2. Contaaination throuah 
leakaae 3. l:xcessive 

• echanical 
resistance 

Closes l. Loss of elcc-
pre- trical power 
•turely ~. Faulty electri 

lcal coatroller 

( ,. -
\ ' 

TABLE I-6 

(Continued) 

-
Probable Failure Effect-

Sen . Endne Vehicle 

M lrre,ular response None 
to chan1es in thrust 
or • ixture ratio 
co-ds -

6 May cause oxidizer None 
turbopuap overspeed 
and dau1e. Possible 
overshoot in thrust 
and • ixture ratio. 
Pos sible T/C daaa1e 

C Fuel turbine control None 
valve aay cause hi&)I 
T/C • ixture ratio and 
chuber dau1e 

C Oxidizer turbine con- None 
t rol valve: ,no effect 
early cutoff 

p Detected and repaired None 
durina around check 

s En&ine vould not start None 

p Detected and repaired 
durina ,round check 

s No effect None 
p Detected and repaired None 

durina aroun4 check 

M Heliua leaka,e vould Eventual 
escape throup the in- loss of 
opentive enaine oxi- purse 
dizer turbopulllp seal heliu• 
cavity supply 

C No effect: re,ulator None 
shutoff valve ,oould 
provide positive cutd!I 

p Detected and repaired None 
durin& an>und check 

s,c Insufficient puree; 
possible en1ine dalaaae 

None 

Mission lteurks 

Uncertain 

Possible No effect if fuel turbine 
abort control opens early 

Restart aay 
not be 
accoapl ished 

None 

None 

None 

None 

None 

Possible 
abort 

None 

None 

Possible 
11bort 

P • rrcfli.11,ht ched.out; S • s t:lrt sequence; II • r,.1ins tage; C • cutoff; 0 orbital coast 
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ltea I 
Part No. 

Euel Systea, 
rae 
l enoid Val ve 

C 

Function 

l'ossible 
Type of 
Failure 

Poss ible 
F:1• lure Cause 

The two- way sole- !Fails t o 
noid valve con- j<>pen 

.,aulty solenoi d 

trols the purge ga: 
flow to the engine 
fuel systea, during 
start and cutoff 

h,ens pre-"au It y de I ay ti me1 
~turely 

k
'Fai ls to 

lose 
~xcessive mechan­
~cal res istance 

lc1oses pr. aulty delay time: 
hllturely 

IExcessive ~ - Damaged seat 
leaJtaae b. Contamination 

TABLE 1-6 

(Continued) 

Seq. 

p 

C 

I' 

C 

p 

C 

p 

C 

M 

r roh~b le Fa i lure Fffec t 

Fno;nP. 

Detected and repa i red 
duri ng ground che ck 

Residual hydrogen i n 
the thrus t chamber 
would not be e xpelled 

Detec t ed and r epaired 
duci ng ground check 

Purge inj ection pres­
sure is h igher t han 
fuel ta~} pressure. 
There fore the purge 
aas could s top the 
fuel flow and cause 
the hel i um purge t o 
back up ' into the fuel 
tank. Hi gh T/C mix­
t ure rat i o and T/C 
damage could occur 

Detected and repaired 
during ground check 

Sone 

Vt'hi d <' ~H s ~ ion 

.\one :(on<" 

:~one ~o ne 

l'-one l .\onc 

lie ! i um I-'""" 
could he 
forced 
bad int oi 
the m:un 
fuc I t ank, 

None I None 

None I Sone 

Detected and repaired I None 
during ground check 

Insufficient purge; I None 
sone residual hydroge, 
would r e111.11in 

Sone 

lleli1.111 would leak 
into engine fuel flow 

None 

Eventual I :-lbne 
loss of 
helium 
purge gas 

Rer,arks 

Hydrogen 1,•ou l d l•e vupor 1 :ed 
:ind c\·ent u:i llr be ,•xpcllc.i . 
Fuel sys t ,' m purge may not 

l 

be ncct>ssary on fl 11lht ,•,1~1 ne 

Re gulator shut o ff val ve of 
engine and isolati on valve 
would prov ide shut o ff 

Res idual hydrogen would 
vapori zc 

--- - -
P a preflight checkout; S s t;,rt sequence; :1 ri.1ins tage; C s cut o ff; 0 orbital coast 
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ltea' 
Part No. 

Oxidiier 
Syste• 
Purse 
Solenoid 
Valve 

Possibl• 
Type of Possible 

Function Failure Failure Cause 

The two-way sole• Fails to Faulty solenoid 
noid valve con- open 
trols the purge 
1as flov to the 
en1ine oxidizer 
syste• durina 
s.art and cutoff Opens pre Fault)' delay time1 

aaturely 

Fails to Excessive aechani 
close cal resistance 

Closes Faulty delay tiae 
pre• 
•tunly 

Excessive 1. Damaed Seat 
lealr.as• 2. Contaaination 

TABLE I -6 

(Continued) 

Probable Failure Effect 

Sea. Er,gine Vehicle 

p Detected and repaired Sone 
during ground che ck 

s Loss of oxidizer purg, :'-lone 
could result in engin< 
damage during s tart 

p Detected and repai red Sone 
durina around check 

s So ~ffect None 

s Hiaher pressure oxi- lie! iWI 
dizer system purae purae aas 
• Y hold back oxidize1 would 
flov and allov he Ii WI flo" int c 
to back up into oxi- ollidi zer 
diier tank. Enaine tank 
"ould not start. Lim 
itei s"itch vould 
initiate cutoff 

C No effect, enaine None 
syste• isolation 
valve would provide 
positive cutoff 

p Detected and repaired None 
durin1 around check 

s.c Insufficient 1)Ur1e; None 
possible enaine 
daaace 

N Heliua IOOUld leak None 
into enaine oxidizer 
flov 

~ission 

None 

Abort 

Sone 

None 

Possible 
abort 

None 

None 

Possible 
abort 

Uncertain 

P • prefl iaht checkout; S • start sequence; H • 111ainsta1e; C • cutoff; o • olbital coast 

Reaarks 

. 
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.c. 
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lte• I 
Part No. 

Check Valves 
(2 req. ) 

Secondary 
Enaine Tarbine 
Spin Valve 

TABLE I-6 

(Conc luded) 

I Possib le I - I Probable Failure Effect 

Function 
Type of 
Failure 

Possible 
Fa i I ure Cause 

The check valves ! Fai ls to !Excessive mechan-
are located in the open ical res i stance 
propellant purge 
lines downstream 
of the purge sole-
noid valves. The 
check valves pro-
tec t the solenoid ! Fai l s t o !Excess ive mechan-
valves from expo- c lose ical resis tance 
sure to the 
respective 
propellants 

The solenoid oper­
ated valve opens 
the heliua port 
and closes the hot 

Hot gas ~Damaged actuating 
port fail shaft or poppet 
to close or seat 
or execs-

gas port to a com- sive 
• on duct to the leakaae 
turbine control 
valves. The valve Valve 
is actuated by a fails to 
three-way solenoid actuate 
pilot valve. /VI 
electrical c01111and 
directs heliu• to 
a bellows-actuated 
spool valve and 
opens the he 1 ha Be 1 i um 
port and closes port 
the hot gas port. fails to 
Upon re• oval of close or 
the electrical excessive 
signal, the heliua leakaae 
port is c losed and 
the hot aas port 
is opened. 

l. Fault)" 
solenoid 

2. Ruptured c los ­
ing bellows 

1. ~uptured c los­
in& bellows 

2 . Damaged poppet 
seat 

Seq. 

p 

s ,c 

p 

M 

p 

s 

p 

s 

r, 

M 

En2ine Vehicle 

Detected and repai red I Sone 
during ground check 

Engine purge gas w1! l I Sone 
not fl ow--loss of oxi 
di:er purge could 
cause engine d=ge 

Detected and repaired ! None 
during ground chec k 

Propellants are I None 
allowed to flow back 
up to system pur ge 
solenoid valves - - may 
damage oxidi:er purge 
solenoid valve 

Detected and repaired 
dur ine around check 

Ite l iUII would flow back 
into chamber and tur­
bine speed bui ldup 
would be slo,;er 

Detected and repaired 
durin& around check 

Turbine star ting ener&J 
,;ould be dependent on 
the tapoff gases . 
Eneine start would be 
much slower 

Detected and repaired 
dur in& ground check 

Helium would leak i nto 
the hot gas f l ow to 
the turbine 

None 

None 

None 

Sone 

Sone 

None 

P: prefl ight checkout; S start sequence ; lt na instage ; C cutoff; 0 

Mission 

Sonc 

Possib le 
abor t 

Possible 
abort 

Sone 

None 

Sone 

None 

Sone 

None 

None 

orbi tal coast 

Remark• 

.... 
' 

'•. 
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lte• and 
Pllrt '10. 

Fuel Turbopuap 
Asse• bly 

Func t ion 

Possible 
Type of 
Fai lur~ 

Fuel turbop,_p i, IFa ilure to 
a centrifugal 
p~ with direct 
turbine drive and 
is equipped with 
a seal puree and 
drain systea. 
Puop is lubrl• 
cated with the 
propellant and 
its fun ct ion Is 
to increase the 
pre.sure of the 
fue I 1111d prop,- I 
the fluid t hrou1h 
the coot ina jac• 
ket to the in• 
Jector. The tur• 
blne is a two• 
sta1e ve locity 
coapounded Curtis 
type. The drl ve 
IU is low • Ix• 
tuN rat lo co•-
bust ion easu 
tapped off fro• 
the thrust 
ch•ber 

start 

Fai Is to 
achieve de­
sign output 
In spec! • 
fied tl• e 

P • Pnfli s)tt checkout 
S • Start sequence 
M • Mainsuae 

TABLE 1-7 

SECONDARY ENG I NE- -nJRBOPl JMPS 

Poss ible 
F.a.ilurr C.o.use-

I . High t orque be ­
cause of fro:cn or 
• isallened bearing 
shaft or sea 1 

2. Turbine control 
valve fa.I Is to open 

3. Turbine spin 
valve fai Is to open 

I. Hi&h t orque 

2. Turbine control 
valve fai l s to open 
co• plete ly 

3. Excessive down­
strea• fuel 
resist1111ce 

4. Eacessive turbine 
flow resistance 

I. Oxidizer explo­
sion or structural 
failure of pu• p or 
turbine 

2 . Turbine control 
va.lve closes 
pre,aature Jy 

l. Turbine drive eas 
Jeakap 

~- Bearina failure 

C • Cutoff 
o • Orbl u l coa.st 

~q-1 

s I 

p 

s 

M 

M 

Probab le Fa i lu r~ f. ffect 

Engine leh1c le 

Detected and repaired dur• Sone 
ing grounJ chPck 

Engine ~i ll not start None 

Detected and repaired dur - !None 
Ing ground che c~ 

Engine ••Y not start or aay 
not achieve desi red thrust 
and/or mixture rat io thru.st 
chamber da• a6e • ay occur 

Desired thrust and/ or aix- '"""" 
ture ratio • ay not be 
ach i eved . Thrust cha• ber 
• ay occur 

Enaine v i 11 shutJown pre- I None 
• a turely with ce rtain d-•-
age to the thrust cha• ber 
due to lack of coolant flov 

M1s.s1on I 
Son"" 

. A~o rt 

~one 

Pos51 b le 
failure 

Poss !bl e 
f.ai luN> 

' 
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Item and 
Part ::~. Fw,ction 

Fue I Turbop,..p 
Assembly 
(Continued ) 

TABLE I- 7 

(Continued) 

Possible 
Type of Possible 1----- - Probable Failure Effec t 

Fal lure Fu lure Cause~ 

Overs peed I. Loss of l iquid S 
fuel input 

2 . Ruptured high• 
pressure duct 

3. Malfunct ion of 
engine s ta.rt se • 
qucncc or mainstage 
cont rol I er 

4. Malfunct i on of 
overspeed cut off 
ne two rk 

Engine 

Possib le damage t o fuel 
t urbopuc,p 

Poss ib le spll.e ,n chamer 
pressure with subsequent 
s t ructur al d:u:iage t o 
thrust chamber 

Underspeed I 1. Loss of turbine I s Slow engine start car 
occur. High thrust cha,o­
ber mixture ratio may 
occur with subsequent dam­
age to the t hru5t chamber 

lntemal 
shaft seal 
leakaae 

External 
hot-eas 
leakage 

:.J.ade s 

2. tlot • eas teal.age 

3. Tur bine control 
valve fails t o open 
c~mpletely M 

1. Daaaaed turboptap,S.M. 
seal package C 

High operat ing mi xture 
rat io may occur with sub• 
sequent daaage t o the 
thru<t chamber 

Probable fa.I lure of 
t urbopuq, 

flange seal C available with subsequent 
· ~duc tion i n thrU5t o r 

mixture rat io 

\'eh1cle 

Poss1bk 
loss o i 
tanked 
fud 

Pos>1ble 
enr l~• Jt- -

1 

plet l<>R 

o f tanl-eJ 
fuel 

Sonc 

Possible 
early de · 
plet!<>n o f 
tanl.ed 
oxidt:cr 

Sonc 

Ml!.Sl0:1 

Possible abort 

Possi b le abort 

Uncertain 

Possible nbon 

Poss,blc abort 

Remarl. s 

Fuel pump spe~d must be 
. hm1ted during pump prionn~ 

I 
to assure pr ope r bearing 
cooling and lubri cat ion 

Control s ys tem will ad just 
t t' mainta i n coc.mand mixtutt 

I 
ra.t io and thrust valv~ but 
d<"p~nd1 ni; on t he- $~riousnC"SS 
of t he failure, the requ1n,d 
t.'.'orrt-c t 10n =ay c;,;.t·eC"d tht! 
contro l syst em component 
c apability 

1 . D•aaed duct or I S,M., Reduced turbine power II -.one Possib l e abu rt _J" 
._ ______ ...._ ________ .._ ____ _._ _________ ...._ __ ,_, _____________ _.._ ~ ___ ,__ ______ _._ _____ _ 
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TABLE I - :-

(Continued) 

I l--fl . ~--- r rati.1Vlc.• l- ,Jl).Jrt.· ! 111.• .. t Pos~ i t- h• 
I 1 <•rn anJ 1vr<" o t' Po:,s1blt .. 

J' 1rr ,o l- un1.· t1 on Lu lure :- H lurt..• 1 ., u~c "x.•<J. !ra;tr;t. 1 \d~, .. h.· 
. •-E·•·r lur ho- lh,: u >1J1 : er t11r ;:u ! .n· t o 1 . lh ).th _t ~ r 4ul! lie · I' llc t t•ct4.•,1 .md 1c."'p J1 n·,t dur I \ U lll' 

pti.rop \ -.,,·"':lbl, hopump 1 :, , ,e:i t ._, rt , a.use- o t t r o:1..•:1. o r ~rn : ,.:r,,1 1.!'ld ~l'-t•,: k 

t r 1 f u~.._1 I J1lL-:.p ~ 1s311~~cJ bc.,rinc ,; ! n~1·1,: ... : 11 nv~ ,t.111 I ' •Uh 
\..,1t h di r t'r t t ur• .. h a ft o r S<',l I 

. (2) 
(§) 
~ 
,ii) 
c=, 

c~) ~ 
[iuiJ VI 

~ 
~ 
c:=:, 

\ II ~ 
[? 

l>t ne Jrt\'\.' °''nd I' 
cqu1p;--cJ "'1th a 

. . lurb t n t.• tr:ont r ci 1 
I ,ahf' fu lo;: t o oren 

s.: ,tl pu sge anJ l J r;11 n syStt.•m. The I ~omrl,:tc1y 

p~p I S $t.• lf- ,. Tu rb 1r.1.: ~pin 
tubr 1cat l!J \..t th ,alvr: t"J1 l.s t o O?en 
t h.: p r opl'I 1.,nt I I. anJ It S f uncti on lli1:h t o r que r l'ctn· t,·, I .md r<·pai r,·,1 Ju r -1 \ ,,ra· 

IS t o ln(rl''lSe 
1 -=. Tu rh 1 ne .:ont r ol 

1n1,: ~ r :,~i:1.d ._.ht."'..:b. 

thl· r rc,c.un· o f 
" "'"" f.11 I$ t o o p<'n 5 In~ 1 nt· ~Kl\ not ·..:.ut C-\ r \ 11nt.· 

tht' OliJ1 : ~r 3nJ \.'.Omp l,: tcly r.uy no t .1~h 11.•\ c de"" l n.•d 
p r Oj't' ! t ~'-• f i.~ I 
t h rot~~h t h t.• high " 3. LACCSSlVC Jo~n-

thnist J~J'or ~1,: u r~ rJt 1 

p r ... •.s -.u r e d u~t i ng 1 ~t rcrL11 o x1d1 : t.• r ' I Iles ,r~J t h ru, t ~nJ o r r.ir ., I'•'°•· : o t h <' ch:ir,ber . · 
i 

res I stance t ure r .1t 10 m._1~ no t h .. · 
The t u M\1n~ 1s a J. E ~ c!'S C:1\"e turb i ne 

a ch ic\t.•J 
t~o-~tate vclo~ tt, 

fi ll" n·s 1 s tance.• 
compounJcJ r urt1 -t; 
t ype. The- t!rt\'i'.' l. 0 ~1J1:er cxp lo- 'I l.n~inc " i I l <h!ttJo "An p r t.· -
't .. 1s 1 c; lo'"' r.uxtun 

,o~t.· 

r at to combuc. ti on 
s 1o n o r s trunural m3turcl ~ ~1th ro<s 1h l~ Jan• 

gascc tarred o fi 
fa i I u r e o f pump o r ge t o " "dr:e r pump 

fror., t he th rus t 
t u r bine 

~h3mbc r :. Turbine ~ont rol 
valve 1.: loses 
pr c:iat 1.re l y 

3. Tur b ine Jnve 
gas leakage 

J . Bear, ng fa, lur e 

Overspeed l . Loss of I IGUid s Possib l e high t h rust char:i- Poss 1bl<' 

oxidi :e r input be 01 XtU N -au o dunnb loss <'f 

1 . Rup t u red high ' ,rt t ransient and sub- t anJ..cd 
s equent t h rust chaobe r and/ o xiJ1 :<'r 

p ressure duct o r ox1d1:er pur.>p ~a=ge 

-
:;, ::.:ilfunction o f 

'I Possible high th r ust cha c- Poss ib le 
engine st art sc-
qucn~e o r r.,ainstnge 

b<' r mixture rati o and sub- loH o f 
sequent dru:,age o f thrust tanked 

control !er char:iber and o x1di:e r pu:ap oxid1 :er 
4 . Ma lfunc tion of 

-- ovcrspce d cut off 
net wor k 

·, 

I 
l " : !I :t '".':, 7 
' ' ""<' 

i 
\ hort I 

I 

I 
I 
I 
I 
I 

I 
\ On.._ 

Po, .,.1t It· ,,ton I 
I 

i\>:r.~ 1 t, l \.' 
f jf lure 

I i·o~:,1 b! t· 

I 

I 

I 
I 

I 
I 

Possible :il,o r t 

Poss rble abor t 

' 

~-----

Rt•c,ar~ , 
-

Lontrol sys tcm ,.d 11 
adjust t o Qa1nta1n com-
ciand r.,1x t u r e rati o and 
th rus t v a]\'C but ~11'1 
t he se failures t he re • 
qui r ed corre c t ion a1ay 
exceed t he con trol sys-
tem cor,:ponent capab 1 l I t y 

I 
I 

I 
l 
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Item and 
Part No. 

Oxidizer Turbo-
pump Assembly 
{continued) 

C 

Possible 
Type of 

Function Failure 

Underspeed 

Internal 
shaft seal 
leakage 

External 
hot- eas 
leakag,: 

TABLE I - 7 

(Concluded ) 

_: ... 

Possible Probable Failure Effect 

Failure Cause Seq. Engine Vehicle 

J. Loss of turbine 5 Slow engine start may None 
blades result 

2. Hot •eas leakage M Low operating 111fxture ratio Possible 

3. Turbine control may occur early de-
; pletion valve fail s to open of tanked fully fuel 

1. Damaged turbop1ap S,M, Probable failure of None 
seal package C turbopump 

l. Damaged duct or S ,M, Reduced turbine power None 
flange seal C available with subseql.lf'nt 

r eduction i n thrust or mix-
ture ratio 

t;; 

Mission Remarks 

Uncertain 

Possible abort 

Probable abort 

Possible abort 

-------

·..___, 
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Item and 
Part No. 

ThYUSt Chamber 
Assembly 

TABLE I-8 

SECONDARY ENGINE--THRUST CHAMBER ASSEMBLY 

Possible 
Type of 

Function Failure 

Assembly con- Sl i ght 
sists of in- internal 
jector and regen- lealr.age 
eratively cooled 
thrust chaabcr 
whose funct ion is 
to efficiently 
convert the pro-
ducts of collbus-
tion of the pro-
pe II ants into 
directed thYUSt Slight 

external 
leakaae 

Obstruction 
of one in-
vector I orifice 

P - Prefliaht checkout 
S - Start sequence 
M - Mainstaae 

Possible 
Failure Cause 

Thermal fatigue or 
material deficiency 

Material deficiency 

Contamination 

C - Cutoff 
0 - Orbital coast 

Probable Failure Effect 

Seq. Engine Vehicle 

s Delayed start None 

M Shi f t in engine controls Propellant 
and thYUSt alignaent bias and 

reduced 
control 
r.apability 

C Shift in engine thrust Reduced 
aligll.lllent durina cutoff control 

capabi lity 

s,c, Shift in engine ~ontrols Propel !ant 
M bias 

s.c. None I None 
M 

Mi ssion 

Possible abort 

Possible pro-
pell ant 
depletion 

None 

Possible pro-
pellL"'lt 
depletion 

None 

( y 

Reaarks 
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