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(U) 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 

Advanced Maneuvering Propulsion Technology (AMPT) Program. 

TI1e program conducted by Rocketdyne, a Division of North 

American Rockwell, during the period of November_ ~9.§1-~~9 ..... 
. ..____ .... ---

~ -121.0..,, was authorized by the USAF Roc1?'t Propulsion Lab-

oratory under contract F04611-67-C-0116.Y 

(U) The 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 Rocketdyne program manager, Mr. H. G. Diem the 

Rocketdyne assistant program manager, and Mr. D. H. Huang 

the Rocketdyne project engineer. 

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

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

I. Engine System Analysis and Design 

• II. Engine Critical Component Demonstration Testing 

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

Design, was conducted by two vehicle company subcontractors 

(General Dynamics/Convair and Lockheed Missiles and Space 

Company), and the results are published separately as reports 

AFRPL-TR-70-103 and AFRPL-TR-70-104, respectively. 

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

AFRPL-TR-70-126. 

(U) This technical report has been reviewed and is approved. 

R. L. Wiswel 1, 
AFRPL-AMPT Program Manger, 
RPRES 

(This page is Unclassified) 



(U) ABSTRACT 

(U) The results of the Advanced Maneuvering Propulsion System (AMPS) 

engine critical component evaluations are presented. The 

components included segments of .the main aerospike thrust 

chamber, complete main aerospike thrust chamber assembly, and 

main and secondary engine LF 2 pump bearings and seals. 

(U) Performance, regenerative cooling, and combustion stability 

were demonstrated on aerospike thrust chamber segment firing 

tests. Fabrication of a complete 12-segment thrust chamber 

assembly was completed. 

(U) Dyanmic testing of the pump bearings and seals was accomplished; 

however, sufficient durations were not accumulated at design 

conditions to demonstrate feasibility and durability of the 

bearings and seals. 
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SECTION I 

INTRODUCTION 

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 

the program, reported in this volume, was conducted durin g the period 

of November 1967 to June 1970, and was devo t ed to a fluorine/hydrogen 

CF/H2) propulsion system. A typical system is illustrated in Fig. 1 

with some of the basic design parameters for the Advanced Development 

Program (ADP), together with some of tl,e design variations that were 

also considered. 

The fluorine/hydrogen engine configuration (Fig. 2) utilizes concentric 

thrust chambers. The outer main thrust chamber (30,000 pounds thrust) 

incorporates the toroidal-aerodynamic spike design concept. The inner 

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

The thrust chambers are fed from independent turbopumps that are driven 

by hot gases from each thrust chamber. Each thrust chamber can be 

throttled over a 9:1 thrust range, which gives the engine system an over­

all throttle ratio of 81:1. The normal mode of operation is for the 

thrust chambers to fire one at a time. 

C) The fluorine/hydrogen propellant feed 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 III-D launch 

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

A gimbal angle of ±10 degrees was selected to provide the capability for 

rapid turning maneuvers. System thermal design 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 



J .,i
i "' 

(2
) 

@
) 
~
 

,i
i]

 
C

=
::

J 

(c
::,

J 
N

 

1M
] 
~
 

~
 

c
=

J
 

E=
J 

(
F

 

D
E

S
IG

N
 P

O
IN

T
 

F
O

R
 

A
D

P
 

P
R

O
P

U
LS

IO
N

 S
Y

S
TE

M
 

W
E

IG
H

T
, 

L
B

 
18

,0
00

 

PA
Y

L
O

A
D

 W
E

IG
H

T,
 L

B
 

2,
00

0 

T
H

R
U

S
T

 (
M

A
X

IM
U

M
), 

L
B

 
30

,0
00

 

LA
U

N
C

H
 V

E
H

IC
L

E
 

T
IT

A
N

 I
ll
 D

 

SP
A

C
E

 R
E

S
ID

E
N

C
E

 T
IM

E
 

14
 D

A
Y

S
 

(N
O

 F
2

 
V

E
N

T
IN

G
) 

R
E

S
T

A
R

T
S

 
30

 M
IN

IM
U

M
 

P
A

O
 H

O
L

D
 C

A
P

A
B

IL
IT

Y
 

• 
N

O
 F

2
 V

E
N

T
IN

G
 

• 
H

2 
V

E
N

T
IN

G
 &

 

T
O

P
P

IN
G

 

F
L

IG
H

T
 P

L
A

N
 

•N
O

 S
U

B
O

R
B

IT
A

L
 B

U
R

N
 

•1
0

0
 N

M
, 

C
IR

C
U

L
A

R
 

P
O

L
A

R
 O

R
B

IT
 

F
ig

u
re

 
1

. 
S

y
st

em
 C

h
a
ra

c
te

ri
s
ti

c
s
 

rm
 

D
E

S
IG

N
 V

A
R

IA
T

IO
N

S
 

B
E

IN
G

 C
O

N
S

ID
E

R
E

D
 

10
,0

00
 T

O
 7

5,
00

0 

1,
00

0 
TO

 2
5,

00
0 

V
A

R
IA

T
IO

N
S

 W
IT

H
 

S
T

A
G

E
 S

IZ
E

 &
 

A
P

P
L

IC
A

T
IO

N
 

F
A

M
IL

Y
 O

F
 L

A
U

N
C

H
 

V
E

H
IC

L
E

S
 

U
P

 T
O

 1
80

 D
A

Y
S

 

V
A

i<
IA

T
IO

N
S

 W
IT

H
 

M
IS

S
IO

N
 

R
E

Q
U

IR
E

M
E

N
T

S
 

N
E

A
R

 I
N

S
T

 A
N

T
 

L
A

U
N

C
H

 R
 E

A
O

IN
 E

SS
 

D
E

P
E

N
D

E
N

T
 

O
N

 A
P

P
L

IC
A

T
IO

N
 

@@
~!?

O@
~ lm

i'O
fil!

l 

(5
2)

 
(§

) 
~
 

,i
i]

 
C

=
::

J 
(c

::,
J 

[r
ui

] 
~
 

~
 

c
=

J
 

~
 

[
P

 

l Li 

1 
e 

o 
e 

f 
l 



I i I t I I ' ' I j 1 ~
 "' 

--
--

=
-~

_
::

-"
.:..:~

-
-
-
~

~
··

-
~

~
~

-

(5
2

) 
@

) 

~
 

C
vi

) 
~
 

c~
) 

t,
l 

[ru
i1

 
~
 

c::
::fl

 
~
 

~
 

F 

"
-
-
-
-
-
-
5

0
.
7

0
 
D

I
A

.
-
-
-
-
-
-
i
 

I 
• 

26
.7

0 
D

IA
. _

 
_

_
. 

PA
RA

M
ET

ER
 

TH
RU

ST
, 

PO
UN

DS
 

CH
AM

BE
R 

PR
ES

SU
RE

, 
PS

IA
 

VA
CU

UM
 

SP
EC

IF
IC

 
IM

PU
LS

E,
 

SE
CO

ND
S 

M
IX

TU
RE

 
RA

TI
O

, 
0/

F
 

TH
RO

TT
LE

 
RA

TI
O 

AR
EA

 
RA

TI
O 

W®
fi:1

1?
D@

~fK
1'fr

DE
\!l, 

M
AI

N 
EN

GI
NE

 

30
,0

00
 

65
0 

46
0 

12
: 1

 

9
: 

1 

6
0

: 
1 

F
ig

u
re

 
2

. 
E

n
g

in
e 

S
y

st
em

 f
o

r 
A

d
v

an
ce

d
 M

an
eu

v
er

in
g

 
P

ro
p

u
ls

io
n

 S
y

st
em

 (
U

J 

SE
CO

ND
AR

Y 
EN

GI
NE

 

3,
30

0 

75
0 

4
5

7
.5

 

12
: 1

 

9
: 1

 

6
0

: 
1 

(§
2)

 
(§

) 
~
 

,r
iJ

 
c
:=

:,
 

c
~

) 
[i

ui
) 

~
 

c::
::fl

 
c
:=

:,
 

~
 

F 

I 



(C) The AMPT Program for the fluorine/hydrogen propulsion system originally 

co,,si"sted 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 Testing 

Task III: Propellant Feed System Analysis and Design 

(U) Tasks I and II were accomplished 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 design, fabrication, 

and demonstration test of the complete propulsion system. The system, of 

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

design analyses and layout drawings generated in Phase I. Phase 1I of 

the program was not accomplished, however, because of redirection of the 

program by the Air Force. This volume of the report covers the work per­

formed on the engine critical component demonstration testing (Task II) 

for the fluorine/hydrogen propulsion system. 
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SECTION Il 

SUMMARY 

(U) This report presents the results of the work accomplished on Task I I, 

Fluorine/Hydrogen Engine Critical Component Demonstration Testing, which 

was conducted as part of the Advanced Maneuvering Propulsion Technology 

Program. The critical engine components included segments of the main 

aerospike thrust chamber, complete main aerospike thrust chamber assembly, 

and main and secondary engine LF 2 pump bearings and seals. A schedule of 

the Task II effort, together with Tasks I and III, is shown in Fig. 3. 

(U) 1. AEROSPIKE THRUST CHAMBER DESIGN APPROACH 

(U) The AMPS aerospike thrust chamber utilizes the segmentation design ap­

proach. The chamber is made up of 12 segments, each of which is a 30-

degree sector of the complete chamber. Each segment is a regeneratively 

cooled individual combustion chamber compartment consisting of an outer 

body wall, an inner body wall, two end plates, and an injector. The end 

plates extend from the injector end of the chamber, through the throat 

section to the end of the outer body expansion shroud. This provides 

for full combustion chamber compartmentation; a feature desirable for 

stable combustion. 

(U) The aerospike thrust chamber is assembled using 12 segments that are 

bolted together at their end plates. A one-piece nozzle skirt--which 

attaches to the assembled segment ring, a base closure, a thrust mount, 

and propellant manifolding--completes the main thrust chamber assembly. 

(U) The segmentation design approach permits significant development advan­

tages. Testing of individual segments provides an economical and rapid 

means for evaluating basic combustion performance, heat transfer, and 

structural characteristics of the design. After basic development prob­

lems are solved with segment testing, the full thrust chamber is fabri­

cated, assembled, a.nd tested for verification of overall performance and 

operating characteristics. 
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(U) Another advantage of the segmentation design approach is that it lends 

itself readily to production fabrication methods because a significant 

number of parts of identical design (segments) are manufactured. This 

inherently results in reduced fabrication costs. 

(U) The segmentation design approach also provides the capability for in­

dividual segment removal, replacement, and refurbishment. This should 

greatly enhance the reusability and operation ~) life of the engine. A 

significant cost factor is that complete chamber scrappage may be avoided 

in the event the combustion chamber is damaged locally during fabrication 

or testing. 

(U) The aerospike thrust chamber design for Phase I utilizes a heavyweight 

support structure because it was not an early program objective to demon­

strate flightweight components. However, the geometrical and functional 

related aspects of the chamber (z.g., cooling, performance, etc.) were of 

flight prototype design . Subsequent program phases would incorporate 

lightweight support structure. 

(U) 2. AEROSPIKE THRUST CHAMBER DEVELOPMENT 

(C) The aerospike thrust chamber development included testing of both water­

cooled and regeneratively cooled segments with the objectives of demon­

strating performance, combustion stability, and regenerative cooling over 

the complete throttle range of 9:1. The performance goal was to demon­

strate 97 percent of theoretical c* efficiency (shifting composition) 

over the complete throttle range; this goal was achieved. Regenerative 

cooling was demonstrated at design flowrates with the flight prototype 

cooling circuit design. 

(U) The sequence of segment testing, illustrated in Fig. 4, included a total 

of 255 firings. Initial segment firings were conducted with segments of 

5-inch equivalent circumferential length and provided performance and 

heat transfer characterization of candidate injectors and combustion 

chamber geometries. 

--------
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5-1 NCH, WATER COOLED , • •. • • • 

SEGMENTS 1 : • 
/ 

3O-DEGREE, WATER COOLED 
SEGHENTS 

3O-DEGREE, REGENERATIVELY 
COOLED SEGMENTS 

FULL HAIN THRUST CHAMBER 

Figure 4. Main Thrust Chamber Hardware Development Sequence (U) 

(U) The selected chamber geometry and injector design were then verified in 

the full-size, 30-degree, water-cooled segment hardware. Following these 

tests, two candidate regenerative coolant circuit designs (tubular and 

channel wall) were evaluated in full-size, 30-degree segment hardware. 

From the results of this testing, the prototype 30-degree segment 

channel-wall design was finalized for the aerospike thrust chamber. 

(U) The complete aerospike thrust chamber was assembled using 12 segment 

units, a nozzle extension, base closure, propellant distribution mani­

folds, thrust mount, and miscellaneous plumbing for purges, instrumenta­

tion, etc. The assembly is shown in Fig. 5 and was to undergo hot­

firing tests at Rocketdyne's Nevada Field Laboratory. The testing,however, 

was not accomplished because of a facility incident which occurred dur­

ing facility activation checkouts. Serious facility damage resulted.and 

the testing was not accomplished. 
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SIDE VIEW AFT VIEW 

Figure 5 • Main Thrust Chamber Assembly (U) 

(U) 3. FLUORINE TURBOPUMP BEARINGS AND SEALS 

(U) Dynamic testing of the main and secondary fluorine turbopump bearings and 

seals was accomplished using testers which simulated the operating condi­

tions and environments of the actual turbopump. Sufficient durations, 

however, were not accumulated at maximum design conditions to fully 

demonstrate feasibility and durability of the designs. 

(U) Tester operational difficulties were encountered during the program. 

The bearings, however, were in satisfactory condition after each test 

(except where damage attributed to other causes occurred) in spite of over­

speed, lack of coolant flow, and abnormal loading conditions. Insufficient 

testing was accomplished to demonstrate durability; however, the bearings 

were run for short periods at full load and speed without failure. 

(C) The bellows-type primary fluorine seal with the plasma-sprayed Al 2o3 nose 

performed satisfactorily during the limited testing at normal operating 

conditions. Insufficient testing was accomplished to establish wear rates 

and demonstrate durability; however, the sealing efficiency was satis­

factory during the limited testing that was performed. Kentanium Kl62B and 

solid ~1 203 insert configurations leaked excessively at high pressure due 

to thermal distortion of the seal face, 

' __ ., __ ---------



(C) The Am-Cer-Met 701-65, floating ring purged intermediate seal proved to 

be very effective for the separation of the oxidizer and turbine drain 

cavities. The seal survived extremes of operation with very little damage 

and performed very satisfactorily. The rubbing characteristics of the 

material against the BaF
2
-CaF 2 coated mating surface were satisfactory. 

(U) The main turbine bellows face-type carbon seal performed satisfactorily 

during the limited testing; however, the secondary turbine seal bellows 

failed after short periods on all the seals tested. The failure mode 

appeared to be fatigue of the bellows plate adjacent to the weld due to 

resonant vibration excited by running in a dry atmosphere of nitrogen gas. 

Nonlubricated seal faces will initiate a resonance frequency vibration due 

to a stick-slip condition (difference between static and dynamic coeffi­

cients of friction) at the rubbing face. The secondary seal does not have 

vibration dampers due to the small si7e and limited space available. Re­

design of the seal to add a damper similar to the one used on the main 

seal would be possible. In the actual turbine, however, sufficient lubri­

cation would probably be present from the hot gas products. 
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SECTION III 

MAIN THRUST CHAMBER 

1. THRUST CHAMBER ASSEMBLY DESCRJPTION 

(U) The Phase I main engine thrust chamber (Fig. 6 ) consists of an annular 

combustion chamber with regeneratively cooled inner and outer bodies and 

a regeneratively cooled nozzle extension which is attached to the inner 

body. The annular combustion chamber is divided into 12 equal segments 

by structural end plates (baffles) that extend from the injector face to 

the end of the expansion shroud on the outer body. The complete thrust 

chamber is assembled by joining 12 of these segments together at the inner 

end plates. The segmentation design approach is illustrated in Fig. 7 • 

(C) A single-pass, channel-wall, regenerative cooling system is used in the 

combustion chamber, and a two-pass, tubular wall, regenerative system is 

used in the nozzle. The combined cooling circuit is illustrated in Fig. 8 

with the full-thrust pressure and temperature conditions shown. The mini­

mum thrust conditions are shown in Fig. 9 • Hydrogen from the pump dis­

charge is ducted to the inboard side of the segment end plate. The end 

plate is cooled in a single downpass. The coolant is then transferred 

(through an external duct) to the outboard, upper end of the segment end 

plate. The hydrogen is then distributed along the segment outer body and 

cools the outer body in a single downpass. The coolant is then collected 

and transferred, through the lower portion of the segment end plate, to 

a distribution manifold at the lower end of the chamber segment inner 

body. The inner body is then cooled in a single up-pass. The coolant is 

collected and transferred through external tubes to the nozzle manifold. 

The coolant flows through a two-pass cooling circuit in the nozzle and is 

routed through transfer tubes back to the segment injectors. 

(U) The 12 main thrust chamber injectors are provided with independent mani­

folding. Propellant inlets are located in the center of each segment. 

11 
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(U) The thrust chamber basic design parameters are shown in Table l. 

(C) 

TABLE l 

MAIN T~ffiUST CHAMBER DESIGN CONDITIONS 

Thrust (maximum), pounds 

Chamber Pressure (maximum), psia 

Engine Mixture Ratio 

Chamber Diameter (at throat 
centerline), inches 

Geometric Throat Area, sq in. 

Aerodynamic Throat Area, sq in. 

Throat Gap*, inch 

Expansion Area Ratio 

Geometric 

Aerodynamic 

Hot Hydrogen Tapoff Turbine Drive 

*Chamber at ambient temperature 

30,000 

650 

12:1 

45.83 

25.163 

25.050 

0 .187 

59.30 

59.57 

(U) Design and fabrication of the main thrust chamber was completed after the 

segment testing had demonstrated satisfactory operation of the injector/ 

combustion chamber configuration. 

(U) The main thrust chamber assembly included the following components: 

1. 30-degree channel-wall thrust chamber assembly segments 

2. Thrust mount and propellant inlet manifold assembly 

3. Nozzle extension and base closur e assembly 

4. Associated propellant feed tubes, seals, and connecting 

hardware 

16 
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(U) The completed, main, 360-degree thrust chamber assembly is shown in 

Fig. 10 through 13, and an assembly drawing is shown in Fig. 6 • 

(U) Twelve, 30-degree channel-wall thrust chamber segment assemblies were 

used to assemble the full thrust chamber. Baffles, which form end plates 

for each segment, extend from the sealed injector end through the throat 

to the end of the outer body shroud. The segments were bolted together 

with eight bolts (four inner and four outer) at each interface (end plate) 

to form the 360-degree combustion chamber. 

(U) After assembly of the combustion chamber, the nozzle mating surfaces were 

machined, and the one-piece nozzle extension with the base closure assem­

bly was bolted to the combustion chamber. Assembly was completed by in­

stallation of the thrust mount assembly and propellant feed tubing. 

(U) Development of the 30-degree segments used in the main thrust chamber 

assembly was accomplished by the following sequential hardware 

evaluations: 

1. 5-inch segments 

2. 30-degree water-cooled segment 

3. 30-degree tube-wall regeneratively cooled segments 

4. Initial 30-degree channel-wall regeneratively cooled segment 

5. Prototype 30-degree channel-wall regeneratively cooled segment 

(U) Injector development was conducted in conjunction with the chamber segment 

development. The design, fabrication, and test results for each of the 

above steps is presented in the sections that follow. The types of 

segment hardware are illustrated in Fig. 14. 
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2. 5-INCH SEGMENT EVALUATION 

(U) Several injector patterns and combfistion chamber geometry variations were 

evaluated with 5-inch size segments. The test evaluation provided the 

performance and heat transfer characterization data necessary to define 

the combustion chamber contour and injector configuration for the subse­

quent 30-degree segments and full main thrust chamber segments. 

(U) In the sections that fol low, the 5-inch segment hardware is first des­

cribed, followed by a discussion of the testing, analysis, and results 

obtained. 

a. Hardware Design and Fabrication 

(1) 5-Inch Segment Thrust Chambers 

(U) The 5-inch segment thrust chambers evaluated on this program included 

three water-cooled, copper, calorimetry assemblies and one tube-wall 

assembly. The water cooled assemblies we1·e designated according to their 

combustion chamber wall contours. The configurations evaluated included 

the G, K, and shortened G contours. 
C C 

(U) 

(a) Ge Contour 

Two G contour chambers were fabricated. The G contour (Fig. 15) was a 
C C 

refinement of the most successful configuration developed during the 

previous experimental program (Ref. 1 ). The refinement was mainly in 

the throat area to obtain a contour that would provide maximum regenera­

tive coolant curvature enhancement for the subsequent tubular-wall thrust 

chamber segments. 

(C) The chambers were fabricated from copper for good heat transfer and were 

designed to overcome some of the detrimental factors determined during 

the previous program (Ref. 1 ) • This consisted of fabricating the chamber 
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(C) of two halves that were brazed together (Fig. 16 and 17) to provide a 

continuous hot-gas surface with no transverse (to hot-gas flow direction) 

interruptions. The chambers were then drilled (0.174-inch diameter) to 

provide the water-cooling passages. 

(C) The coolant passages in the combustion zone and nozzle (Fig. 15 ) were 

individually fed and instrumented. Each circuit cooled both contour 

walls and side plates and was designed for the coolant water to be in the 

nucleate boiling regim~, with coolant passage pressures mair,tained above 

1000 psig and coolant velocity maintained above 125 ft/sec. With these 

coolant conditions, the analysis predicted adequate chamber wall coollng. 

with local heat fluxes up to 40 Btu/in. 2-sec. 

(U) Previous experience at Rocketdyne had indicated that progressive deteri­

oration (roughening) of the copper walls, particularly in the throat re­

gion, would occur. This detrimental effect was noted during testing, and 

the throat regions were hand polished prior to the start of a day's test 

series. The chamber hot-gas surfaces were not plated or otherwise treated 

to prevent this deterioration. 

(C) All chambers had a symmetrical 15-degree h,,. lf-angle divergent nozzle with 

a 4.5 expansion ratio. The combustion chamber at the injector mounting 

flange was 5 inches long by approximately 2 inches wide, and the distance 

from injector face- to-throat was 3. 5 inches. 

(b) K Contour. 

(C) One K contour chamber segment was fabricated to specifically evaluate the 

effect of increased combustion zone length on local heat transfer rates 

at the throat and the total integrated heat rejection rate. The contour 

is shown i i. Fig. 18 and was similar to the G contour chamber, except the 
C 

distance from injector face-to-throat was 5.0 inches. The same fabrication 

technique was used for the K contour chamber as was used for the G 
C 

contour chambers. 
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Figure 17. External View of Assembled 5-Inch Solid Wall Thrust Chamber 
Segment Halves (G Contour) (U) 
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Shortened G Contour 
C 

(C) As an approach for reducing the overall chamber heat load by reducing the 

chamber wall surface area, a shortened combustion chamber was evaluated. 

A basic 5-inch, water-cooled, G contour segment thrust chamber was re-
c 

worked by machining the injector mounting block to permit the injector 

to extend 0.82 inch closer to the throat. The chamber walls in the upper 

combustion zone also were machined to permit the deepter penetration of 

the injector. The effective combu!:>tion zone length was reduced from 3.5 

to 2. 68 inches, and the combustion zone wal 1 surface area was reduced by 

22 .8 percent. The segment configuration is illustrated in Fig. 19. 

(U) The modification for the shortened chamber was devised to be accomplished 

easily and quick!~ and the test results proved the contour to be somewhat 

non-ideal from the standpoint of heat transfe c. The results led to the design 

of a second reduced size configuration cailed the short contour segment. 

(d) Short Contour 

(U) This chamber segment was designed as a further evaluation of the approach 

for reducing the overall heat load by reducing the chamber wall surface 

area. A second benefit of the design would be reduced thrust chamber and 

engine weight. 

(C) The chamber contour, shown in Fig. 20, incorporated a straight, cons t ci nt­

convergence combustion zone contour (12-degree half-angle) with an injec­

tor face-to-throat distance of 2.7 inches. The throat radius of curvature 

was maintained at 0.875 and the throat gap was 0.187 inch. The throat gap 

change from the 0.174 inch value, used on previous chamber contours, was 

a result of a refined engine performance balance conducted in the Task I 

studies (Vol. I, Section III). 
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(C) Straight combustion zone walls, as compared to contoured walls (Fig. 20 

versus Fig. 15), were selected for design simplicity and because the 

straight wall was not expected to be detrimental to the boundary layer 

buildup and associated heat transfer characteristics based on previous 

work accomplished (Ref. 1 ) • The wall curvature upstream of the throat 

in the G design was originally thol'ght to be necessary to provide curva-
c 

ture enhancement for the regeneratively cooled design. 

(U) FaLrication of the short contour segment was only partially completed in 

this program because other approaches to the reduction in heat load 

proved successful (refer to Section III, subsections 3 and S). 

(e) 5-Inch Tubular Wall Segment Thrust Chamber 

(U) The design and fabrication of a 5-inch tubular-wall segment was accomp­

lished coincident with the design, fabrication, and test evaluation of 

the 5-inch, water-cooled chambers and injectors. The primary purpose of 

the thrust chamber was to provide total integrated heat rejection rate 

data for a regeneratively cooled assembly and also provide coolant pres­

sure drop information. The chamber design utilized the G contour. 
C 

(C) An exploded view of the tube-wall segment assembly is shown in Fig. 21. 

The basic subassembly consisted of Nickel 200 tubes of 0.017-inch wall 

thickness, with each tube electron-beam-welded to an adjacent tube to 

form a panel. The electron beam welding technique did not produce an 

entirely flat panel. The tube-to-tube height varied in a transverse 

direction across the panel. This variation could produce lack of braze 

attachment to the backup ~tructure and possible failure. Because of this 

possibility, the electron beam welded panel approach was not used for the 

subsequent 30-degree tubular-wall segment thrust chambers. The flat 

panels had electroformed nickel applied at the ends for manifolding and 

were subsequently formed to the required combustion zone and nozzle con­

tour. The panels were then furnace brazed to the chamber back-up 

32 

@®~l?~@rn~w~&~ 



C
s2

) 
(§

) 
~
 

,n
1

 
~
 

(c
::,

J 
~
 

[r
in

] 
~
 

~
 

~
 

c
::

::
:l

 

~
 

F 

ST
RU

CT
UR

AL
 S

ID
E 

PL
A

TE
 

SI
D

E 
W

AL
L 

CO
OL

AN
T 

IN
LE

T 
AN

D 
O

lJf
LE

T 

F
ig

u
re

 
2

1
. 

F
iv

e
-I

n
c
h

 
T

u
b

e 
W

al
l 

S
eg

m
en

t 
A

ss
em

b
ly

 

.....
 

• 

(5
2)

 
(§

) 
.... 

~
 

.... 
... 

,n
1

 
.... 

.... 
... 

-T
IT

R
F

 
c
::

::
:l

 

C
=)

 
II1

nJ
 

.
/
 

-
--

~
,,

~ 
..

 ,
~
~
 
--.·

-""
-

~
 

c:=
a 

E
=

::
J 

~
 

F 

N
IC

K
EL

 1
U

BE
S 

ID
 A

T 
TH

RO
AT

 
=

 
0.

04
3 

IN
CH

 
W

AL
L 

TH
IC

K
N

ES
S 

·=
...

-•
. {1

.0
17

 I
NC

H 
-, 

(U
) 



(C) structure. Coolant manifolding was provided so that up- and down-pass 

cooling would be used on each individual contour wall. The side plates 

were fabricated of copper with drilled coolant passages and were indi­

vidually water cooled. The complete assembly (Fig. 22) was furnace braze 

assembled to minimize the number of seals exposed to hot combustion gas. 

(U) 

(2) 5-Inch Injector Assemblies 

Based on results of the previous experimental program (Ref. 1), two basic 

injector patterns were selected for potential favorable performance and 

chamber wall heat transfer characteristics. The injectors incorporated 

triplet and impinging fan orifice patterns. An additional injector con-

figuration, which was a concentric orifice type, was also included in 

the evaluation because of the potential for more complete oxidizer vapori­

zation within the injector orifices and resulting improved operating 

characteristics. 

(U) The mechanical design parameters for all the 5-inch injectors are 

presented in Table 2 • 

(a) Triplet Injector 

(U) The triplet injector assembly consisted of a body and •i:hree face strips 

(Fig. 23). The injector body performed the following functions: (1) 

provided containment and primary distribution of both injected propel­

lants; (2) ~rovided a base for attachment of the injector face strip~; 

(3) provided a flange for attachment of the injector to the thrust chamber. 

Three triplet injector assemblies were fabricated. 

(U) The injector body was machined by conventional techniques to provide in­

ternal propellant feed passages and lands at the injector face strip-to­

body joint. The purpose of the lands (Fig. 23) was to provide a combination 
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(U) shear and tension-type braze joint for injector face strip attachment. 

The injector body material was 347 CRES. The injector face strips pro­

vided final distribution of the propellant to the injector orifices for 

injection into the combustion chamber. 

(U) The injector strips contained the triplet elements. Each element con­

sisted of two oxidizer streams impinging on a showerhead fuel stream 

(Fig. 24). The basic element configuration, orifice spacing, orientation, 

orifice diameter, etc., was established from results obtained during the 

previous program (Ref. 1) and is presented in Table 2. 

(C) The injector strips were fabricated from Nickel 200 to provide a material 

which (1) had a very high auto-ignition temperature with fluorine 

(1253 to 1266 C); (2) had a high melting point since fuel injection tempera­

tures of 1000 to 1100 F were predicted; and (3) had good thermal conductivity 

for face cooling to prevent melting and erosion. The initial injector strips 

were fabricated by conventional machining. Later strips were machined by use 

of EDM. All orifices were drilled. 

(U) The first and second triplet injectors (U/N 1 and 2) were essentially 

identical in design and fabrication technique, except for minor modifi­

cation of U/N 2 as a result of the testing. Injector U/N 3 incorporated 

a number of design changes for improved injector face cooling. Among the 

changes was the addition of oxidizer feed control webs (Fig. 2~ for the 

purpose of increasing the oxidizer flow velocity parallel to the face 

(refer to Section III, 2, b, (1)). 

(U) Following completion of fabrication, all the injectors were flow tested 

with filtered (40-micron) water to ensure that no orifice blockage or 

misimpingement existed and to provide pressure drop calibration data. 

Typical calibration data are shown in Fig. 26 , and a typical flow test 

shown in Fig. 27 • 
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Figure 27. 5-Inch Triplet Injector Water Flow Test 
(Oxidizer Side)(U) 
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I 

, 1 

(U) The injectors were flushed with deionized water following flow te~-t and 

~ then thoroughly cleaned by: 

1. Vacuum dry at 212 ±iO F for 2 hours 

2. Vapor degrease with trichlorethane 

3. Ultrasonic clean with total immersion in Freon for 

three, 3-minute cycles 

4. Vacuum dry at 212 ±10 F for 2 hours after part has been 

heated to 212 ±10 F 

5. Double package 

(U) The injectors were then sent to the test area for fluorine passivation 

prior to installation in the segment test assembly. 

(b) Fan Injector 

(C) The impinging fan injector design was based on the work accomplished in 

the previous program (Ref. 1). The injector elements each have three 

fuel orifices and two pairs of oxidizer orifices. A single element and 

the comrlete face of the U/N 1 injector are shown in Fig. 24 and 28, 

respectively. Gaseous hydrogen was injected from the three central shower 

head orifices. The fluorine was injected from the two pairs of doublet 

orifices, forming fans whose flat side face the central gaseous hydrogen 

streams. The fluorine fans and hydrogen s t reams, in turn, impinged at a 

central common point. 

(U) Four fan injectors were fabricated, and significant design details of each 

is shown in Table 2 • Impinging fan injectors (U/N 1, 2, and 3) were 

similar to the triplet injector design and consisted of a body and three 

face strips. The face strips were furnace-braze attached to the body. 
,, 

Both body and face strips performed the same functions on the fan inj ec-

t ~r as for the triplet injector. The face strip material was Nickel 200, 
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~) but the injector body material was changed from CRES 347, used on the triplet 

injectors, to 304L stainless steel for the fan injectors to provide a low 

carbon content material with better weld characteristics. The initial im­

pinging fan injector, U/N 1 (Fig. 28), face strips and body were machined by 

conventional method~, and a combination tension-shear furnace braze joint 

was used for face attachment. The injector did not incorporate feed control 

webs in the oxidizer feed passages. Drilled vent holes were utilized for 

disposal of possible propellant leakage past the face strip-to-body braze 

joint, similar to the U/N 2 and U/N 3 triplet injectors. 

(C) The fan injector design parameters (Table 2) and fabrication techniques were 

similar for the U/N 1 and U/N 2 injectors, with two important changes: 

1. The fuel orifice area for U/N 2 injector (Table 2) was signif­

icantly decreased compared to U/N 1. This decrease was made 

after examination of the U/N 1 injector test data, and data 

from other programs at Rocketdyne, which indicated that in­

creased fuel velocity would increase n * due to more vigorous 
C 

2. 

secondary atomi zation of the oxidizer droplets and, also, 

decrease upper combustion zone local heat flux. 

Feed control webs were incorporated into the oxidizer passages 

to increase the flow velocity behind the injector face to approx­

mately 40 ft/sec for improved face cooling. The feed control webs 

are shown in Fig. 29. 

(C) The U/N 3 injector (Fig. 30) was modified to improve the face-cooling capa­

bility. The feed control webs were designed to increase the oxidizer veloc­

ity between the strip backside and feed control to 60 ft/sec. Turbulence 

inducers (swirlers), formed from wire, were attached to the feed control 

webs for improved heat transfer. The feed control web installation is 

shown in Fig. 30, and the detail webs with turbulence inducers are shown 

in Fig. 31. 
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The oxidizer element protrusions on the injector face, typical of U/N 1 and 

U/N 2 fan injectors, were replaced on injector U/N 3 with continuous con­

toured strips to increase the durability and improve performance. U/N No. 1 

and 2 injectors had experienced minor melting of the oxidizer protrusions 

during testing. Also, a possible hydraulic imbalance at the low chamber 

pressures was believed to contribute to a loss in characteristic velocity 

efficiency of the U/N 2 fan injector. The imbalance consisted of a geometri­

cal difference in oxidizer orifice length. The continuous contoured oxidizer 

strip provided orifices of equal length (see Fig. 29 and 30). 

Internally pressurized static purge passages were incorporated into the U/N 3 

injector at the bipropellant braze joints to ensure positive separation of 

propellants. The static purge pressure in the purge passages was always 

maintained at value ~~gher than the injection pressure of either propellant. 

The purge passc?,e design can be seen in Fig. 32. 

Some fabrication problems were encountered with the U/N 3 fan injector. The 

injector was flow tested following initial furnace braze attachment of the 

face strips, and many orifices in the center strip were found plugged with 

braze alloy. Machine removal of the center strip, fabrication of a replace­

ment strip and a second furnace-braze cycle for strip attachment was required. 

The injector was subsequently flow tested satisfactorily and structurally 

tested to verify braze joint integrity. 

Design and fabrication techniques used for the U/N 4 injector were changed, 

compared to U/N 1, 2, and 3, in an effort to simplify manufacture. The in­

jector is shown in Fig. 33 and consists of an integral face and body with 

no braze joints. The injector was completely fabricated from nickel 200 

material. The injector face was electrical-discharge machined in one opera­

tion. Oxidizer feed control webs were incorporated similar to the U/N 3 

injector (Fig. 34). 

49 

~®~lF~@rn:~li~&lL 
(This page is Unclassified) 

111111' 11111111111111 '"" ~ " 



•. 

OXIDIZER ORIFICE 

OXIDIZER FEED PASSAGE
1 

l 'l1 
j~•i: ' I', 

,, . 'l,11 
., .. , 

'" 

1EH42-5/ 9 / 68-C lE 

Figure 32. Five-Inch Fan Injector (U/N 3) (U) 

'" ... ,,,,,,.,,. """"""""II •111 11111:,11111 1111 111/liQII I/I 11111111111 111111111 IIMII I Ill 111111 llli llHlllll ll' lllil'"" 



~
 

~
 

~
 :. _,, 1 ~ 

(5
2)

 
@

) 
~
 

'v
i]

 
c
=

:J
 

C=
J 

t/
1

 

(ri
nJ

 
......

 
~
 

~
 

c
=

:J
 

~
 

C
F

 

• 

A
. 

5-
IN

C
H

 
FA

N 
IN

JE
CT

O
R 

. 
-~
 

. -
-

---
~

 -·
~

 -
~

 
~
 

--
-

.··
~-

--
,-

-.
.;;

-~
c-

=
--
-
-
-
-

-
-
. 

IN
JE

CT
O

R 
C

IR
"U

H
FE

R
EN

TI
A

L 
CE

N
TE

RL
IN

E 
_

_
 _ 

, 

*O
X

ID
IZ

ER
 

FE
ED

 W
EB

S 
HO

T 
SH

OW
N 

/ / 
/ 

/ 
/ 

"~
 ·

-~
 

cf 
I 

•. 
! 

.. 
I 

: 
' 

I 
I 

I 
! 

: 
i 

'v
 

: 
I 

I 
, 

' 
I 

/ 
•
•
 

I 
.. 

/~
 

'• 
i 

'• 
/ 

I 
K

 
, 

-~
-

, 14
' 

-~
 

/ 
1 

1 
I 

/ 
y 

i 
; 

(5
2)

 

l 
,, 

I 
~ 

@
 

.. ?
@

' 
<W

 
~
 

~
 

; 
' 

' 
c=

-=
, 

i 
'• 

. 
[ 

u
u

 
c
=

::
, 

L=
J 

uu
il 
~
 

c:
=;

] 
c
=

::
, 

~
 

[
P

 

B.
 

IN
JE

CT
O

R 
W

IT
H 

RA
DI

AL
 

D
RI

LL
ED

 
PR

OP
EL

LA
NT

 
FE

ED
 

PA
SS

AG
ES

 

F
ig

u
re

 
3

3
. 

In
te

g
ra

l 
F

ac
e 

In
je

c
to

r 
(U

/N
 

4)
 

(U
) 

~ 



(5
2

) 
(§

) 

~
 

,i
i)

 
c:

::
::

, 

(c
:,J

 t
l1

 

[i
u

i]
 N

 

~
 

c:
::;

] 
~
 

~
 

[
F

 

.-
. 

t
7

 
t~

:;
 

~
+

 
l!i£

· 
-

-:-
..

..
 

lE
H

42
-7

/S
i6

8-
C

lC
 

F
ig

u
re

 3
4

. 
O

x
id

iz
er

 F
ee

d 
W

eb
 

(B
ac

k 
S

id
e)

 
fo

r 
5

-I
n

ch
 U

/N
 

4 
In

je
c
to

r 
(U

) 

:e
; 

£ 
=

 
'-=

 
L

-

(5
2)

 
(§

) 

~
 

,n
]
 

i
:
=

,
 

C=
J 

[r
ui

] 

~
 

c:
::;

] 
i
:
=

,
 

~
 

F 

- i e
c '!j
 ~ ;; " :, 



,I' 111 "'·I• 1:,1 11,11 ,, '''"'"""' ,,., ,,. '"''' ,,.,, > ,,1111, !H llijl 1>11 IJ!III Hl ~!•l'I 

~U) Following completion of manufacturing, the injectors were flow tested and 

cleaned, as described earlier for the triplet injectors. Typical flow cali­

bration data is shown in Fig. 35. 

(c) Concentric Orifice Injector 

(U) The concentric orifice injector was designed and fabricated as a backup 

approach to the impinging stream-type injectors (triplet and fan). The in­

jector concept was considered to offer a potential for achieving high per­

formance over the throttle range be virtue of oxidizer vaporization within 

the injector, The injector element posts were designed to achieve heat ex­

change between the relatively warm hydrogen and the colder fluorine, 

(U) The injector design is shown in Fig. 36, and design details are given :n 

Table 2. Nickel 200 material was used in fabrication of all major details. 

The injector had 33 elements arranged in three rows and the face area be­

tween elements utilized Rigimesh for face cooling with hydrogen. 

(d) Short Contour Segment Injector 

(C) As discussed earlier in Section III, 2, a, (1), (d), a short contour segment 

was designed for evaluation of an approach for reducing overall heat load. 

The injector for this segment, shown in Fig. 37, had a reduced face width 

I 

of 1.3 inches. Decreasing the face area simplified the face cooling require­

ments and also permitted a more compact and lighter weight design. The element 

spacing of the injector face remained the same as the fan U/N 3 injector, 

with the exception of the outermost, diagonally opposed fuel elements. These 

elements were more closely spaced to the adjacent element and c,i nted inward 

to prevent baffle impingement. The number of elements per segment was de­

creased, with a resultant increase in thrust per element and injection 

density. A comparison of the injection density for the 2-inch width fan 

and reduced fa·ce area injectors is shown in Table 3 • The injector construc­

tion technique was identical to the 2-inch fan injector (U/N 3). 
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Figure 37. Reduced Size Injector 
Face Strip (U) 
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TABLE 3 

COMPARISON OF INJECTION PARAMETERS FOR 2-INCH WIDE* AND 

1.3-INCH WIDE FAN INJECTORS (C) 

Number of Number of Injection Density, 
Configuration Rows Elements LB /sec per in? of Face Area m 

2-Inch Wide 3 39 0.2186 at Maximum Thrust 

0.0263 at Minimum Thrust 

1. 3- Inch Wide 2 24 0.337 at Maximum Thrust 

0.0405 at Minimum Thrust 

*U/N l, 2, and 3 

As mentioned earlier, for the short contour segment chamber, fabrication of 

the injector was only partially completed in this program because other 

approaches to the reduction in heat load proved successful (refer to 

Section III, 5.0, d). 

b. 5-Inch Thrust Chamber Segment Testing and Analysis 

(U) The segment firing tests were conducted at Victor test stand, at the Propul­

sion Research Area, Santa Susana Field Laboratory. A description of the 

facility and operation is presented in Appendix I. 

(C) The primary test objectives of the 5-inch segment test program were to pro­

vide data that would: 

1. Establish the performance (c*) capabilities of the candidate triplet­

and fan-type injectors 

2. Establish the heat transfer characteristics of the Ge contour (3.5-inch 

length, injector face-to-throat) thrust chambers 
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(U) These data would then establish design criteria for the injector and thrust cham­

ber configuration to be selected for the 30-degree thrust chamber assembly. 

(U) Additional test objectives w.ere to: 

1. Evaluate injector face heat transfer characteristics and durability 

2. Determine injector-thrust chamber compatibility 

3. Evaluate the cooling capability of the 5-inch regeneratively cooled 

tubular-wall segment 

4. Determine compatibility of the injector design and fabrication 

techniques with fluorine 

(C) Seventy-nine, 5-inch-segment, thrust chamber assembly tests were conducted at 

site altitude conditions for a total duration of 451.6 seconds. Summaries of 

the tests are shown in Tables 4 and 5. A typical test facility installation 

is shown in Fig. 38. 

(1) Triplet Injector-G Contour Chamber Test Evaluation 
C 

(C) Three triplet injectors (U/N 1, 2, and 3) were tested. The first test hardware 

assembly consisted of the triplet injector U/N 1 and the G water-cooled thrust 
C 

chamber segment. The initial two firing tests were conducted at chamber pres-

sures of 350 and 355 psia. Upon removal of the segment from the facility for 

detail hardware inspection following test 2, the injector 0-ring seal (dual­

pressurized 0-ring seals) was found not to have been installed and film coolant 

(ambient temperature, seal pressurant GN 2) had been introduced in the upper com­

bustion zone. A low (3 Btu/in. 2-sec) upper combustion zone heat transfer rate 

resulted. 

(U) Test No. 3, at a chamber pressure of 345 psia, was terminated prematurely because 

of exhaust flame pattern changes. Posttest inspection revealed overheating and 
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(U) melting of the oxidizer strips and overheating of the fuel strips. In addition, 

low-cycle thermal fatigue of all strips had occurred, as evidenced by the trans­

verse cracks that were visible. The upper combustion zone local heat transfer 

rates, when all required seals were installed and GN 2 was not introduced into 

the upper combustion zone, were approximately three times as great as they had 

been during tests 1 and 2. 

(U) The second triplet injector (IJ/N 2) was modified s 1 ightly, by incorporating vent 

holes into the bipropellant vent areas instead of machining continuous slots, as 

in the U/N 1 injector configuration. 1be slots and vent holes were to permit es­

cape of possible propellant leakage past the braze joint. Vent holes instead of 

slots provided additional heat conduction paths between the fuel and oxidizer 

sections of the strips for improved face cooling. 

TABLE 5 

5-INCH SEGMENT THRUST CHAMBER TEST SUMMARY (U) 

(By Hardware Type) 

Testin2* 
Hardware Configuration 

Thrust Chamber Injector 
I 

5-Inch Segment** 

G Contour, Water-Cooled, U/N 1 
(3.5-inch combustion zone, 46 
tests, 263 seconds) 

K Contour, Water-Cooled 

Ge Contour, Water-Cooled, U/N 2 

G Shortened Contour, Water-Cooled, U/N 1 
M8d (2.68-inch combustion zone) 

Tube Wall, U/N 1 

Triplet, U/N 
Triplet, U/N 
Fan, U/N 1 
Triplet, U/N 
Fan, U/N 2 
Fan, U/N 3 

Fan, U/N I 
Fan, U/N 4 

Fan, U/N 1 
Triplet, U/N 

Fan, U/N 3 

Fan, U/N 2 

1 
2 

3 

3 

*Test Series: 001-68 through 074-68, 103-68 through 107-68 
final test in 1968), 009-69 through 011-69 
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No. of 
Tests 

3 
4 
7 
5 

13 
14 

8 
9 

2 
5 

8 

1 

(107-68 

Duration, 
seconds 

4.4 
4.3 
8.7 

19.8 
96.3 

129.S 

38.8 
23.1 

12.S 
10.8 

103.1 

0.3 



.... 

(U) Four test firings were conducted with the U/N 2 triplet injector over a range of 

chamber pressure of 559 to 1~7 psi a. Overheating of the injector face was again 

encountered and caused irrepairable damage to the injector. 

(U) Overheating of the face on triplet injectors U/N 1 and 2 presented a critical 

pr0blem that resulted in a complete r aappraisal of the original design criteria. 

In addition to the examination of ~0sign criteria and comparison to rhat developed 

during the previous program (Ref. 1), the following analyses were pe dormed. A 

complete metallurgical analysis of the u~erheated U/N 1 injector was m::i <le to de­

termine mode of failure, verify strip material, type, determine if contamination 

was present, and to examine for nickel embrittlement. 

(U) The analysis indicated that: 

1. The strip material was Nickel 200 with no significant embrittlement. 

2. Transverse cracks in the strips were a result of thermal fatigue 

failure by overheating. 

3. Residue found on the back side of the strips resulted from the 

reaction of fluorine and overheated nickel. No other contaminants 

were found. 

(C) An extension of the three-dimensional conduction he at transfer analysis per­

formed during initial design was made to cover heat flux ranges of 9 to 10 

Btu/in. 2-sec. The initial analysis had been performed for heat fluxes of 2 to 4 

Btu/in. 2 -sec. The higher range was found to be necessary to define the injector 

temperature profile when the injector-end heat flux was determined to be 10.1 

Btu/in. 2-sec on test 003. The conclusion from the analysif was that there was 

inefficient use of the propellants for face strip cooling and that fluorine was 

vaporizing in the strip. The analysis also showed that th~ injector strips 

should be modified to increase the velocity of the propellant on the back side 

of the strips, and improve the distribution into the strips. 
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t(C) The following modifications were made to accomplish these objectives for the 

triplet injector U/N 3: 

It 

1. Incorporated oxidizer feed control webs to increase the oxidizer flow 

ve!oci ty parallel to the face to a design value of 40 ft/sec (Fig. 

2. Oxidizer orifice impingement angle changed from 68 to 60 degrees 

(included angle) to move the flame front farther from the injector 

3, Number of elements per strip increased from 13 to 16 with oxidizer 

orifices diameter (0.018 ±0.0005) fuel orifices (U,035 ±0.0005) 

4. Oxidizer strip thickness decreased from 0,062 to 0.045 :~:~~~ in1.:h 

5, Modified the oxidizer strips to cc~t1ol flow distribution and strip 

cross celocity 

6, Incorporated spacers in the fuel strips to increase flow velocity 

25) 

face 

7. Modified the oxidizer strip end element pattern in two places to re­

orient the oxidizer fan and eliminate strip end burning 

8, Replaced interstrip relief groov~s with vent holes to improve strength 

and conduction paths (modification previously made on triplet U/N 2 

injector) 

9, Modified the body to provide additional oxidizer manifold volume for 

better distribution 

(C) A three-dimensional heat transfer analysis of the modified triplet pattern 

LJescribed above) was conduct~d for face materials of copper and nickel, using a 

face heat flux of 9 Btu/in. 2-sec, The results are presented in Fig. 39 and 40. 

As observed in Fig. 39, the maximum predicted face temperature with the copper 

strip was 1700 F. This temperature is relatively close to the melting tempera­

ture (1900 F) of copper. By comparison, the maximum temperature predicted for 

the nickel strip was 2200 F. The melting temperature of nickel is 2650 F and, 

therefore, would provide a safer operating margin. Based on this analysis, the 

conclusion was that nickel material should be retained for the injector face 

strips. 
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~ 1• 

(C) After incorporating the above-described modifications into triplet injector U/N 3, 

10 firing tests were conducted at chamber pressures ranging from 611 to 361 psia, 

The injector face cooling was much improved compared to the results obtained 

previously with triplet injectors U/N 1 and U/N 2, Slight face overheating did 

occur during the testing, however, and on the last test the injector failed from 

apparent thermal fatigue of the injector oxidizer strips. 

(U) No further development effort was expended on the triplet injector, because re­

sults from tests with the fan injector showed greater promise of satisfactory 

operation for the fan injector type. 

(2) Fan Injector U/N 1-G Contour Chamber Test Evaluation 
C 

(C) Four fan injectors (U/N 1, 2, 3, and 4) were fabricated and tested, The initial 

series of seven tests on U/N 1 fan injector covered a range of chamber pressures 

of 655 to 352 psia and indicaterl acceptable injector-chamber compatibility, 

local heat flux in the combustion zone and throat, and injector face durability, 

Slight erosion of several fuel trapezoids (face extensions required to maintain 

proper orifice L/D, however, occurred, The overall injector pl1ysical condition 

was good, and there was no evidence of face overheating or thermal fatigue fail­

ure of the injector face strips. 

(C) Low-frequency chamber pressure oscillations, at approximately 3 Hz, were noted 

on the longer duration tests, The oscillations were apparent in tl1e chamber 

pressure, fuel injection pressure, and oxidizer injection pressure measurements. 

The oxidizer injection pressure oscillations had the greatest magnitude and 

apparently caused the oscillations in chamber pressure and fuel injection 

pressure. 

(C) A combined heat transfer and hydrodynamic analys,is was conducted to determine the 

cause of the oscillations and provide corrective design criteria. A total 
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, (C) quantitative solution could not be obtained, although the following qualitative 

conclusions were drawn: 

1. The oxidizer in the injector feed passages was undergoing a phase change, 

liquid to two-phase, in the subcritical and supercritical pressure 

regimes. 

2. Unstable film boiling and temperature stratification of the oxidizer 

were occurring in the feed passages behind the injector face. 

These results were subsequently used in making design modifications for the U/N 2 

injector. The design change was the incorporation of oxidizer feed webs as 

described in Section III, 2, a, (2), (b). 

(3) Fan Injector U/N 1-K Contour Chamber Test Evaluation 

(C) Eight satisfactory tests were conducted with the U/N 1 fan injector and the K 

contour chamber over a range of chamber pressures of 645 to 236 psia. The tests 

I were conducted to obtain performance and heat transfer data for comparison with 

the G contour. 
C 

(C) The results are shown in Fig. 41 and summarized in the following: 

Ill( 1111111111111'' 1111,11Wlllllll'II""""" 

1. The total integrated heat rejection rate, Btu/sec, of the K contour was 

25-percent greater than that of the G contour. This increase was a 
C 

result of the much larger chamber wall surface area for the K contour, 

and would result in a 25-percent increase in coolant bulk temperature 

and increased chamber wall hot-gas-side wall temperature, T wg. 

2. The local heat transfer rate, heat flux expressed as Btu/in. 2-sec, at 

the throat of the K contour chamber was 20.35 Btu/in. 2-sec at 638-psia 

chamber pressure, as compared to the G contour chamber of 21.97 
C 

Btu/in. 2-sec at 627 psia. This slight decrease for the K chamber was 

believed to be a result of the more favorable boundary layer buildup 

for the greater length K contour wall. 
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Based upon i tern 1 above, and the recognizable weight advantage afforded by the 

shorter length chamber, the G contour was selected for the 30-degree segment 
C 

thrust chamber combustion zone configuration. 

Because of the low-frequ.:mcy chamber pressure oscillat::.ons which occurred previ­

ously, with the U/N 1 fan injector and G contour chamber, a test (23) was con­

ducted to evaluate the effect of hydrogen injection temperature on the oxidizer 

injector flow instability. The hypothesis was that the oscillations were 

caused by unstable heat transfer conditions in the oxidizer feed passages of the 

injector, which was enhanced by the elevated-temperature hydrogen (900 F) in the 

injector. The hypothesis was investigated on the firing test by the use of d.m­

bient (70 F) temperature hydrogen which had a resultant decreased heat transfer 

potential relative to the colder fluorine. The use of ambient hydrogen rather 

than heated hydrogen did result in the cessation 0f chamber pressure oscillations, 

but an increased injector face heat flux also resulted, due to a lower hydrogen 

injection velocity. Overheating of the injector face occurred; however, con­

tinued testing was possible with this injector. 

(4) Fan Injector, U/N 2--G Contour Chamber Test Evaluation 
C 

The U/N 2 fan injector was tested 13 times in the G water-cooled chamber over 
C 

a chamber pressure range of 661 to 72.3 psia. The test objectives were: 

1. Determine injector face heat transfer and cooling capability 

2. Determine injector-chamber contour c* performance capability 

3. Evaluation of the injector-chamber contour heat transfer 

1, characteristics 

(U) Test objectives were met; however, the G chamber throat heat transfer rates 
C 

with the U/N 2 fan injector were slightly higher than on previous tests. The 

numerous thermal cycles experienced by the G , U/N 1, thrust chamber led to a 
C 
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(U) degeneration of the chamber wall in the throat region. This degeneration con­

sisted of slight waviness of the wall, and surface roughness, which was believed 

to have caused the increased heat transfer. The throat region was repeatedly 

polished between tests for removal of the roughness. 

(C) During the test series excessively high injector face l1eat flux was encountered 

at low chamber pressures. A detail analysis of the problem was conducted. The 

investigation revealed that the injector mechanics (relationshjp of propellant 

phase, mixing length, injection angle, etc.) and resultant face he?t flux were 

primarily a function of the fluorine condition, e.g., liquid, two-phase, satu­

rated vapor, etc. Injector operation in the low chamber pressure region resulted 

in higher than predicted face heat flux because of a change in basic injecto~ 

muchanics that was self-sustaining and progressive. The increased face heat flux 

resulted in less dense fluorine injection, which in turn resulted in an increased 

face heat flux, and the cycle continued until a true gas-gas injection mechanism 

existed. 

(C) To evaluate the condition of the fluorine injected into the chamber, a thermo­

dynamic analysis was performed using the face heat flux as the source of an 

enthalpy change, As the pressure drop in the injector is primarily through the 

orifices, the properties of the fluorine as it reaches the orifices can be found 

assuming a constant pressure process. 1bis condition is Dnly an approximation, 

because the face heat flux is measured at the wall and the actual face area 

cooled by the fluorine is not exactly known. If this area is assumed to be 2/3 

of the face (hydrogen cools 1/3), the change in enthalpy can be calculated, and 

the fluorine quality entering the orifice can be determined. Figure 42 shows the 

face heat flux necessary to effect the vaporization process as a function of 

chamber pressure (oxidizer flow). Also plotted is the heat flux measured for the 

fan injector U/N 2 during testing. As shown, the test data curve is discon­

tinuous near the point of saturated liquiJ fluorine injection (tests 46 and 47). 

This condition indicates higher face heat flux with two-phase fluorine than with 

liquid. The discontinuity is attributed to a basic change in injector mechanics. 
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(U) A curve that designates the maximum allowable heat fl ., :, as a function of chamber 

pressure is also shown in Fig. 42. The values derived f r om this curve were used 

for test redline values and also as design criteria. 

(U) 1be fan injector fluorin~ orifice pressure drop (U/N 2) as a function of flowrate 

is shown in Fig. 43. The change in slope as a result of operation in the two­

phase flow region can be seen. 

(U) Based ·on the above results, additonal design modifications were incorporated 

into .the U/N 3 injector. These .nodifications were principally to increase the 

oxidizer flow velocity between the feed web and injeclor face for improved heat 

transfer (refer to Section I I I, 2, a, (2) (b)). 

(C) 

(5) Fan Injector U/N 3--G Contour Chamber Test Evaluation 
C 

The U/N 3 fan inj~ctor and G water-cooled chamber assembly was tested 14 times, 
C 

over a chamber pressure rang0 of 71. 2 to 660. 4 psia. All tests were satisfact ,ry. 

Slight erosion of the segment chamber throat, however, was experienced during the 

test series. The erosion was attributed to a reduction in the liquid side heat 

transfer coefficient due to scale formation in the coolant passage. An attempt 

was maJe to repair the erosion with dalic-plating, but it was not completely 

satisfactory. The chamber coolant passages were acid-flushed to remove the scale. 

(C) Four tests were conducted to specifically investigate the low chamber pressure 

retion with respect to c* performance. Previous experience indicated that an 

increase in fuel injection velocity could be beneficial for c* performance. The 

increase in fuel injection velocity from a normal 5000 to 6000 ft/sec was ub­

tained by increasing the fuel injection temperature while maintaining the proper 

mixture ratio, 14.1 (o/f). There was no apparent increase in performance indi­

cating that c* efficiency was insensitive to fuel injection velocity increases 

above a minimum value of approximately 4500 ft/sec. 
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(U) The c* performance for the U/N 2 and U/N 3 fan injectors is presented in Fig. 44 

for tests of 5 seconds or greater duration. The performance was determined 

according to the methods outlined in Appendix II. The methods included deter-
.r.; ............... .... . 

ruination of c* efficiency from both thrust and chamber pressure measurements. 

(6) Fan Injector U/N 4--K Contour Chamber Test Evaluation 

(C) Nine tests were conducted with the U/N 4 fan injector and the K contour chamber 

over a chamber pressure range of 675.5 to 75.5 psia. The U/N 4 fan injector was 

fabricated by a different technique (integral face) as described earlier in 

Section III, 2, a, (2),(b)). The K contour chamber was used because of the poor 

throat condition of the G chamber as a result of repeated use. 
C 

(C) The initial test was programmed for 1.5 seconds duration at 370-psia chamber 

pressure. Injector operation was unsatisfactory, and some hardware damage was 

apparent due to excessive injector face and upper combustion zone heat flux. 

The fuel protrusions were melted on the tips, and six melted areas were noted on 

the oxidizer strips. The injector was reworked by increasing the oxidizer ori­

fice diameter (thereby decreasing the oxidizer injection velocity) and cutting 

back the fuel protrusions approximately 0,035 inch so that they were equal in 

height to the oxidizer st~ip. Previous tests of the fan injectors had indicated 

that the upper combustion zone heat flux was directly influenced by oxidizer 

injection velocity. That is, as oxidizer velocity increases, so did upper com­

bustion zone heat flux. This effect is shown in Fig. 45, which is a plot of 

upper combustion zone heat flux (Measured immediately below the injector face) 

as a function of oxidizer injection velocity. Fuel injection velocity was 

reasonably constant over the throttle range. 

(C) The next four tests with the modified injector were conducted at chamber pres­

sures of approximately 370 and 650 psia, and the test data verified the effec­

tiveness of the injector modification. The injector and combustion chamber wall 

heat flux were significantly reduced by the decrease in the oxidizer injection 
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(C) velocity. However, the local heat transfer rates were still higher than had 

been previously experienced with the fan injector U/N 3. The performance and 

heat transfer characteristics of this injector at lower operating chamber pres­

sures were then investigated for complete evaluation. 

(C) Test number 71 was targeted for 75-psia chamher pressure but, during the test, 

the injector-end heat flux was noted to continually increase, and the test was 

terminated to avoid possible overheating of the injector face. The next test, 

number 72, was then conducted with a targeted chamber pressure of 220 psia. The 

resulting high injector-end heat flux caused an increase in the oxidizer injec­

tor pressure drop, and the facility oxidizer cavitating venturi came out of 

cavitation. Chamber pressure began to decrease, and the test was terminated. 

(C) A hypothesis was that an injection parameter change, (oxidizer impingement angle, 

Table 2) was instrumental in the decreased injector capability, as compared to 

(C) 

fan injector U/N 3. A review of the design revealed that the fuel streams diver­

ging from the showerhead orifices were not completely enveloped by the oxidizer 

fans. This condition permitted fuel to circulate to the walls of the chamber, where 

chemical reaction-induced turbulence could greatly enhance the local gas-side film 

coefficient. The injector was overheated during test 074, because of a facility 

malfunction involving high oxidizer feed temperature. The injector was irre­

parably damaged and, therefore, no further testing was conducted on this unit. 

(7) Fan Injector U/N 3--Shortened G Chamber Test Evaluation 
C 

As an approach to reducing the overall chamber heat load, the G contour chamber 
C 

was modified to provide a shorter length combustion zone; 2.68 inches from in-

jector face to throat rather than the 3.5 inches. (Refer to Section III, 2, a, 

(1), (c).) The primary test objectives were to evaluate the effect of the 

shortened combustion zone on the total heat rejection rate, local heat transfer 

rate, and n * over the throttle range. Eight tests were conducted over a cham-
c 

ber pressure range of 664.3 to 65 psia. 
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(C) Inspection of the injector after the fifth test revealed that a leakage path 

existed between an oxidizer braze joint and the inert purge/bipropellant sepa­

ration groove. The leak was detected when pressure applied to the groove pro­

duced an audible flow of gas. The injector was removed from the test assembly, 

and inspection revealed that the leakage path was restricted to an oxidizer 

braze joint only and bipropellant leakage did not exist. The injector was sub­

sequently tested at the 650-psia chamber pressure level during test 009-69 

with no problems. Inspection subsequent to test 009-69 revealed no increase 

in purge leakage or bipropellant leakage in the injector. 

(C) Slight erosion of the thrust chamber throat was again noted after test 009-69. 

This is the same region where erosion had occurred on previous 650-psia chamber 

pressure tests. Previously, the eroded zone had been dalic-plated with copper 

to its original configuration. The same repair technique was used again after 

test 009-69. 

(U) Two additional tests (010-69 and 011-69) were conducted to evaluate modifications 

to the U/N 3, 5-inch fan injector in the shortened water-cooled thrust chamber 

segment. The injector modification consisted of a realignment of the fuel ele­

ments on the injector face to diminsh the fuel jet and chamber wall interaction. 

The elements in the outer row were mechanically canted inward, toward the throat, 

so that the centerline of the showerhead fuel jets would converge and impinge 

at the geometrical throat plane and not on the walls. A hypothesis was that the 

increased throat heat transfer rate that had been experienced during the previ­

ous tests with this chamber segment was attributable to (1) an increase in 

boundary layer turbulence from the fuel jet impingem~nt on the combustion cham­

ber wall upstream of the throat, and (2) the higher resultant jet velocity at 

the wall from the shortened combustion zone. The plan was that the wall impinge­

ment aspect would be evaluated by the change in alignment described above. 

(U) The two tests were satisfactory programmed duration tests. No injector damage 

resulted. The previous erosion of the throat was enlarged and finally opened 

up into the throat water passage on test 011-69. 
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The throat heat flux rates were essentially the same as on the previous test, 

009-69, indicating that the injector modification was ineffective in reducing 

the local throat heat transfer rate to the value of the nominal length chamber, 

A definite decrease in upper combustion zone local heat flux, however, was 

obtained, This effect is significant and would be useful for any future design 

refinement of the injector. 

A major variable, existent between the short and the nominal length chamber, was 

the fuel element-to-wall spacing. By virtue of the injector geometry and modi­

fication of the thrust chamber to the short configuration, the fuel elements 

were moved closer to the wall (see Fig. 19), There was not a practical test 

scheme that could readily provide an effective evaluation of this effect, al­

through the increased momentum of the fuel jets, closer to the wall, would have 

a tendency to increase the convective film coefficient. 

The analytical prediction was that shortening the 5-inch-diameter combustion 

zone (injector face to throat) from 3,5 to 2,68 inches would result in a de­

crease in total integrated heat load (heat rejectio11 rate to the walls) of 13 

percent at 78-psia chamb 0r pressure. The effects on the local heat transfer 

rates, particularly at the throat, and the characteristic velocity performance 

could not be determined analytically, although they were not expected to be 

significant. 

(C) The analytical prediction was, also, that the same change to the 30-degree 

chamber segment would result in a 7-percent decrease in heat rejection rate. 

The reduced effect (compared to the 5-inch segment) was caused by a decreased 

contribution of the combustion zone to the total heat rejection rate in the 

full 30-degree segment, 

Data from previous tests on the unmodified 5-inch thrust chamber segment are 

compared with the shortened thrust chamber segment data in Fig. 46 and 47 for 

the total heat load and the injector-end heat flux, respectively, A significant 
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(C) improvement (approximately 20-percent reduction) in the heat load was realized 

at the 78-psia chamber pressure level with the shortened segment. As chamber 

pressure increased, the heat load difference between the two chambers decreased, 

and, at 250 and 350 psia, there appeared to be no significant difference. At 

650 psia, the heat rejection rate for the modified chamber segment was approxi­

mately 6 percent higher than the original 3,5-inch combustion zone segment. In 

relation to the 30-degree segment with a short combustion zone, the heat rejec­

tion rat.e increase would be expected to be approximately 2 percent. 

(C) Relating these data to the 30-degree segment indicated that a 10-percent reduc­

tion in total heat load at 78 psia could be expected with the shorter combustion 

zone with no appreciable difference in local throat heat transfer rates. A com­

parison of the measured local heat flux values for the modified and nonmodified 

5-inch chambers is presented in Fig. 48 through 52. 

(C) The results from the 650-psia test on the shortened chamber indicated an ex­

cessively high local throat heat flux (30 Btu/in. 2-sec, compared to 25 

Btu/in. 2-sec for the unmodified chamber) for this particular injector chamber 

combination. In addition, the results of the modified injector tests (010-69 

and 011-69) did not indicate a reduction in local throat heat flux. 

(C) One concern in shortening the combustion zone of the tl1rust chamber was that 

some compromise may result in the performance. To evaluate this possibility, 

Hit 

a comparison was made between the characteristic velocity efficiency data from 

the shortened chamber and the original chamber. The comparison shown in Fig. 53 

was made for the tests in which the unmodified U/N 3 injector was tested, 

thereby reducing the differences in the hardware to only the differences in the 

combustion chamber. Figure 53 shows that the data from the shortened chamber 

appear to be of the same population as the previous data. 
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(8) Concentric Orifice Injector-K Contour Chamber Test Evaluation 

(U) TI1e concentric orifice injector was hot-fire tested four times in the K contour 

chamber.* The K contour chamber, which had an injector face-to-throat length 

of 5 inches was used to provide maximum propellant residence time in the com-

bustion zone and, thus, provide the injector the best opportunity to obtain 

maximum performance. The data from the tests are summarized in Table 6. 

(C) The initial two tests indicated extremely poor nc* performance (76 and 79 per­

cent), and corresponding low local throat heat transfer rates. The test data, 

together with data on similar types of injectors being developed on other pro­

grams, indicated that additional propellant mixing was required to increase n * 
C 

(C) 

performance. A 0.100-inch recess of the oxidizer post was made in an attempt 

to promote better mixing. 

Two additional tests were accomplished with a resulting increase inn* to 97 
C 

percent; however, face overheating and erosion occurred. No additional modifi-

cation or testing was accomplished on this injector because the fan injector de­

sign appeared more promising. 

(9) 5-Inch Tubular-Wall Thrust Chamber Test Evaluation 

(C) The test hardware assembly consisted of the modified fan injector (U/N 2) and 

the 5-inch tubular-wall thrust chamber. The basic test objectives were: 

1. Determine heat rejection rate to the contoured walls with liquid 

hydrogen as coolant. 

2. Determine cooling capability of the Nickel 200, 0.017-inch wall 

thickness tubes. 

3. Determine the total heat rejection rate to the water-cooled copper 

side walls. 

*Tests conducted under company sponsorship. 
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(C) 4. Determine pressure drop characteristics of the contour tube walls with 

hydrogen as the coolant flow. 

(U) The segment chamber assembly with the coolant circuit illustrated is shown in 

Fig. 22. The initial test (51), following coolant system blowdown, was sched­

uled for I-second duration as a checkout test. The test was terminated prema­

turely because of irreparable damage to the thrust chamber and injector. A 

detailed investigatio11 of the failure incident was conducted and the failure was 

attributed to a defective facility check valve installed in a line which was 

common to the fuel propellant and coolant systems and the fuel coolant purge 

system. Reverse flmv through the check valve resulted in the diversion of fuel 

coolant f101v into the fuel propellant system. The system flow schematic is 

shown in Fig. 54 . 

(10) 5-Inch Thrust Chamber Segment Test Evaluation Summary 

(U) Three copper, water-cooled, calorimetry 5-inch chamber segments were fabricated 

and tested. Eight 5-inch injectors were fabricated. The results are summarized 

as follows. 

(C) The Ge contour segments (No. 1 and 2), 3.5 inches from injector face to throat, 

were fired successfully on 53 tests for 287 seconds duration. Degeneration and 

erosion of the copper hot-ga~ wall at the throat occurred. 

(C) The shortened G contour segment (2.68 inches from injector face-to-throat) was 
C 

fired successfully on eight tests for 103.1 seconds duration. A reduction in 

total heat rejection rate was obtained at low chamber pressures; however, the 

local throat heat flux at 650-psia chamber pressure was excessive. 

(C) The K-contour, solid-wall thrust chamber, 5 inches from injector face-to-throat, 

was used successfully on 17 test firings for 61.9 seconds duration without sus­

taining any damage. The heat transfer results were used as a basis for a 
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(C) comparison of tubular-wall thrust chamber designs having either a 3.5- or 

5.0-inch injector face-to-throat length. The results of the analysis indicated 

that the use of the K contour would be less desirable with respect to cooling 

inlet pressure requirements, tube gas-side wall temperatures .... . !:he inner body 

up-pass due to the increased enthalpy in the coolant, and weight due to increased 

length. The heat flux distribution in the two types of chambers was very similar 

in the throat region, but the K contour had more surface area in the combustion 

zone and provided more coolant temperature rise. 

(U) High-frequency chamber pressure transducers, Kistler Type 614A4, were used on 

tests 10 through 50 to aid in the identification of any high-frequency acoustic 

oscillations that might be JCcurring in tl1e combustion chamber. An examination 

of these data showed that no significant oscillations of this type were 

encountered. 

(C) The following specific results were obtained: 

1. The G combustion zone contour, and the impinging fan type-injector 
C 

provided the most satisfactory results and were chosen for final 

evaluation with the subsequent 30-degree segment thrust chamber 

hardware. 

2. Satisfactory characteristic velocity efficiency was demonstrated 

for the chosen injector and chamber configuration. 

3. Total integrated heat rejection rates and local heat fluxes for 

the thrust chamber segment were obtained and used for the 30-degree 

segment combustion chamber design. 

4. Satisfactory injector durability and face cooling were demonstrated 

after injector modifications were made. 

S. The ability to decrease the total integrated heat rejection rate, 

by decreased combustion zone length, was demonstrated. 

1 ... 1, 

1·i 
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3. 30-DEGREE WATER-COOLED SEGMENT EVALUATION 

(U) Based on th e results of the 5-inch segment tests, two variations of the fan 

(U) 

(U) 

injector were evaluated with full size, 30-degree segment hardware. The segment 

chamber, with a G contour, was water cooled, curved, and included a skewed 
C 

nozzle expansion section. Test evaluations with this hardware were conducted to 

make the final 30-degree injector design selection, investigate methods for 

reducing chamber heat load (film cooling), and investigate acoustic modes of 

combustion instability (pulsing tests) . 

In the sections that follow, the hardware is first described, followed by a 

discussion of the testing, analysis, and result~ obtained. 

a. Hardware Design and Fabrication 

(1) 30-degree Water-Cooled Segment Thrust Chamber 

The purpose of the 30-degree water-cooled thrust chamber segment was to: 

1. Provide overall and local heat transfer data, particularly in the 

skewed nozzle aft of the throat, which was not obtained during 

5-inch segment testing. 

2. Provide combustion stability information. 

3. Provide an evaluation of the two variations of the fan injector 

(brazed-face versus the integral-face). 

4, Provide an evaluation of oxidizer and fuel boundary layer coolant. 

5. Provide characteristic velocity efficiency (c*) data. 

(U) The design of the segment chamber is shown in Fig. 55, with significant details 

noted. The fabrication technique was similar to that used for the 5-inch copper 

segment thrust chambers. The completed chamber is shown in Fig. 56. 
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The segment experienced coolant water leakage during the test program. The 

leakage occurred in ·.:he pulse gun-to-chambe1· brazt:: joint (Fig. ) ' an~! .1lso at 

the throat plane in the axial braze jqint of the outer body. The axiaJ braz..:: 

joints were made during assembly brazing of three detail parts that form the 

complete outer body. This assembly technique was used to simplify coolant pass­

age drilling. Temporary repairs were made to the chamber to enable completion of 

injector selection testing. The leakage was temporarily stopped with the use of 

a particle suspension liquid sealant (DuPont heavy duty stop-leak) and verified 

by high pressure, 1350-psig inlet pressure, water blowdowns. 

(U) The thermal cycling of the chamber was believed to have caused the leaks, 

but that the thermal expansion of the copper wall during the test firing pre­

vented leakage during the test, and most of the leakage occurred during the 

shutdown (cooling) cycle. 

(U) Water blowdowns at operating pressure after each test revealed that most of the 

water leakage occurred at the throat. The combustion zone leakage did not exceed 

1 drop per second. Therefore, the assumption was made that the effect of the 

leakage on c* performance and combustion zone heat transfer was negligible. A 

later attempt was made to permanently repair the chamber by machining out the 

area where the throat leakage had occurred and furnace brazing a special plug 

into the voids. A new pulse gun assembly was also furnace braze installed. The 

plug and pulse gun assembly incorporated the required coolant passages that were 

removed during the machining process. 

(U) The deficient braze joint region at th~ throat was removed in one piece with the 

use of a hollow mill and was subjected to metallurgical analysis. Gross voids 

in the braze joint caused by oxygen contamination were found. 

(U) A modification of the 30-degree water-cooled segment chamber was made to provide 

a mP.ans of evaluating the effect of a fuel-rich region along the combustion 

chamber walls (fu,~l bias) on the heat transfer and performance. The modification 

cvnsisted of adding fuel manifolds to the inner and outer bodies into which 108 
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passages were drilled. Spray tubes were then brazed into the passages (Fig. 57) 

to provide fuel injection to the chamber between the walls and the outer row of 

injector oxidizer holes. 

The throat region of the 30-degree water-cooled segment chamber continued to 

deteriorate during the testing so that minor repair was not possible. A major 

repair,. technique was devised that consisted of removal of the damaged section 

from immediately upstream of the throat to the nozzle exit, and replacement with 

a new nozzle s ection. The replacement section was brazed to the original section 

(Fig. 58 ) • 

(2) 30-Degree Segment Injectors 

Two variations of the fan injector were designed and fabricated for 30-degree 

segment testing. The injector designs resulted from the previous 5-inch water­

cooled segment ·tests and differed primarily in the type of injector face plate 

(integral versus non-integral). 

The first design was a two-piece configuration with a nickel face brazed to a 

corros i on-resistant steel body similar to the 5-inch U/N 3 design (fig. 59). 

The second was an all-nickel integral face and body design, as shown in Fig. 60 

and was similar to the 5-inch U/N 4 design. The propellant feed passages of the 

integral injector ran radially, which was 90 degrees from those in the two-piece 

brazeJ injector. In addition, the face of the integral injector was flat (Fig. 

61), whereas the two-piece brazed injector had a curved face with an angle of 

12 degrees (Fig. 62). Table 7 presents the design characteristics of the two 

injectors. 

Both injectors incorporated flow devices (inserts) that increased the oxidizer 

velocity at the back side of the injector face and improved cooling of the 

injector face. The insert designs were similar to those used for the 5-inch 

integral and brazed face injectors described earlier in Section III, 2, a(2)(b). 
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(C) The brazed face injector body was made of stainles5 steel, which was drilled and 

machined to feed both propellants to the injection face. The back (inlet) side 

contains the two propellant manifolds, which are butt welded to weld ribs that a 

are turned and milled into the body. Each manifold (Fig. 63) has one propellant 

inlet and several bosses for pressure taps and thermocouples (future injectors 

would have manifolds with inlets, shells, and bosses cast in one piece). A 

series of holes is drilled into the body blnck to feed the propellants to cross 

ports just behind the injector face. These cross ports are drilled and plugged 

from alternate sides of the body island. Small holes are then drilled into these 

cross ports to distribute propellants to the face grooves. Details of this 

porting are shown in Fig. 64. 

(C) The Nickel 200 face for the brazed face injector was electrically discharge 

machined (EDM) on both sides. The hot-gas side was cut with curved oxidizer 

humps and fuel pyramids, as shown in Fig. 65. The feed side is cut with deep 

propellant grooves (six for oxidizer and three for fuel), as shown in Fig. 66. 

Each oxidizer groove is fitted with a feed insert that is electron-beam welded 

II 
in place. These inserts are nickel strips with wire spacers shaped to give the 

60 ft/sec oxidizer groove velocity that is needed to cool the face. Proper fit 

of the feed strips is checked by radiograph inspection. The face is drilled with 

conventional twist drills to provide fan injection pattern elements consisting 

of three fuel and four oxidizer holes. 

(C) The face and ins ~rt assembly is brazed to the body in a hydrogen atmosphere 

furnace. The braze alloy that is used consists of gold-palladium nickel (Palniro 

7) foil 0.001-inch thick. Prior to brazing, the body interface is electrolytic­

ally plated with nickel to a thickness of 0.0002 to 0.0004 inch. The braze bond 

between the face and body occurs at 10 interfaces that are all in a common plane 

to ensure good fitup and lack of thermal stresses from differential contractions. 

Three of the interfaces are between dissimilar propellant manifolds and are, 

therefore, separated by isolation passages that are interconnected to a proof­

pressure and purge system (see Fig. 64). Chamber pressure taps are routed down 

the sides of the injector center body block so as not to interfere with the braze 

i nterface. 
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OXIDIZER-TO-FUEL ISOLATION 
PASSAGES 

FUEL MANIFOLD, 
INJECTOR FEED PORTS 

OXIDIZER MANIFOLD 

Figure 64. 30-Degree Injector, U/N 1 
(Brazed Injector) {U) 
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(C) The completed injectors were vacuum leak checked, proof pressure checked to 11,000 

psi (purge slots), flow calibrated, and cleaned according to applicable procedures. 

(C) Dur~ng the test program th~ 30-degree brazed face injector (U/N 1) was modified 

to provide oxidi zer film coolant orifices adjacent ot the original outer row 

oxidizer doublets, as shown in Fig. 67. The modification was made for the test 

evaluation of reducing the overall chamber wall heat load by use of oxidizer 

film coolant. The film coolant orifice sizes were initially 0.018-inch diameter 

and were later enlarged to 0.021-inch diameter. 

(U) The prototype brazed-face injector design with the 0.018-inch oxidizer bias 

holes ls shown in Fig. 68 through 70. 

b. Thirty-Degree Water-Cooled Thrust Chamber Segment Testing and Analysis 

(C) The hot-fire testing of the 30-degree thrust chamber segment assemblies was also 

conducted at the Victor Test Stand, Propulsion Research Area, Santa Susana Field 

Laboratory. The primary test objectives were: 

1. Evaluate the performance, compatability, and durability of the two 

versions of the fan injector. 

2. Determine the heat transfer characteristics of the 30-degree segment 

configuration, which include the skewed nozzle and circumferential 

curvature 

3. Evaluate the combustion stability characteristics of the final injector 

segment/chamber configuration with pulse gun-induced combustion chamber 

oscillations 

4. Evaluate the use of oxidizer and fuel film cooling for reduction of 

upper combustion zone heat rejection rate 

S. Verify characteristic velocity (c*) performance of the final 30-degree 

injector design over the design throttle range 

6. Evaluate durability of the final 30-degree injector design. 
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(1) Injector Test Evaluation 

(U) The initial tests were specifically iniended for evaluation of two candidate 30-

degree injector types to ascertain which was most suitable for regenerative thrust 

chamber segment assembly testing. The injectors consisted of the curved, brazed­

face, impinging fan type (Fig. 59), and the integral flat-face impinging fan 

injector (Fig. 60). A summary of this test series is provided in Table 8. 

(U) Another test objective of these initial tests was to obtain heat transfer data, 

local heat flux and total integrated heat rejection rute to the coolant, for the 

30-degree segment thrust chamber configurat : Jn, which had the typical aerospike 

skewed divergent nozzle. These data were required so that the cooling charac­

teristics of the 30-degree regenerative-cooled segment could be accurately pre­

dicted. Additional test objectives included: 

1. Demonstration of injector face-cooling capability and structural 

integrity 

2. Evaluation of characteristic velocity (c*) efficiency of the injector 

3. Determination of operational characteristics of the injector, i.e., 

propellant pressure loss 

(C) Evaluation of the integral injector was completed in two tests when the test data 

indicated that the total integrated heat rejection rate to the solid-wall thrust 

chamber was considerably higher than predicted from the 5-inch, water-cooled 

calorimetry chamber results. 

(C) Evaluation of the curved, brazed-face injector was satisfactorily completed in 

five tests. All test objectives were met, and the injector demonstrated suita­

bility for use with the regenerative-cooled thrust chamber segments, although 

the final determination of injector-chamber compatibility remained to be 

accomplished in the regeneratively cooled hardware. 
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(U) The water-cooled calorimetry chamber segment was instrumented to obtain coolant 

flowrate and temperature rise in each coolant passage. The combustion zone region 

was c9oled with a parallel c9olant circuit wherein the inlet flow was split to 

cool a one-half baffle, the inner, or outer body, and then a one-half baffle, as 

shown in Fig. 71. Because of the circuit configuration, it was not possible to 

determine the separate inner- and outer-body heat inputs in the combustion zone, 

Aft of the throat, the inner body, outer body, and baffles were cooled separately, 

as shown in Fig. 72. This arrangement permitted separate computation of the 

inner lody heat inputs aft of the throat and enabled determination of the combus­

tion and nozzle total integrated heat inputs directly. 

(U) The injector end heat flux, as determined from measurements taken at the first 

water coolant passage, is shown in Fig. 73 f J~ both injectors over the range of 

chamber pressure tested. Al so s11own. are t he an.1 lytically determined maximum 

allowable values. As indicated in Fig. 73, the brazed-face injector exhibited 

much lower values of injector end heat flux than did the integral injector, and 

were well below the maximum allowable curve. 

C) The measured chamber heat flux profil3S for both type injectors are shown in 

Fig. 74 for a chamber pressure of approximately 340 psia and a nominal mixture 

ratio of 14.0. The computed Stanton-Prandtl No. (N5tx (NPr) 213 ) profiles 

(determined by using the techniques presented in (Ref. 1) for both configurations 

are compared in Fig. 75 . As observed in the figures, use of the integral flat­

face injector resulted in higher local heat fluxes in the combustion chamber 

re ion, and was believed to be due to more direct impingement of the injector fans 

on the chamber walJ. Any bouncrary condition established on the chamber wall up­

stream of the i mpingement point is disturbed at that point. TI1e braz~d curved­

face injector was indicated to have a more gradual and continuous boundary layer 

attachment mechanism. 

(C) The total integrated heat input of the integral flat face injector was also con­

siderably greater (29 percent) than with the curved-face injector. The heat 

transfer results of the tests (075 through 081) are tabulated in Table 9. 
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(C) The higher (NSt x (NPr) 213) (i.e., gas-side film coefficient, hg) values obtained 

with the integral injector would re.sul t in gas-wall temperatures that would be 

higher than those produced by the brazed-face injector. 

(C) Comparisons of the total integrated heat load per pound of injected reactants 

obtained during the previous program (Ref. 1 ) for contour G chamber with an 

impinging fan injector and the 30-degree, water-cooled, contour G chamber data 
C 

with the two impinging fan injectors (integral and brazed face) are presented in 

Fig. 76. The curve drawn for the braz(;ld-face injector with contour G has the 
C 

same shape as that shown for the G contour, indicating the same nonlinear rela-

tionship between P and heat load. Two data points are shown for the integral 
C 

injector, and the curve shape was drawn to reflect the shape established by the 

other injectors. The lower integrated heat input obtained with the brazed-face 

injector would result i n lower gas-side wall temperature and lower coolant bulk 

temperature. Based on these results, the brazed-face injector was selected for 

use in further 30-degree, water-cooled segment testing and regenerative cooled 

segment testing. 

(C) Another objective of the above series of tests (075 to 081) was to evaluate the 

heat transfer in the skewed noz zle section and the influence of separation from 

the inner body and recompression on the outer body during sea level operation. 

Separation and recompression occured at all chamber pressures below approximately 

180 psia. 

(C) Without the separation/recompression effects, the heat load versus chamber pres­

sure would have a straight line relationship when plotted on log-log paper 

(~H··•Pn). The test data showing the effect of these phenomena for the water 

cooled segment are shown in the curves of Fig. 77 and 78. The coolant pas~ages 

are identified in Fig. 55. The separation of the gas from the inner body results 

in a decrease in coolant enthalpy change in that body, while the recompression 

on the outer body results in an increase in coolant enthalpy change in that body. 

The net result is an increase in total coolant enthalpy change and associated cool­

ant bulk temperature when the chamber pressure is below 180 psia and the test is 

at sea-level conditions. The effect is nonexistent at altitude but applie ; to the 
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(C) analysis of 30-degree segment thrust chamber data. The empirical percentage 

magnitude of the effect can be determined from Fig. 79, The values used in Fig. 

79 were obtained by linear interpolation of Fig. 77 and 78, 

(U) The characteristic velocity efficiency (nc*) data derived from the 30-degree 

solid-wall test data in tabulated in Table 8. 

(2) Mixture Ratio Bias Evaluation ' 

(U) As an · approach for reduction of overall chamber segment heat load, a series of 

tests was conducted with the 30-degree water-cooled segment for evaluation of 

mixture ratio bias. A summary of the test series is shown in Table 10 • Five 

tests were conducted with the 30-degree water-cooled thrust chamber segment that 

incorporated the previously described fuel and oxidizer bias modifications (see 

Section III, 3, a, (2)) to evaluate these effects on the total heat rejection 

rate and local heat flux. 

(C) The first test (013-69), was conducted at 226-psia chamber pr0ssure and used the 

fuel bias test configuration. The degree of fuel bias was varied during the 

test by control of facility fuel supply pressure. The test results, shown in 

Fig. 80, indicated a definite increase in the upper combustion zone local heat 

flux and total heat rejection rate. However, the local heat flux in the throat 

decreased slightly. The results of an oxidizer bias test and a nonbiased test 

are shown in Fig. 80 form comparison. Based on the results obtained, no further 

fuel bias testing was conducted. 

(C) Four tests (014-69 through 017-69) were conducted with the injector oxidizer bias 

w ·dification. The first two tests were made with a bias hole size of 0,018-inch 

diameter. This hole size was selected to provide an oxidizer bias flow of approxi 

mately 15 percent of the total oxidizer flow. The intent was to obtain a chamber 

wall heat transfer reduction without significant loss in combustion efficiency, 

(C) The last two oxidizer bias tests were conducted with a bias hole size of 0.021-

inch diameter, which gave an oxidizer bias flow of approximately 20 percent of the 

total oxidizer flow. 
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(U) A comparison of the heat flux profiles obtained at various chamber pressures is 

shown in Fig. 81 through 83. Previous tests at similar operating conditions, 

but without oxidizer bias, also are shown for comparison purposes. The 0.018-

inch diameter hole oxidizer bias resulted in substantially (15 percent) decreased 

total heat rejection rates without any loss in the characteristic velocity 

efficiency. The 0.021-inch diameter hole oxidizer bias orifice size resulted in 

some additional reduction (:::::4 nercent) in the total heat rejection rate relative 

to the results obtained with the ~-'' 1 8-inch oxidizer bias orifice. However, 

there was an apparent significant loss inc* efficiency based on the results of 

these tests. 

(C) The overall effect of the oxidizer bias (both bias hole sizes) on the total heat 

input is shown in Fig. 84 over the full range of operating chamber pressures. 

This figure compares the total heat input tothe coolant per pound of injected 

propellants for a series of tests conducted with and without oxidizer bias. 

(C) 

The total heat loads are indicated for each test point and the injected pro­

pellant flowrates were determined from the operating conditions at each chamber 

pressure. The figure shows that the greatest difference in the two curves occurs 

at the critical low chamber pressure level. Here, the heat load per pound of 

injected propellant is approximately 15 percent lower with the oxidizer bias 

based on an average of the values obtained with the two bias percent flows at the 

low chamber pressure level. 

Based on the favorable results obtained from the above testing, the oxidizer bias 

modification was incorporated into the 30-degree brazed-face injector design. 

The 0.018-inch-diameter oxidizer bias hole size was selected because nearly the 

same heat load reduction was obtained with this hole size, compared to the 

0.021-inch-diameter hole size, while not resulting in any apparent combustion 

efficiency loss. 
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(3) Combustion Stability Test Evaluation 

(U) A combustion stability evaluation was conducted with the 30-degree water-cooled 

segment thrust chamber and the U/N 3 brazed-face injector which incorporated the 

oxidizer bias modification. A summary of this test series is provided in Table 

11. The basic requirement of the program was to evaluate the high-frequency 

(acoustic mode) combustion stability characteristics of the selected segment 

combustion chamber and injector configuration, Test 021 was a facility checkout 

test, and tests 022 through 028 were stability evaluation tests. 

(C) Pulse guns were used to produce steep-fronted pressure disturbances in the com­

bustion chamber. The targeted overpressure produced by the rating device was 

to be at least 50 percent of the mean chamber pressure with recovery from the 

disturbance to occur within 40 milliseconds. For the purpose of the evaluation, 

recovery time was defined as the elapsed time from initial chamber pressure ex­

cursion (due to the pulse) to the time when the chamber pressure oscillations 

return to the normal operating chamber pressure. 

(U) Two basic types of high-frequency instrumentation were used: 

1. The oxidizer and fuel injection manifold pressures were monitored by 

Photocon Type 2307 pressure transducers installed per manufacturer's 

recommendations to ensure sensitivity in the Oto 20,000 Hz range. 

2. The combustion chamber pressure was monitored with a Kistler-type 

614A4 helium bleed pressure transducer installed per the manufacturer's 

recommendations to ensure sensitivity in the Oto 20,000 Hz range. 

(U) The output of the transducers was recorded on magnetic tape and also on a galvan­

ometer oscillograph for quick posttest evaluation. ·J'he directed pulse gun and 

Kistler transducer locations are shown in Fig. 57, which shows the water-cooled 

segment thrust chamber used for all combustion stability evaluation tests. While 

the Kistler and Photocon transducers were commercially available products, the 

pulse gun assemblies were not, and these were fabricated at Rocketdyne based on 

Ref. 3 and 4 . 
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(C) Test 022 was the first stability evaluation test and was targeted for a chamber 

pressure of 350 psia and duration of 5 seconds. One pulse gun was used with a 

10-grain charge and a 7500-psi burst diaphragm. 

(C) All test conditions were satisfactory, and the pulse was initiated immediately 

prior to cutoff where operation was stabilized. A steep-fronted overpressure 

of 184 percent was determined from the Kistler transducer that monitored chamber 

pressure. The system fully recovered in 30 milliseconds. The oscillograph 

record of the test i~ shown in Fig. 8~ with pertinent items identified. 

(C) Test 023 was conducted at a chamber pressure of 343 psia. One pulse gun with a 

10-grain charge and a 7500-psi burst diaphragm was used. All test conditions 

were satisfactory, and the pulse was initiated immediately prior to cutoff during 

stabilized operation. A steep-fronted overpressure of 111 percent of operatine 

chamber pressure was obtained with a recovery time of 30 milliseconds, as shown 

in Fig. 85. 

(C) Test 024 was targeted for 78-psia chamber pressure. One pulse gun with a 10-

grain charge and a 7500-psi burst diaphragm was used. All test conditions were 

satishctory, and the pulse was initiated immediately prior to cutoff during 

stabilized operation. A steep-fronted overpressure of 230 percent of operating 

chamber pressure was obtained with a recovery time of 3 milliseconds, as shown 

in Fig. 86. Flame pattern photographs taken during the test are shown in 

Fig. 87. 

(C) Test 025 was targeted for 220-psia chamber pressure. One pulse gun with a 10-

grain charge and a 7500-psi burst diaphragm was used. All test conditions were 

satisfactory, and the pulse produced a steep-fronted overpressure of 110 percent 

with a recovery time of 15 milliseconds (Fig. 86). 

(C) Test 026 was planned to be a transient test. A stable chamber pressure of 350 

psia would be established, then chamber pressure was to be increased by simul 

taneous propellant tank pressurization, with the pulse occurring during the 

transient phase. The test was satisfactory; however, only a slight transient 
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(C) was ochieved. An overpressure of 84 percent was obtained with a recovery time 

of 20 milliseconds (Fig. 88). Flame pattern photographs are presented in 

Fig. 89. 

(C) Test 027 was also planned for transient throttle pulsing. The test was termin­

ated by the test observer prior to pulsing because of a change in exhaust flame 

color. Posttest inspection revealed water leakage in the upper combustion zone 

of the thrust chamber. TI1e leakage occurred where the coolant passage wall had 

been thinned during previous rework. The chamber was :~moved, repaired, and 

reinstalled. 

(C) Test 028 was targeted for 650-psia chamber pressure (nontransient) with one pulse 

gun having a 10-grain charge and a 7500-psi burst diaphragm. The pulse resulted 

in 116-percent overpressure with a re every ci me of 25 milliseconds, as shown in 

Fig. 88 •. 

(U) No further stability evaluation testing was conducted because the 30-degree water­

cooled segment thrust chamber had deteriorated due to repeated use, to the point 

that water leakage was excessive and chamber repair was impractical. 

(C) The test results demonstrated the following: 

1. The injector-combustion zone configuration exhibited excellent high­

frequency combustion stability characteristics when evaluated by the 

directed pulse gun technique. The recovery time for every pulse was 

less than the desired 40 milliseconds, by conservative evaluation of 

the test data. 

2. The transient throttling pulse test did not indicate any basic departure 

from the stability characteristics demonstrated at a stable fixed 

chamber pressure • 

. J. The pulse gun, charge, and burst diaphragm configuration was completely 

satisfactory over the chamber pressure range, and overpressures in excess 

of 50 percent were obtained on every pulsed test. 
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(4) 30-Degree Nater-Cooled Thrust Chamber Segment Test Summary 

(C) One copper, water-cooled 30-degree chamber segment was fabricated and tested with 

two versions of the fan injector. The specific results are summarized as follows: 

1. The brazed face injector was chosen in preference to the flat 

integral face injector, which exhibited detrimental heat transfer 

with respect to the chamber. 

2. The total chamber integrated heat rejection rate and local heat transfer 

rates were defined as required for regeneratively cooled chamber designs 

and pressure loss predictions. 

3. Satisfactory use of injector-provided oxidizer bias was demonstrated. 

The proper amount 0f oxidizer bias reduced the total integrated heat 

rejection rate without affecting the operation, performance, durability, 

face-cooling ability, or structural integrity of the injector. 

4. The combustion stability characteristics of the 30-degree thrust 

chamber segment assembly were evaluated by the direct pulse (pulse 

gun) approach, and the injector-combustion zone configuration exhibited 

excellent high-frequency combustion stability characteristics. TI1e 

recovery time for every pulse was less than the desired 40 milliseconds. 
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4. 30-DEGREE TIJBE-WALL SEGMENT EVALUATION 

(U) Two 30-degree tube-wall segments were designed, fabricated, and tested as an 

initial evaluation of regenerative cooling with full-size segment hardware. The 

testing was to provide total integrated heat rejection rates and pressure drop 

data using hydrogen as the coolant. The segment design was accomplished concur­

rent with the water-cooled segment test evaluations and, therefore, the coolant 

circuit design did not reflect the heat transfer data obtained with oxidizer 

mixture ratio bias. 

(U) In the sections that follow, the hardware is first described, followed by a 

discussion of the testing, analysis, and results obtained. 

a. Hardware Design and Fabrication 

The segment chamber assembly consisted of four major parts: 

Inner body, contoured, regeneratively cooled 

Outer body, contoured, regeneratively cooled 

Two Side plates, regeneratively cooled 

(C) The bodies, inner and outer, consisted of a CRES structural backup to which 

Nickel 200, 0.017-inch wall thickness tubes were furnace braze attached (Fig. 90). 

The tubes (shown in Fig. 91) had an ID at the throat of 0.042 inch. The side 

plates were fabricated of nickel plate into which the coolant passages (channels) 

were electrical-discharge machined, and the hot - gas closure was electroformed 

nickel. 

(U) The segment chamber assembly was accomplished by furnace brazing the four detail 

parts together. TI1~ injector mating flange was then machined to provide a flat 

surface and s eal grooves. Following completion of machining, the coolant passages, 

tubes, and mani f olds of the assembly were hydrostatic pressure tested to 2500 psig. 

No significant probelms were encountered during fabrication of the two tubular-wall 

segments, U/N 1 and U/N 2 . 
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Injector End View 

(j 

Combustion Chamber View 

Figure 90. JO-Degree, Tube-Wall Segment (u) 

'-· 
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(U) The inner and outer bodies could be cool­

ed individually (parallel cooling cir­

cuit), or one after the other (series 

cooling circuit). Both techniques were 

used. The side plates were cooled sep­

arately in a paTallel flow arrangement. 

The ability to individually cool any part 

was provided so that maximum heat trans­

fer data could be obtained. The circuit 

is shown schematically in Fig. 92. 

(U) Each body was designed for two-pass cool­

ing, up and down, while the side plates 

were designed for single-pass down 

_ool i ng. 

b. 30-Degree Tube-Wall Segment 

Testing and Analysis 

lEH32-4/8/68-ClA 

Figure 91. 30-Degree Tubular Wall Thrust 
Chamber REgenerative Coolant 
Tubes (U) 

(C) 1wenty-seven tests were conducted with the U/N 1 tubular-wall 30-degree segment, 

and one test was conducted with the U/N 2 tubular-wall 30-degree segment to 

achieve the following objectives: (1) detennine the tubular-wall segment coolant 

enthalpy change at different chamber pressures over the throttling range (coolant 

enthalpy change also is referred to as a total heat rejection rate or total heat 

load); (2) determine the pressure loss characteristics of the tubular-wall segment 

design; (3) evaluate the durability of the tubular-wall segment design during 

repetitive tests with respect to combustion zone hot streaking, localized tube 

hot-gas-side surface melting, rippling, or fatigue cracking, and (4) indicate any 

potential problems peculiar to the segmented thrust chamber design approach in 

general. 

(U) 111e tests were conducted using brazed face injectors, U/N 1 and 3, which did not 

have the oxidizer bias m0dification incorporated. The 30-degree water-cooled 

segment tests for evaluati~n of mixture ratio bias had not yet been accomplished 

at the time the 30-degree tube-wall tests were conducted. 
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(U) The data obtained from the 30-degree, tube-wall tests are shown in Table 12. 

Coolant flowrates, coolant flowrates, coolant bulk temperatures, and pressures 

recorded during the test are presented. The testing was accomplished at Victor 

stand in the Propulsion Research Area at Santa Susana. This was the same facility 

used for the water-cooled segment testing and is described in Appendix I. 

(U) Three types of tube-cooling circuits were used during the testing of the 30-

degree tube-wall segments. The circuits consisted of series cooling, reverse 

series cooling, and a parallel cooling. The series and parallel circuits are 

shown in Fig. 92. The reverse series circuit was the same as the series cir-

cuit, except that the inlets and outlets were reversed and the appropriate 

adjustments made in the instrumentation. The baffle cooling circuit was the 

same for all tests and consisted of a parallel flow of ambient gaseous hydrogen 

(Fig. 9~. All coolant hydrogen was burned in facility burner stack after 

completing the coolant circuit. 

(U) The series cooling circuit was used for the initial group of tests, 082 through 

096 (except 091) and tests 001 through 008. (Tests 082 through 102 were con­

ducted in 1968, and tests 001 through 008 were conducted in 1969.) The reverse 

series cooling circuit was used for test 091. Segment operating levels for the 

tests using the series circuits were in the chamber pressure range of 78 to 350 

psia. The parallel cooling circuit was used for tests 098 through 102 for 

evaluation of operation at chamber pressures between 350 and 650 psia. The 

parallel cooling circuit was required at the higher chamber pressure levels be­

cause of excessive ~~essure drop with the series cooling circuit. 

(C) The original test plan was that series cooling circuits would be used for all 

tests. However, heat rej ection rate and pressure loss data obtained during the 

initial low chamber pressure range tests (78 to 350 psia) indicated that the 

facility liquid-hydrogen coolant tank pressure capability (2000 psig) was insuf­

ficient to provide the required coolant flowrates for the high chamber pressure 

range (350 to 650 psia) tests. The test stand coolant system capability was 

increased by adding an additional ambient gaseous supply system so that a parallel 

cooling circuit could be used. All the tests were conducted with some degree of 
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-
overcooling to provide protection for the segment until the heat transfor data 

r..ould be obtained and the chamber parameters (h, t.H distribution, etc.) defined. 
g 

The use of overcooling increased the total heat rejection rate because of the 

ireater driving potential (adiabatic wall temperature minus tube gas-side wall 

ten,perature, i.e., T -T ) from decreased tube gas-side wall temperatures. aw wg 

(1) Heat Transfer Analysis 

(U) The enthalpy chClnge of the coolant that occurred during each test (Tahle 12) 

was determined by use of measured temperatures and pressures and interpolation 

of enthalpies from thermodynamic property charts. 

(U) The measured total enthalpy change in the coolant, as determined from the minimum 

overcooling tests, is presented as a function of chamber pressure in Fig. 93. 

The heat rejection rate includes the baffle heat load. 

(U) Figure 94 presents the heat rejectiun rate normalized by division by the 

injector flowrate (Btu-sec/lbm-sec) as a function of chamber pressure. This 

figure compares the 30-degree tube-wall heat rejection rate with the heat rejec­

tion rate determined for the 30-degree water-cooled segment (integral injector 

and brazed-face injectors), and the contour G solid-wall segment from the pre­

vious program (Ref. 1). As may be noted in Fig. 94, the total measured heat 

inputs for the 30-degree tube-wall segment were significantly greater than for 

the 30-degree water-cooled segment using the same injector. 

(U) The measured heat rejection rate of the two baffles as a function of chamber 

~ is presented in Fig. 95. Both baffles for each assembly are included. 

~ '.alpy change was normalized by dividing the enthalpy change by the injector 

:::5 "total flowrate. 

(C) The data indicated that the enthalpy change in the coolant was not linear with 

respect to chamber pressure (i.e., ~H (Pc)n), where n < 1.0 and n also varied 

as a function of chamber pressure (Fig. 94), The variation of the exponent (n) 

with chamber pressure results in a turbine inlet temperature variation and fuel 
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(C) injection temperature wi ll increase with decreasing chamber pressure. To main­

tain the.,,e temperatures ccnstant over the throttle range may be desirable for 

engine operation; however, increased fuel injection velocity (which occurs with 

increased fuel injection temperature at low chamber pressures) can be instrumental 

in minimi zing upper combustion zone heat loads. Increasing fluid temperatures 

with decreasi ng operating pressures does not severely penali ze the systems from 

a structural standpoint. However, the data indicate that the injection tempera­

ture at ..:hamber pressures below 150 psia in this chamber/injection combination 

would be in excess of 1500 Rand, consequently, would reduce the effectiveness 

of the coolant in maintaining acceptable tube-wall temperatures. 

(C) Figure 96 presents a comparison of the coolant entha lpy change experienced 

during 30-degree water-cooled solid-wall and 30-degree tube-wall thrust chamber 

tests, The analysis used in separating the inner and outer body heat loads for 

the sol id-wall chamber segment was presented previously. Although the hot-gas 

side-wall contours were the same for the solid-wall and tube-wall segments, there 

was a significant difference in heat rejection rate between the two segments. As 

observed in Fig. 96, the tube-wall segment coolant enthalpy increase was greater 

than the solid wall at all chamber pressure levels. 

(U) Several mechanisms have been proposed to explain tl1e apparent difference in total 

heat rejection rate between the solid-wall and tube-wall segment, These mechan­

isms could affect several of the parameters in the heat rejection rate relation­

ship, i.e., 

where 

Q = h A (T -T ) g s aw wg 

Q = total heat load, Btu/sec 

As = surface area, sq in. 

T = adiabatic wall temperatures, R 
aw 

T = hot-wall surface temperature, R wg 

h = gas film convective heat transfer coefficient, Btu/in.
2
-sec-R 

g 
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(C) 1be first possible mechanism arises from the fact that the surface area (A) for s 
the tube wall is greater than the sol id wall. This difference is caused by the 

individual curved surface of each tube in the tubular-wall segment wl1ich is not 

present in the solid-wall segment. The magnitude of this geometrical differenc0 

has been estimated to be A = 1. 25 A . 1bis 
Stuhe-wall segment Ssolid-wall segment 

estimate was made on the basis of measuring the surface area of a tube-wall im-

print in a putty cast and comparing it to a flat surface with the same projected 

area. 

(C) Because of possible unknown variation in the hot-ga1-side convective film coeffi­

cient in the wetted perimeter of one tube, the 25-percent increase in area is not 

known to be synonomous with a 25-percent increase in total load. 

(U) As indicated from Fig. 96, the geometrical A difference is significant, al though 
s 

a quantitative conclusi'on can be obtained only when two cryogenic cooled segments 

are compared. In thi=> case, the tube-wall segment was cryogenical ly cooled and 

the solid-wall segment was water cooled. 

(U) The second consideration that may provide the mechanism for the tube-to-soi.id­

wall heat load discrepancy is that of "cold-wall effect," This effect can be 

illustrated simply by comparing thP heat load for a wall whose gas-side wall 

temperature (Twg) is 1100 R (cold wall), as opposed to a wall whose temperature 

is 1800 R (hot wall). Using the relationship Q = h A (T -T ), it can be g s aw wg 

(C) 

shown that: 

Qhot wall= 0•9014 Qcold wall 

if it is assumed that (h A T ) = (h A T ) . g s aw cold wall g s aw hot wall 

The cold-wall effect is a decrease in T (as a result of overcooling) and wg 
resultant increase in the value of (Taw-Twg)' or it could be caused partly by 

nonoptimum tube design, both of which would result in gas-side wall temperatures 

being lower than the rated value (e.g., 1100 rather than 1800 R) and, consequently, 

a higher total heat rejection to the coolant. 
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(C) 

In addition, the lowered gas-side wall temperature results in lowered boundary 

layer temperatures, which tend to enhance chemical recombination in the bound&ry 

layer wi t h resultant higher local heat fluxes. 

One test (091) was conducted to evaluate and demonstrate the cold-wall effect. 

This test was accomplished by using the reversed series-cooling circuit, thereby 

introducing cryogenic hydrogen into the inner body instead of the 500 to 800 R 

hydrogen that had previously cooled this body. This test is compared to other 

tube-wall tests in Fig. 97. A 33-percent increase in total Q for the inner body 

can be deduced from this figure as a result of the cryogenic propellant. 

(C) The third mechanism affecting the tube-wall to water-cooled data was considered 

to be differences in the local heat flux, q/A, of the water-cooled and tube-wall 

segments. This difference was caused by the gas-side film convective heat trans­

fer coefficient. The h in the tubular-wall segment was expected to be of the 
g 

same magnitude as that in the water-cooled segment at any given local station and 

chamber pressure level. The basic premise upon which the tubular-wall segment 

coolant tube design was based was to obtain h 's from calorimetry chamber tests 
g 

and use them as tube design program input. 

(C) The tubular-wall segment heat load data indicate that the local f ilm coefficients, 

h , are larger than those of the water-cooled segment. Factors that evidently 
g 

caused a difference in h for the two segments (solid wall versus tube wall) g 
included relative surface roughness, a flat surface of the solid-wall segment as 

opposed to the rippled profile of the tube-wall segment, and the cold-wall effect 

in the case of the tube-wall se·gment. 

(C) Another comparison of interest specifically -pertaining to the tube-wall design 

is the comparison of heat loads on the individual bodies and their fndividual 

passes (up and down). The significance of these data lies in the strong effect 

of gas-side heat transfer coefficient and coolant bulk temperature on the tube­

wall temperature levels. Table 13 presents the heat load of the inner and outer 

body and each cooling pass for the three tests. There are large differences in 

the individual passes. As shown in Table 14, a significantly higher percentage 

169 

@@~[?0[ID~~1T~&[L ___________________ ...., __ 



u u W
I ' :::
, ..., m
 .. 

Ii
.I

 

(5
2)

 
t-

C
c§

) 
~
 

z 
~
 

0 

,i
i]

 
t-

c:
::

::
::

J 
u 

(c
::,

J 
....

 
Ii

.I
 

-,
 

fi
ui

] 
~
 

Ii
.I

 
~
 

~
 

~
 

Ii
.I

 

~
 

%
 

C
=

:J
 

~
 

C
F

 

11
00

 
_ 

TE
R 

BO
DY

 
TU

BE
-W

AL
L 

OU
 

G
 

CR
YO

GE
NI

C 
SE

R
IE

S 
CO

OL
IN

 
• 

I 
-
-
-
-
,
 

CO
OL

AN
T 

IN
L

E
T

~
 

,o
oo

 
I"'

 r 
T

U
B

E
-W

A
L

\ 
S

E
R

IE
f 

IN
NE

R 
B

O
D

• 
C

O
O

L
~

N
r-

~
 

8
0

0
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

6
0

0
-
-
-
-
-
-
-
-
-
f
i
 

' 
I 

I 
l~

-
-
~

-
-
-
-
.
.
a

 
DE

CR
EA

SE
 

4
0

0
-
-
-
-
.
/
'.

-
-
-
-
-

BO
DY

, 
RE

VE
RS

E 
SE

R
IE

S 
CO

OL
IN

G 

CO
O

LI
N

G
, 

2
0

0
-
-
-
-
~

-
-
-
-
-
-
i
f
-
-
-
-
-
-
-
+

-
-
-
-
-
-
+

-
-
-
-
-
-
-
i
-
-
-
-
-
.
.
.
.
.
J
-
-
-
-
_

_
_

J
 

10
0.

.._
_ _

_
_

 __
_._

 _
_

_
_

 _..
._ 
_

_
_

_
_

_
_

_
_

_
_

_
_

_
 ....

__
 _

_
_

 __
,_ 
_

_
_

_
 ....

... 
_

_
_

 __
__

. 

0 
10

0 
20

0 
30

0 
40

0 
50

0 
60

0 

CH
A'

18
ER

 
Pf

tE
SS

U
R

E,
PS

IA
 

F
ig

u
re

 
9

7
. 

D
em

o
n

st
ra

ti
o

n
 o

f 
C

ol
d-

W
al

l 
E

ff
e
c
t 

on
 H

ea
t 

R
e
je

c
ti

o
n

 R
at

e,
 

3
0

-D
eg

re
e 

T
ub

e-
W

al
l 

S
eg

m
en

t 
(U

) 

0 

70
0 

Cs
2' 

(§
) 

~
 

',
ii

] 
C

=
:J

 

C=
J 

[j
ui

] 
~
 

~
 

c:
:::

:::
J 

~
 

F 

l 
-

i i l 



11 
I 

I 

I 
I 
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Test 

083 
084 

085 

TABLE 13 

30-DEGREE, TUBE-WALL THRUST CJWffiER SEGMENT 

HEAT LOADS (U) 

Heat Loads, Btu/sec @@[t!]l?O!ID~[t!]'ii'O/i\ll. 

Test 

083 
084 

085 

Chamber Outer Body Inner Body 

Pressure, Flow Pass Flow Pass 

psia Down Up Total Down Up Total 

338 504 239 743 332 100 432 

236 390 193 583 264 97 361 

147 285 175 460 178 60 264 

TABLE 14 

JO-DEGREE, TUBE-WALL THRUST CIWffiER SEGMENT 

HEAT LOAD DISTRIBUTION (U) 

Percent of Total Heat 

Overall 
Total 

1175 
944 
724 

to Bodies Percent of Body Heat to Individual Passes 

Outer Inner Outer Down Outer Up Inner Down Inner Up 

63.2 36.8 68 32 76.7 23.3 
61.8 39.2 66.8 33.2 73.2 26.8 

63.5 36.5 62 38 75 25 
' 

@®~WOIID~~'ii'O/i\ll. 



(C) of the heat load entered the outer body than the inner body. In addition, the 

down passes on both bodies picked up significantly more heat than the up passes. 

(C) For comparison purposes with the water-cooled segment test data, test 078, per­

formed at 340 psia on the 30-degree water-cooled thrust chamber segment, was com­

pared with test 083 (tube-wall test). Comparisons of heat loads on the inner 

and outer bodies and the resultant influence on gas-side heat transfer coefficients 

were made. 

(C) Recalling that, in the solid-wall thrust chamber there were three separate 

circuits for cooling, the first one cooled all the area upstream of the throat, 

and the remaining two cooled the inner and outer bodies aft of the throat. The 

water-cooled data were analyzed by considering that the gas-side heat transfer 

coefficients in the region upstream of the throat were identical on both bodies. 

The data for test 078 are shown in Table 15 and compared with that obtained 

from test 083, 

(C) Although the total area exposed (area enhancement) to the hot gas is greater for 

the tube wall (because of the tube-to-tube crown effect) than that of the solid 

wall, the relationship between body-to -body area is the same for both configura­

tions and, therefore, the heat load ratio between inner and outer bodies should 

be the same for the solid wall as that of the tube wall. Consequently, the 

ratios of the tube wall-to-solid wall heat loads on both bodies were considered 

to be caused, in part, to different gas-side heat transfer coefficients. 

(C) Assuming that the water-cooled segment had the same body-to-body heat load distri­

bution as that of the tube-wall segment, the heat to the water-cooled outer 

body was 63,2 percent (743/1175 x 100) of the total, or 516 Btu/sec (816 x 0.632). 

Thus, the heat load to the outer body forward of the throat is 288 Btu/sec (516 

to 228), The remainder of the heat forward of the throat (194 Btu/sec) goes to 

the inner body. Thus, the gas-side heat transfer coefficients, based on water­

cooled tests, would be altered in their use for tube-wall analysis by the follow­

ing ratios in the subsonic portion of the thrust chamber. 
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TABLE 15 

COMPARISON OF SOLID-WALL AND TUBE-WALL 

HEAT LOADS AT 340 PSIA (C) 

Heat Loads, I Solid-Wall 

Btu/sec 
Distribution 

Corrected 
Solid Wall Tube Wall to Tube-Wal 1 

Location (Test 078) (Test 083) Distribution 

Outer Body, Injector to 245 -- 288 
Throat 

Outer Body, Supersonic 228 -- 228 
Region 

Outer Body, Total 473 743 516 

Inner Body, Injector to 237 -- 194 
Throat 

Inner Body, Supersonic 106 -- 106 
Region 

Inner Body, Total 343 1(52 300 

Ratio, 
Tube Wall 

to 
Solid Wall 

--

--

1.57 

--

--

1.26 



(C) hg (outer body); ;!~ or 1.17 hg (inner body), ~;~ or 0.82 

(C) The resultant area enhancement due to the shape of the tubes is the ratio of the 
1175 total heat load or: area enhancement due to the tube shape= 816 = 1.43. 

(C) This value is reasonable because the value is less than the maximum value possible 

for a tube-wall thrust chamber, which is the ratio of one-half the tube circum­

ference to tube diameter, or 1. 57 times greater than the sol id-wall surface area. 

(U) An apparent unequal distribution of inner- and outer-body tube-to-tube heat 

transfer was indicated as shown in Table 15. The tube heat transfer condition is 

illustrated in Fig. 98. Heat was assumed to be added both from the gas side 

(independent of fluid and wall temperature) and between the up-pass and down-pass 

fluid (proportional to fluid temperature difference). The details of the heat 

balances for the up- and down-tubes are shown in Fig. 99. 

(U) The solution to the tube-to-tube heat transfer analysis was based on the following 

assumptions: 

1. Fluid has a constant heat capacity 

4. Steady flow 

3. Hot-gas heat addition is independent of coolant state and location 

4. Up to down fluid heat transfer is proportional to the up to down .fluid 

temperature difference 

5, The up to down fluid heat transfer is described by a constant effective 

overall coefficient 

(U) The results of the calculation are shown in Fig. 10·0 where local bulk temperatures 

relative to body inlet and body exit bulk temperature in dimensionless form along 

the length of the passage is plotted. 
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Flow 
In 

Flow 
Out 

Oas Heat 

) Return 

t t t t t 
Gas Heat 

----~x 

Figure 98. Tube Mode 1 Used to Estimate Up to 
Down Tube Heat Tran sf er (u) 
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a. Down Tube Heat Balance 

. .. 
f\"\ c~ '~ 

--'•, 
I 

. ')C. x-~,c 

b. Up Tube Heat ·Balance 

NOMENCLATURE 

T = temperature 
m = flowrate 
C = specific beat at constant 

P pressure 
U = tube-to-tube heat transfer 

coefficient 
C = tube-to-tube contact height 
X = distance 
L = developed length of the tubes 

Qg = gas-side beat rate per 
unit .length 

Subscripts 

D -= down 
U • up 
In • inlet 
Out = exit 

Figure 99. Up to Down Tube Heat Transter (U) 
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Figure 100. Dimensionless Bulk Temperature Profile :;.n Tubes Based on 
Simplified Analysis of Tube-to-Tube Heat Transfer (U) 
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(U) TI1e parameter (A) used in the plot is defined as the ratio of tube-to-tube conduc­

tance to fluid internal conductance for a single interface. Because each tube in 

any direction is adjacent to two tubes in the opposite direction, a single inter­

face will pertain to half the flow per tube. Thus, the parameter definition is 

best written as: 

UCL 
"- = m/2 C 

p 

and, on the basis of the total chamber flow, 

"- = 

where N = number of tubes (the other nomenclature is defined in Fig. 99). 

(C) Based on the results shown in Table 14 for test 083, the down-pass fractions of 

total heat load for the outer and inner body, respectively, are: 

Outer Body, 
QT 

0.68 QT total heat load -= = 
QOB 

QOB = heat load of outer body 
QT 

Inner Body, -- = 0.767 QIB = heat load of inner body 
QIB 

(C) The corresponding values of the parameter (A) were computed to be: 

A (Outer Body) = 0.38 

A (Inner Body) = 0.52 

(C) Based on these data, a value for the effective tube-to-tube contact height, C, 

was estimated because it was virtually unknown in an analysis of this type. The 

estimate was dependent on conditions within the tubes. For this analysis, a 

location of 0.6 inch upstream of the throat was chosen to estimate tube-to-tube 

178 

@® ~ l?~ oorn~1r~&lL 



(C) effective heat transfer coefficients. Using the flowrates from test 083, the 

values obtained were (including resistance of up and down films as well as wall 

thermal resistance): 

Outer Body Coefficient, U = 0.0058 ---=-B_tu __ 
. 2 F 1n. -sec-

Outer Body Coefficient, U = 0.0082 __ B_t_u __ 
. 2 F 1n. -sec-

(C) The following other parameters were used: 

Developed Length of Tubes (L), inches = 6.8 

Total Flowrate (mT)' lb/sec = 0.281 

Heat Capacity at Constant Pressure 
(Cp)' Btu/lb-F = 3.5 

Number of Tubes (N) = 150 

Values of tube-to-tube contact height (effective) were calculated from the A 

equations as follows: 

C (Outer Body) = 0.0317 inch 

C (Inner Body) = 0.0306 inch 

(U) The results of this calculation show a reasonable dimension in terms of the size 

of the tubes and a significant consistency between the inner and outer bodies. 

The actual contact height may be more, but the presence of braze alloy and tube­

to-tube variations make this parameter difficult to estimate on a purely 

theoretical basis. 

(C) The effect of the tube-to-tube temperature is of significant benefit in the outer 

body when consideration is given to wall temperatures, because the bulk tempera­

ture of the coolant is in a range where warmer fluid benefits the cooling 

capability. Unfortunately, the inner-body effects will be detrimental because 
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(C) coolant temperature and wall temperatures move in similar directions at the 

higher bulk temperatures. Pressure drop is similarly increased by warmer fluid 

and, therefore, less dense (higher velocity) fluid exists in the tubes over a 

greater length. 

(U) To further investigate the effect of two-dimensional heat flow on the hot -gas 

side-wall temperature of the tubular wall thrust chamber, a 31-region mode ~ 

(Fig, 101) was used. Regions 15 and 31 of the model simulated the braze filler in 

in adjacent downpass and uppass tubes. Nickel tubes were used in the analysis. 

The gas-side heat transfer coefficient profile in Fig. 102 was assumed. 

(U) In this analysis, the one-dimensional tube-wall temperature was assumed, the 

gas-side film coefficient (h) and coolant bulk temperatures were established 
g 

from the test data for the particular chamber pressure, and the coolant-side 

film coefficient (h) was computed from the following equation. 
C 

where 

h = 
C 

1 

h = coolant side film coefficient 
C 

Taw = adiabatic wall temperature 

T
8 

= coolant bulk temperature 

hg = gas-side film coefficient 

T = gas side wall temperature wg 

~X = wall thickness 

k = wall thermal conductivity 
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(C) The analysis assumed two tube designs, the first of which had the wall tempera­

tures of both uppass and downpass tubes at 1400 F and the second considered a 

1100 F tube wall for the dowttpass tube and a 1400 F tube wall for the uppass tube. 

A summary of the results obtained for the r.ozzle throat with chamber pressures of 

650 and 340 psia is shown in Tables 16 and 17. As shown in these tables, the 

maximum two-dimensional wall temperature was much higher than the one-dimensional 

value. The analy is showed a weak relationship between the coolant buH tempera­

ture and two-dimensional wall temperatures at these heat flux levels (compare 

Tw/2-D for T8 = -160 F 2.nd T8 = 300 F in Table 16). Also, a lower one-dimensional 

wall tempera tu-re (i.e., :1. 400/ 1100 F case) resulted in a larger temperature differ­

ence between the one- and two-dimensional analyses. 

(C) A comparison of the results of two tubes designed for 1400 F and those designed 

for 1100 and 1400 F indicated that the cooler tube did not significantly reduce 

the wall temperature of the hotter tube. Figure 103 shows the isotherms for the 

1100/1400 F test case. As shown by the isotherms, the cooler tube (downpass) 

cooled only a small fraction of the hot tube (uppass). This result is obtained 

- because of the difference in gas-side surface area and coolant-side surface area 

and the high heat flux profile on the tube. A typical tube gas-side wall tempera­

ture profile is shown in Fig. 104, 

(C) As the heat flux was lowered (Tables 16 and 17), the two --dimensional wall tempera­

ture tended to approach and, finally, become less than the one-dimensional value. 

This result is illustrated in Fig. 105, However, as noted in Fig. 105 at low 

heat flux levels (low gas-side heat transfer coefficient), the coolant bulk 

temperature significantly influences the two-dimensional wall temperatures. 

(C) Based on the analysis of the test data, a number of significant phenomena were 

observed: 

1. High outer-body heat loads (relative to the inner body); the difference 

is well in excess of that observed in water-cooled segment testing. 
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2. High inner-body heat loads; observation of this phenomenon indicates a 

very large heat transfer from up tubes to down tubes in both bodies. 

3. A higher total integrated heat load in the tube-wall as compared to the 

water-cooled segment test experience, 

(2) Combustion Performance 

(C) The characteristic velocity efficiency (n *) derived from the 30-degree tube-wall 
C 

test data :ls tabulated in Table 12 and shown in Fig. 106. Some of the data 

resulted in values above 100 percent. This result is believed to be primarily 

caused by difficulty in measuring the throat area of the tube-wall segment and 

predicting the thermal growth of the chamber backup structure during the firing. 

The throat gap was measured at 20 locations along its length at various intervals 

during the test program; however, the measurement was made while the hardware 

was at ambient temperature and, consequently, the measurement would only indicate 

a test-to-test trend . 

. (C) The additional throat area that exists because of the tube interstices was esti-
1 

mated from tube braze samples and geometric considerations. The corrections 

applied to the data to account for the throat area change from transient thermal 

conditions considered variations in percent overcooling and burn duration and 

assumed a constant 5-second hydrogen prechill before ignition. 

(3) 30-Degree Tube-Wall Segment Test Summary 

(C) Two tube-wall thr· j t chamber segments were fabricated and tested. The results 

were: 

1. Hydrogen cooling of the tube-wall chamber was demonstrated with varying 
I 

amounts of overcooling. 

2. Total heat rejection rate data was obtained for cryogenic cooling and 

exceeded the amount predicted on the basis of the previous 30-degree 

water-cooled segment tests. 

189 



(C) 3. The pressure drop of the tubular-wall chamber was grossly excessive. 

'fil.. 

> .. 
(.) 
z 
LU 

(.) 

I.I.. 
I.I.. 
LU 

* (.) 

4. TI1e tube-wall segment test results indicated that investigation of al ­

ternate design approaches was required (refer to the tube-wall main 

thrust chamber analysis of Vol. I, Sections I, IV, and VI). 
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Figure 106, Combustion Efficiency, 30-Degree Tube-Wall Thrust Chamber 
Segment (U) 
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S. INITIAL 30-DEGREE CHANNEL WALL SEGMENT EVALUATION 

a. General Approach 

(C) Testing of the 30-degree tube-wall segments (discussed in the previous section) 

1' 0.s ul ted i n excessive heat loads and excessive associated required pressure drop, 

and in icated that investigation of alternate design approaches was necessary. 

Several approaches for reducing the heat load and improving the chamber cooling 

were considered. These approaches were: 

1. Flattened tubes 

2. Filled or dimpled tubes 

3. Shortened combustion chamber length 

4. Channel coolant passages 

s. Injector mixture ratio bias (film cooling) 

(U) The flattened tubes, illustrated in Fig.107a, was an approach considered for 

achieving a smoother chamber ~ot-gas wall surface. Based on the 30-degree water­

cooled segment (smooth wall) test results, compared to the 30-degree tube-wall 

segment (bumpy wall) test results, a considerably smaller heat load was possible 

I (U) 

(U) 

with a smooth wall by virtue of a smaller hot-gas surface area. Little experience, 

however, was available with flattened tubes. 

Filled tubes and dimpled tubes, illustrated in Fig. 107b and 107c, were approaches 

for improving the heat transfer of the tube coolant side by virtue of reduced flow 

cross section, ~nd associated increased coolant flow mass velocity. Smaller 

original size tubes were not considered practical for the tube t apering and 

forming processes. Some favorable experience existed with dimpled tubes (Atlas 

sustainer engine); however, experience with filled tubes was nonexistent. 

The shortened combustion chamber was an approach for reducing the overall heat 

load by reducing the chamber hot-gas wall surface area, and was described in 

Section II I, 2, a (1) (c). 
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(a) FLAT TUBES 

(b) FI LLEO TUBES 

) 

(c) DIMPLED TUBES 

Figure 107. Alternate Tube Designs (U) 
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I 
(U) The channel coolant passage approach was considered attractive because it achieved 

the desirable smooth hot- gas wall, made possible the use of smaller coolant pas­

sages than normally achievable with tubes, and offered the potential for reduced 

fabrication costs compared to a tube-wall design by virtue of eliminating the 

tapering, forming, and handling of many tubes. 

(U) The injector mixture ratio bias was an approach for reducing the chamber wall heat 

flux and associated heat load by introducing film coolant (either oxidizer or 

fuel) from the outer periphery of the injector. 

Of the above candidate approaches, three were selected for test evaluation: 

1. Shortened combustion chamber length 

2. Injector mixture ratio bias 

3. Channel coolant passages 

(U) The short combustion chamber length and injector mixture ratio bias evaluations 

were carried out with the 5-inch and 30-degree water-cooled segment hardware, and 

were discussed previously in Section III, 2, b (7) and Section III, 3, b (2), 

respectively. 

(U) The evaluation of the ini~ial segment designed with channel coolant passages 

(channel-wall) is discussed in the following paragraphs. 

b. Har dware Design and Fabrication 

(U) The purpose of this segment chamber, which was company-funded, was to provide an 

initial technology evaluation of a channel coolant passag e~ chamber for AMPS. 

The channel wall fabrication technique offered considerably greater development 

versatility and lower cost than tubes and tube-wall chambers. Variations in 

coolant channel depth and width are easily obtained; as compared to extensive 

lead time and tooling required for tube configuration changes. 
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(U) The chamber consisted of four basic detail parts: inner body, outer body, left­

hand baffle, and right hand baffle, with accessory parts such as locating pins, 

bolts, etc. A flow chart showing the sigrtificant manufacturing operations for 

the con,iplete thrust chamber assembly is presented in Fig. 108 • 

(C) The hot-gas wall contour (Ge) was the same as that used for the tube wall. The 

basic structure was 347 CRES forging that was initially machined to provide an 

ID contour that was oversize with respect to the radii, required manifolds, feed 

ports, and manifold weld lips. The contour was then builL up with electroform 

nickel to approximately 0.130-inch thick (see Fig. 109), thus providing excess 

material on both the inner and outer bodies, The contour was then machined to 

within -0.010 inch of the final contour requ:red for face attachment. The axial 

coolant passages, 0.036 + 0.002/-0.000 in~h ~onstant width with variable depths 

of 0.072 inch at the injector, 0.032 at the throat, and 0.92 at the exit end, 

were then machined. 

(C) The outer body had 147 slots, and the inner had 145 slots. The slot cutting 

was accomplished by use of an air-driven-mocor, single-slotting saw tool assembly. 

The tool assembly was attached to the ram of a Bullard vertical turret lathe 

equipped for tracer machining, and the slots were cut on radial lines with a 

vertical traverse while maintaining slot depth from a tracing template. The same 

machine and trace tooling also were used for all of the contour machining. 

(U) After completion of the slots, they were filled with Rigidax wax, as shown in 

Fig. 110, and the contour was final machined by removing 0.010 inch from the face. 

This provided a clean, burr-free, wax-free surface to which the electroformed 

face could be attached. The wax was used to maintain the required passage cross­

sectional flow area during electroforming of the hot-gas wall and was removed 

after face formation. 

(C) The hot-gas side surface of the electroformed nickel (electroplated) was initiall y 

thicker than required and was machined to the required wall thickness of 0.018 

inc!1 in the throat and to 0. 030 inch above and be 1 ow the throat. 
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(U) Final machining of the segment body for furnace braze assembly completed the 

detail part as shown in Fig. 111. 

(U) Because this chamber (U/N 1) was the first to be built at Rocketdyne by this 

technique, some problems were anticipated. The only problems that occurred, 

however, were concerned with the electroforming process development and control 

such as: 

1. Control of the plating thickness over a contoured surface required anode 

and shield placement development. 

2. Activation of the surface to be plated was not possible reliabl.y and 

repetitively. 

3. Equipment malfunctions such as filter plugging, poor agitation, pump 

failures, etc., occurred. 

4. Laminations in the plated material occurred in random areas; some were 

not removed and did not prove to be detrimental. 

5. Porosity occurred in certain areas because of the impingement of the 

plating solution on the surface being plated. 

(U) The end plate baffles were designed for a four-pass cooling circuit and were 

a channel design also. The coolant slots were electrical discharge machined 

into a wrought nickel plate that had been machined to provide manifolds. The 

EDM machining was required because of the coolant passage pattern complexity. 

The hot-gas side surface was formed by electroforming nickel similar to the 

inner and outer bodies. Because the baffle hot-gas side surface is flat, the 

nickel face was surface ground to the required wall thickness. One of the com­

pleted baffles and its structural backup plate are shown in Fig. 112. 

(U) The segment detail parts, inner and outer bodies, and baffles, were furnace 

brazed together to form the complete assembly. The views of the completed thrust 

chamber segment are shown in Fig. 113. One significant problem was encountered 

during weld closure of the inner body turnaround manifold. A series of cracks 
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1EH31-12/ll/68-C1A* 

Figure 111. Channel Wall Segment Outer Body (U) 
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lEH31-12/ll/68-ClE* 

Figure 112. Baffle and Structural Backup Plate (U) 
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(U) was found emanating from the weld into the parent material. No cracks had 

occurred during identical welding performed on the outer body turnaround manifold, 

and the cause of the cracks was not immediately apparent~ The condition was sub­

sequently determined to be related to the location of circulation nozzle in the 

electroform bath. 

(U) Many very small surface cracks were noted on the inner body face downstream of 

the throat prior to testing. Some cracks also occurred at the injector end where 

the contour curve transition runs into a straight section. The cracks were 

believed to have resulted from inadequate electroform process control, as was the 

case for the above-mentioned turnaround manifold. An attempt was made to seal 

the cracks aft of the throat by localized electroplating and at the injector 

end by plasma-sprayed nickel. The repair at the injector end was successful, 

but the repair aft of the throat was unsuccessful. Helium leakage tests per­

formed prior to hot firing disclosed that many of the fine cracks leaked. No 

attempts were made to seal all the cracks prior to testing. 

(C) A heat transfer analysis of the channel-wall chamber was conducted concurrent 

with the mechanical design phase. Because of the predicted throttling limitations 0 
caused by high total heat rejection rates to the coolant and the requirement 

tomaintain a reasonable heat transfer comparison tool, the channel wall chamber 

segment utilized the same coolant circuit as the previous tube-wall design. The 

coolant circuit is shown in Fig. 114 and had the provision for both parallel 

cooling and series cooling of the bodies. The chamber was designed initially 

for internal feeding of the baffles but with the capability of being modified 

to separate baffle feed. This modification was made during the test program 

when measurement of the baffle discharge coolant flowrate showed that an insuf-

ficient amount of coolant was being provided. The less than required baffle 

coolant flowrate was caused by excessive coolant leakage at the outer body dis-

charge which is also at the injector-to-thrust chamber joint. The high-pressure 

coolant hydrogen leaked into the combustion zone at this joint b~cause of poor 

sealing capability with this design and decreased the amount of coolant available 

for the baffle. 
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(C) The local hot-gas side convective heat transfer film coefficients used for the 

design of the channel wall were the same as used for the tubular wall thrust 

chamber, realizing that the hot-gas .. side surface area is a minimum in the channel 

chamber because of the nonrippled surface and, thus, less total heat input. A 

maximum gas-side wall temperature of 1600 F was predicted at 650-psi chamber pres­

sure and over approximately 50 percent of the chamber pressure range. Analytical 

predictions of gas -side wall temperatures slightly in excess of 1600 F were ob­

tained for the medium to low chamber pre s sure range. 

c. Initial 30-Degree Channel-Wall Segment Testing and Analysis 

(C) Twelve tests were conducted with the initial channel-wall segment over a chamber 

pressure range of 610.0 to 75.8 psia. The purpose of the testing was to evaluate 

the channel-wall fabrication techqniue and heat load reduction potent ial com­

pared to the tube-wall chamber. A summary of this test series is provided in 

Table 18. 

(C) The first eight tests were conducted with the U/N 1 brazed-face injector and were 

conducted with a series-cooling circuit (Fig. 114). Localized surface cracking 

of the electroformed nickel-face sheet occurred on the inner body downstream of 

the throat (Fig. 115). This area had incipient cracks prior to testing as a 

result of the fabrication process and was decreased earlier. No overheating, 

erosion, or failure of the face sheet-to-channel land joints were noted. Slight 

erosion of the injector body at the inner 0-ring groove, from fuel leakage into 

the combustion chamber and resulting hot-gas recirculation, was noted and 

weld-repaired. 

(C) An additional test was conducted with the 30-degree U/N 3 injector using a 

t' arallel-cooling circuit (Fig. 114), so that near-maximum chamber pressure could 

be attained. The test was terminated by the test observer because :of a change 

in exhaust flame color. Posttest inspection of the hardware revealed erosion of 

the injector body at the 0-ring groove because of fuel leakage at this seal. The 

erosion was subsequently weld-repaired. Slight surface melting and erosion of 
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Figure 115. Channel Wall Thrust Chamber U/N 1 Inner Body Cracks (U) 
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(C) the chamber hot-gas-side wall at one channel location also was noted. The melted 

region was suspected to have resulted from a partially restricted coolant channel 

(blockage). Other than the local damage, the general condition of the chamber 

was unchanged. 

(C) The final three tests were conducted with the U/N 1 injector which was modified 

for oxidizer bias (0.021-inch diameter bias orifices. (Refer to Section III, 3, 

b (2).) The tests were satisfactory and of programmed duration. 

(U) Prior to the tests, an attempt was made to decrease the amount of chamber-wall 

coolant leakage by arc-plasma spraying nickel onto the hot-gas side walls. The 

attempt was not completely successful because of an inability to position the 

spray nozzle normal to the wall because of poor accessibility, and leakage 

existed after the repair. During each firing test, a portion of the plating 

flaked off and was expelled by the exhaust gas. No other thrust chamber damage 

occurred, nor was there any noticeable deterioration as a result of the oxidizer 

bias. No visual damage to the injector was indicated. 

-U) During hydrostatic pressure test of the injector face-to-body braze joints, a 

braze joint failure was discovered. Leakage was found to exist between an 

oxidizer passage and the purge passage and between a fuel passage and the purge 

passag~. Neither leakage caused any damage becuase of the static helium purge 

that isolates the two propellants. As designed, if a small braze joint failure 

does occur (as it did in this case), the helium purge, which is at a greater 

pressure than either of the two propellant injection pressures, will flow into 

the propellant manifold, or manifolds and prevent mixing of the two propellants. 

(C) Following test 020 (the final test of this series), the thrust chamber segment 

was sectioned and metallurgically evaluated. Metallographic analysis, including 

electron-microprobe inrestigation of the cracks, was performed and it was con­

cluded that the cracking was the result of inferior quality electroformed nickel. 

An explanation for this problem was that the plating solution was directly recir­

culated on the part, aft of the throat on the inner body, and may have contributed 

to the embrittlement at elevated temperatures. The combustion zone, however, was 
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(U) exposed to more severe temperature conditions as compared to the nozzle, and had 

a minimal number of cracks. In addition, the regeneratively cooled side plates 

(baffles) sustained no damage during the firing tests. The side plates were 

fabricated by a process quite similar to the contoured segment walls, i.e., the 

coolant passages were EDM formed in wrought nickel sheet and the hot-gas side 

face was of electroformed nickel. Based on the above results, additional labora­

tory development work was necessary to improve the process control for 

electroforming. 

(U) A comparison of heat transfer test results of the U/N 1 channel-wall segment to 

the tube-wall segment chamber test results was made. The results could not be 

considered entirely quantitative because of the injector seal leakage and the 

condition of the rot-gas walls and their unknown effect on heat transfer in the 

upper combustion zone. However, a qualitative comparison (Fig. 116) was made 

with the channel-wall data points superimposed on a plot of the tube-wall and 

water-cooled copper segment data. As shown, the channel-wall heat loads were 

much lower than for the previous tube-wall segment and approached the values 

of the water-cooled segment. 

d. Initial 30-Degree Channel-Wall Segment Test Summary 

(C) Twelve firing tests were conducted on the initial channel-wall chamber segment 

with an electroformed hot-gas face closure. The significant results were: 

1. Qualitative heat transfer test data showed reduced heat loads compared 

to the tube-wall segment. The reduction was attributed to the flat 

versus nonflat (tubes) hot-gas wall. 

2. Chamber fabrication was accomplished without difficulty, except for the 

nickel electroforming process. Embrittlement and cracking of the 

electroformed hot-gas surface indicated that additional laboratory 

development work was necessary before starting fabrication of additional 

channel-wall segments of this design. 

208 

... .. 

---,----,-...,.,_ _______ , .. , _______ , ..... _____ _ 



1
2

0
0

-
-
-
-
-
-
-
-
-
-
-
,
.
-
-
-
-
-
-
-
,
-
-
,
-
-
-
-
-
-
-
r
-
-
-
-
-
-
-
-
r
-
-
-
-
-
r
~

-
-
-
-
-
-
,
 

TU
BE

-W
AL

L 
U

/N
 

1 
an

d 
U

/N
 

3 
IN

JE
CT

O
RS

 •
 

' 
'/

 
OU

TE
R 

BO
DY

 

100
01 

' 1
 

I 
I 

I 
I 

/ 
! 

80
 

W
AT

ER
-C

OO
LE

D 
OU

TE
R 

BO
DY

 
I 

I 
I 

I 
/
I
 

I 

(s
2)

 
~
 

(5
2)

 
..,, 

(§
) 

~
 

1
-
-
-
-
-
-
+

-
-
-
-
-
+

-
-
-
-
-
/
-
-
-
-
-
-
-
-
+

-
-
-
-
-
-
+

-
-
-
\
,
 

-
-
-
-

§
J
 

~
 

~
 

~
 

c;
ji

] 
-

,n
J 

c
=

:,
 

0 
1

-
-
-
-
-
-
+

-
-
-
-
-
+

-
-
/
-
-
-
-
t
-
-
-
-
-
-
+

_
.;

;
.-

-
/
'-

-
-
+

-
-
-
-
-
e
..

.-
-
-
=

-
-
-
-
-
1

f
-
-
-
-
-
-
-
l
 

c:
::

::
::

J 
l=

J 
~
 

~
 

60
0 

l=
J~

 
[r

ui
] I

 
\0

 
_

,I
 

[J
ui

] 
~
 

~ 
-
J
I
 

~ 
1

-
-
-
-
-
-
+

-
-
-
~

 
-
-
-
t
-
-
-
~

;
_

_
_

~
~

~
-
-
+

-
-
-
-
-
-
-
-

-
-
~

 
~

~-
.--

,_
, 

c=
;]

 
c
=

:,
 

a
: 

c:
::

::
::

J 

S
:J

 
~ 

o
o

+
--

--
--

~
 

--
+

--
--

--
=

,_
_

 
_

_
_

..
.-

.=
--

--
--

-+
--

,~
=

--
-I

 
-

~
 

p 
~
 

4 
W

AT
ER

-C
OO

LE
D 

-
I 

F 
~
 

IN
NE

R 
BO

DY
 

i~
 

20
0!

 
-

0
0

 
10

0 

.6
6 

20
0 

0 
OU

TE
R 

B
O

D
Y

, 
CH

AN
NE

L 
W

AL
L 

.6
 I

N
N

E
R

 
BO

DY
, 

CH
AN

NE
L 

W
AL

L 

TE
ST

S 
10

01
 

TH
RO

UG
H 

10
08

 
(N

O 
M

IX
TU

RE
 

RA
TI

O
 

B
IA

S)
 

30
0 

~
00

 
50

0 
60

0 
CH

AM
BE

R 
PR

ES
SU

RE
, 

PS
IA

 

F
ig

u
re

 
11

6.
 C

ha
m

be
r 

H
ea

t 
L

oa
d 

vs
 

C
ha

m
be

r 
P

re
ss

u
re

 
(U

) 

70
0 

f'
c 
~
 



(C) 3. Hydrogen Jeakage at the injector-to-chamber attachment flange dictated 

that a design change in this area was required. 

4. The oxidizer bias was not found to be detrimental to the chamber hot­

wall, even though hydrogen leakage through the cracks in the hot-gas 

wall existed. 

210 

@®~lf ~[ID~~lf ~&l 

0 



n 
::r 
• z 
z 
m 
r 

6. PROT01~PE 30-DEGREE CHANNEL-WALL SEGMENT EVALUATION 

a. Configuration Definition 

(U) This thrust chamber segment, which was designated the prototype 30-degree segment, 

incorporated all design improvements indicated by previous tubular- and channel­

wal 1 thrust chamber data. The primary purpose of the chamber (,valuation was to 

verify satisfactory regnerative cooling (with near design coolant pressure drop) 

over the design throttle range. Demonstration of durability and performance also 

was required. 

(C) The selected design was the channel-wall chamber concept utilizing a single-pass 

cooling circuit and G combustion chamber contour. The coolant circuit design 
C 

selection was based on detailed analysis of the firing test data obtained with 

the 30-degree water-cooled and initial channel-\vall segments. A relative compari­

son of three candidate configurations is shown in Table 19, 

(U) Local heat flux values were acceptable in all three candidate configurations; 

however, the overall total heat rejection rates were excessive in the medium to 

low chamber pressure range for both the two-pass channel-wall and two -pass 

tube-wall S8gments. Excessive hot-gas-side wall temperatures were predicted 

because of the high coolant bulk temperature (Table 19). 

(U) The relative comparison of configurations in Table 19 showed significant improve­

ment in chamber cooling for the two-pass channel-wall design compared to the 

two-pass tube-wall design. This improvement was basically a result of the re­

duced hot-gas wall surface area for the channel-wall, whi ch has a flat surface, 

and two-dimensional heat transfer effects. 

(U) The single-pass channel-wall design provided further improvement by optimizing 

the coolant passage profile to provide less pressure losses in areas of low heat 

flux and sufficient pressure losses in high heat flux areas to maintain acceptable 

wall temperatures. The new and original profiles are shown in Fig. 117 . The 

channel width was kept at 0.028 inch, while the depth was varied. As seen from 
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(U) Fig. 117, the channel varies from a maximum value of 5 in. 2 at the outer body area 

entrance to 1 in. 2 at the throat. The tube-wall thrust chamber flow area varied 

from 2. 5 in. 2 at the entrance to 1.2 in. 2 at the throat. The results presented 

in Table 19 were derived prior to the definition of oxidizer bias capabilities 

and do not include this improvement. The relative gas-side wall temperature 

differences between the candidate configurations, however, remain the same when 

evaluated with the oxidizer bias included. 

(C) The predicted prototype segment coolant circuit parameters are shown in Fig. 118. 

The data shown include the improvements of optimized coolant channel flow areas 

and the injector oxidizer bias. As noted, operation of the segment was predicted 

to be completely satisfactory with hot-gas wall temperatures less than 1400 F 

over the complete throttle range. The cooling circuit design utilized a single 

pass in each body (inner and outer) and a double pass through the nozzle 

(Fig. 119). 

b. Hardware Design and Fabrication 

(U) Evaluation of the initial 30-degree channel segment (U/N 1), discussed previously, 

indicated that a problem area existed in the mechanical design and fabrication 

of the hot-gas face. This problem area was the most critical aspect of the pro­

totype segment design and two techniques for generation of the face were evaluated 

by a laboratory test program. 

(C) The techniques consisted of: (1) electroformed nickel face onto an electro formed 

nickel substrate into which the coolant passages (of varying depth and constant 

width) have been machined; and (2) furnace braze attachment of explosively, or 

stretch formed, wrought-nickel face sheet to an electroformed nickel substrate 

into which the coolant passages (of varying depth and constant width) have been 

machined. 

(U) The initial channel-wall segment, U/N 1, was fabricated by the first technique 

noted above. Some surface cracks of random orientation resulted with the electro­

formed face. These results led to the conclusion that the electroform process 
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l(U) 

(U) 

variables were not adequately defined (e.g., current density, bath temperature, 

chemical composition, and agitation rate), 

Both the electroformed and braze sheet for the hot-gas closure were relatively 

new processes, and experimental laboratory investigations were conducted on a 

number of samples for definition and optimization of the significant process 

variables. Figures 120 and 121 illustrate the brazed face samples and Fig. 122 

and 123 illustrate the electroform face samples. The sample evaluations are 

discussed in more detail in Ref. 5. 

(U) The above investigation led to the conclusion that a wrought-nickel face was 

superior to an electroformed nickel face because of reproducible sheet quality 

and mechanical properties. Although the improved electroform samples were 

successful, the inability to completely define the mechanism of electroform 

failure on the initial 30-degree channel chamber (U/N 1) was considered sufficient 

reason to relegate this approach to a backup classification. 

(C) The following hot-gas face configuration was selected for the prototype thrust 

chamber segment: 

1. Inner Body: stretch-formed, wrought-nickel sheet that was furnace­

braze attached to the electroformed nickel substrate into 

which the coolant passages were machined 

2. Outer Body: explosively formed, wrought-nickel sheet that was furnace­

braze attached to the electroformed nickel substrate into 

which the coolant passages were machined 

3. Side Plates: wrought-nickel sheet that was furance-braze attached to 

(Baffles) the wrought-nickel plate into which the coolant passages 

were machined. 

(U) The prototype channel-wall segment lar out is shown in Fig. 124. To minimize the 

sealing problems experienced with the initial channel-wall segment (U/N 1), no 

high-pressure coolant was permitted in the prototype injector-to-segment joint 
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SAMPLE #1 

,{)if!Oj 

NICKEL 200 
BASE 

BRAZE 
INTERFACE 

SlOT PLUGGING EXPERIMENT 

SUCCESSFULLY BRAZED WITHOUT PLUGGING. 

WITHSTOOD 15,CXX> P.S.I. PROOF TEST. 

WITHSTOOD 5700 P.S.I. AT 1120°F, 

SAMPLE#-, 

NICKEL 200 
SHEET 

BRAZE ACCU~:ULATIOll EXPERIMEN'l' 

.. TO Br} B:L\?.~D OH All I!iCLillE _TO 

JoNALUAn 1.ccu:,n1 t'i'IO:l EFFECTS 

:-'ROM GRAVITY OR CAPILLARITY, 
BEING ALLOYED WITH THE STRIP 
Rolling Method 

,()/8 

SLOT 

.01, 

SAMPLE i/2 

NICKEL 200 
SHEET 

CRES 
,04L 
BASE 

ELrX:TRCFOR."'ZD 
NICKEL 

BRAZE TO EIECTROFORM EXPERIMENT 

SUCCESSFULI,Y BRAZED WITHOUT PLUGGING. 

WIT"rlSTOOD 15,CXX> P.S.I. PROOF TEST. 

WITHSTOOD 5,900 P.S.I. AT l<:S)oF, 
(DEEPER SLOTS WEN-T -INTO '.504L BASE) 

SINGLE PLANE 
CURVE 

VARIABLE 
DEPl'H SLOTS 

CO!fflJNBD BRAZIUG YAHIABLES 

SlNGLZ:· ·PLANE ·CURVED SAMPLE FOR 

.o,, 
To 

,05'() 

,018 
NICKEL 

200 SHEET 

Viilli'ICATION OF !IDLTIPL:": VARIABLES, 

TO BE ALLOYED WITH STRIP ROLLING 

Figure 120. Wrought Sheet Brazed Face Samples (No. 1, 2, 3, and 4) (U) 
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I f-

dtttrr 

WROUG!rl' fi:t~!-.'T BRA?.~;!) FACE SAMPLES 

SA!~PLE //5 

BRAZE 
INTERFACE 

ALLOY QUM"l'ITY EX.PERll-lE?J'l' 

swr 
DEPl'lI 

ALLOYING METHODS EVALUATED. MAXIMUM AND 
MINIMUM ALLOY AMOUNT DETERMINED. LACK OF 
BOND CHECKED BY STOP-OFF ON TWO LANDS IN 
TWO LOCATIONS. (UNBONDED AREA BLISTERED 
AT 10,800 P.S.I. PRESSURE TEST) ALL 
INTENDED LANDS BRAZED - NO PLUGGING. 
PORTION REBRAZED SUCCESSFULLY USING 50-
P.S.I. BAG PRESSURE . 

SAMPLE #7 

NICKEL 200 mlE:.""'l' 
SLOT 
WIDTH 

,()/~ 
ro 

SA!-!PLE 16 

t 
.030 
SLO'l' 
DEP'l'H 

COMPOUND CURVE 
NICKEL 200 

SHEr."'T 
.018 

CO!ffl)UND CURYATJIRE EXPERI1011' _ 
EVA LUATION OF FIT, BRAZE TOOLING, BRAZE 
Pl{E,'SURE, TEMPERAWRE, AND EXPANSION 
RATES ON A THREE-DIMENSIONAL SURFACE. 
DETERMINES VACUUM OR PRESSURE BAG 
BRAZING PROCESS. FIRST BRAZE SUCCESSFUL; 
SECOND BRAZE WITif FOIL ALL OVER SUCCESS­
FUL; 11-IIRD BRAZE TO BE STRIP ROLLED ALLOY 
AND 5O-P.S.I. BAG PRESSURE. 

.0~8 ,l.30 NICKEL 200 
swr WID'l'H SHEET 

.Pc8 
SLOT 
WIDTif 

CHES .120 COMPOUND 
304L --11---.i 

ELECTROFOR>:ED CURVE 
,, NICKEL 

.IZO 
Nl ..... '""--"--ELEC'l'RO-

BASE 

0 
FiliAL SA!·tPLE HALP 

CO!·!POIJJID 
CURVE 

BRAZE 
INTERFACE 

REPRESENTS ACTUAL CHAMBER SEGMENT 
HALF SECTION ltl EVAWATES ALI. 
VARIABLES, 

BRAZE 
INT.illlFACE 

0 

FIJiAL SAMPLE HALP 

PORMED NICi.:: 
CRES 
'°4L 
BASE 

REPRESENTS ACWAL CHAMBER SEGMENT 
HALF SECTION #2 EVALUATES ALL 
VARIABLES. 

Figure 121. Wrou ght Sheet Brazed Face Samples (No. 5, 6, 7 and 8) (U) 

219 

---------tt'f-.... ,..~t~f"1"''' 



+ I 
+ I 
• I 

I 
+ I 
+ '-{~:::JDI 

+ 

+ 

A. UNSHIELDED DE!'OSITIO?l PA'M'ERN 
SURPLUS INNER AUD OUTER llCDIES FOR CATHODE. 
DEPOSIT THIN SEPARA3I3 L{YB.l!S OP NICKEL. 
PART O:'F, AND ~!El.SURE. 

B. FACE POTENTIAL 

PROBi TO DET~'tUNE SURFACE :rol'El:TIAL GRID 
COMPLETELY SUCCESSFUi. 

SAMPLE f} 

ACTIVATION AJID EU:CTROFOR!·'.!11~ O!l 304L :~.1,T:-::UAL 

ACTIVN!'IOH TRIALS ON CF.A:mE.'l BODY Mt.Tl:::UAL 
COMPLETE LY SUCCESSFUL. 

NICKEL 200 
SHEET 

CRES 
304L 
BASE 

DRAZE 
INTERFACE 

ELl.'CTROFOnY.i!l 
NICKEL 

BRAZE TO ELECTROFOR:-1 EXP!-!RIXENT 

SUCCESSFULLY :BRAZED WITHOUT PLUGGING. 
WITHSTOOD 15.000 P.S.I. PROOF TEST. 

WITHSTOOD 5.900 P.S.I. AT 1oao0r. 
(DEEPER SLOTS WENT n.'TO 304L BASE) 

SAMPLE 14 

.()Z8 
SLOT 
WIDT!I 

347 SLOTTED 
PLATE 

FILLr:R S!-;LECTION AND REMOVAL 

COVER PLATE 

A. CLAMP PLATE OVER RIGIDAX FILLJ,;D SLOTS AliD 
RUN RE~lOVAL TESTS 

B. REPEAT WITH UIHCllitOl'.E 320 WAX 

C. R.~P:!AT WITH RICI DAX A!:O NO CACO, i"ILLER 

D. D:.'T&1!UNi OPl'Ullr.~ WAX FOR FILL. Ai>~IO!l, 
co:~PATIDILITY t WORKABILITY t i::rc. WORK 
STOPPED UNTIL FACE APPLICATION METHOD 
IS CHOSEN. 

Figure 122. Electroformed Face Samples -(No. 1, 2, 3 and 4) (U) 
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SAMFLE /15 

SAMPLE #6 

EFFECTS OF SHIF.LDIN~ ON 

DEPOSITION RA'rt: 

A, FORMULATE SHIELD GEOl•!ETRY FROM 

TESTS 1A AND lB AND VERIFY BY 

EU..'CTROFORMING FACING ON 3()4L Ill'NER 

AND OUTER BODIES, 

B, CHECK DEPOSITIOII PATTERN USING 

SPECIAL FIXTURE. 

C, OPl'IMIZE FOR BASIC SHIELD GEOMETRY 

TO BE USED ON ALL SUBSTRATE ELECTRO­

PORMINC. 

NODULE COh"TROL 

USING S!UELDS F.R0:4 SAMPLE (/5 WITH .100 x .100 SLOTS FOLLO',UNG "D" MOLD LINE DETERMili'B 

EOOE SPACING FOR ~:OST EF'FECTIVE NODULE CONTROL, 

.016 
swr .Pl!O 
DEPl'HS .024 

.OZB 

__ l..._ 

347 FROr. SAMPLE 14 

J.. ACTI'/ATE AfiD E.F. 'iITH 5,0Uft2 FOR l HOUR, 
AND U:CiW.SE '1'0 20,0 A/rt2. 

8. EL.:..'CTROFORM iiITH 20.0 A/rt2 INITIALLY. 

C. E.F. VITH 10.0 A/rt2 FOR 1 HOUR AND INCREASE 
TO 20,0 A/tt2. 

D. · 1:,,-c11 orr A, B, C Alm REP;:1.T OPl'IIMI 
co1:01TION r'OR Vr;RU'ICATION. 

SAMPLE 118 

A?,ALYSIS OF ALL-CHAN?IEL CHAMBER 

A, -cmrnuCT FAILURE ·A11ALY:mro1rcucxs. 
B, INVESTIGATE CORRECTIVE ACTIOH FOR 

EIZCTROFORMING AND/OR MACP.INUiG PROCESS. 

Figure 123 . Electroformed Face Samples (No. 5, 6, 7 and 8) (U) 
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I 

(U) region. The fuel coolant crossover passages were removed from the injector and 

transfer of coolant, where required, was accomplished by external lines. A fab­

rication flow chart is shown in Fig. 125 and the completed prototype segment 

assembly is shown in Fig. 126 through 128. 

(U) The prototype end plates, designed for a one-pass cooling circuit, are shown in 

Fig. ,, 129 and 130 . The baffle coolant passages were electrically discharge 

machined. The hot-gas side of the end plate was made of wrought nickel and 

furnace-braze attached, similar to the technique used for the contoured segment 

halves. Preformed, felted, nickel strips were used to effect the braze joint 

between the baffle plates and segment bodies (Ref. s). This method provided an 

improved joint and permitted removal of the baffle-to -body secondary bolts that 

had been used to support the baffle end plate along the wall contour on the prev­

ious segment designs. The baffles had the capability of being separately cooled 

in addition to being normally cooled wi thL1 the basic cooling circuit. 

c. Prototype 30-Degree Segment U/N 1 Testing and Analysis 

(U) One hundred tests (029-128) were conducted for evaluation of the prototype channel­

wall thrust chamber segment and injector assembly. The majority of the tests 

were conducted with complete regeneratively cooled operation. A test summary is 

presented in Table 20 and significant details are discussed in the following 

paragraphs. 

(U) Tests 092-039 were conducted with the brazed-face injector U/N 4 which incorporated 

the IS-percent oxidizer bias modification. These tests utilized separate hydrogen 

flow for cooling of the chamber and were of sufficient duration to achieve the 

following test objectives: 

1. Heat transfer data consisting of total coolant enthalpy change, and 

coolant enthalpy change in each component, such as baffle, inner body , 

and outer body. 
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Figure 128. Prototype Segment (Top View) (U) 
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Figure 130. X-Ray of Baffle (U) 

231 

@®~l?D@~~1rO&lL 

' I 



I I I l I l 

C
s2

) 
@

) 
~
 

,i
ii

 
~
 

t~
JN

 
[r

in
]~

 
~
 

c:
;]

 
~
 

~
 

C
r 

TA
BL

E 
20

 

TE
ST

 S
UM

M
AR

Y,
 

PR
O

TO
TY

PE
 U

/N
 

1 
30

-D
EG

R
EE

 
CH

A
N

N
EL

-W
AL

L
 T

H
RU

ST
 

CH
AM

BE
R 

SE
GM

EN
T 

TE
ST

IN
G

 
(U

) 

-
-

._
 

-
·-

-
-.

 

~:
-.r

.:•
;.;

:,.
:..

, 
! 

_:
,.

_
._

:.
"
' 

••
 

• 
I 

.r
 u

 
<i

 
• 

p 
A

H
 

...,
, ;

:i
 

,.
.,

. 
• 

; 
~

"
' 

-
~ 

• 
5 

"
6 

• 7
 

I 
.a

,:
: 

I 
c...

 .:
:-

: 
-
-
~

..
..

 
.. 

,
. 

... 
. 

!
)
 ..

..
. ,

.. 
• 

T"
T

 
-

r:
,.

-,
lf

'P
 

...
..1

. 
~
 

I 
~
 

r.
"l

•T
 

,.,.
.A

-.
,

-
. 

, ~
-.:

.~
T

 
t/

.. 
::::l

:JR
.. 

·•
 =

:;
,S

. 
FL

.O
W

 
,.'

1 ..
 X

?l
;P

.E
 

l
.:.

.·.
.

. 
O

V
E

R
-

A
FF

LE
 

O
/B

 
I/

B
 

,,.
 

-
;:

;-
. 

;:
;-

-
:C

~ -
-~

 
• 

•'
-~

--
~

 
,.

.,
 ..

 ,.,
,.,

:>
 

'c
···•

·""C
"'':>

I 
I~

'J
 

=
'E

L
 r

•·
J 

c1
. 

,,.
u 

"
H

 
-

P
 

p 
-

Ip
 

·· 
-

:~:
o.

 
I 

rn
J.

u/
Ji

Js
.:::c

_.
li 

(P
s:y

._)
 __

 
(I

.3
/s

.sc
) 
i R

AT
IO

 
I 

(0 R
) 

cc
oL

 
TU

/s/
r 

m
u/

s:
::c

 :
s-r

u/
sE

c 
I 13

 
T4

 
1
5 

• 
:5

 i
 
r7

 _! 
:::r

;;/
s:

::c
 i 

:::s
r 

' 
. 

4 
~
 

i 
I 

.,-
I 

-l
 

I 
1' 1

28
5 

10
24

 I 
8

8
8

 :
 8

07
1 

44
6 

i 
-.: 

j 
'0

2
9

 
~
 4

 
1

.0
 

\ 
3

0
1

.2
 

2
.4

7
8

 
1 

1
2

.8
7

 
12

02
 

_ 
53

 
-

-
-

8
9

 
_ 

! 
_ 

: 
! 7

0
0

 j
 

67
9 

8
.,,9

 i 

0
3

0
 

-
~

~
-
-

2
.8

 
i 3

3
5

.0
 

, 
2

. 7
55

 
1 

1
4

.5
8

 
1 

10
00

 
41

 
_ 

_ 
, 

_ 
r~~9 

1 ~
97

: 
9 2

2 
• 

8 !1
1 

5 ~4 
, 

77
5 

, 
78

5 
1 

03
1 
I
~

 I 
3

.0
 
I 

3
3

1
.2

 
I 2

. 7
15

 
I 1

3
.9

9
 
I 1

33
1 

l 
3

8
 

I -
I 

-
I 

-
11 32

0
11

09
9

! 
97

1
: 

88
9

1 
?2

9 
: 

8
16

 
. 

. 
I 

76
 

-
-

-
. 

c
23

 •
 

' 
I 

• 

I 
79

2 
! 

P
3

2 
! -~

-
--I

 1.
s
 
I 3

27
 .4

_ 
I 2

. 7
26

 
I 1

4 
.1

5
 
! 1

28
0 

I ~
o

 _
_ 
I __

__
 I 

_ 
_ I 

_ 
11 ~~

91
1 9~

9 
! 9 ~

8 
! 8 ~

8 
/ 
!~i

 ! 
7

95
 

! 
81

8
. 

I 
. 

P
33

 
I 4 _ 

/
-
.4

-
I 3

.0
 
I 3

3
8

.1
 
I 2

. 7
60

 
I 1

4
.4

0
 
I 1

31
5 

I 
3

4
 

I _
 I

 _
 
l 

_ 
11?~

2
11

0.
:°

I 
9~

2 
! ~

3
 I 5

:8
 I 

8
14

 
' 

' 
! 

77
4

: 
j 

; 

P
34

 
'1 

4 
----

----
1 6

 8
 
l 

3
4

8
 6

 
j 2

 7
80

6 
I 1

4 
16

 
I 

13
48

 
I 

2
0

 
I 

66
 

I 
45

3 
I 

38
5 

11
25

21
10

48
\ 

94
3 

! 8
53

 i 
52

2 
i 

90
4 

, ;
_

.,
,-

-
4 

• 
i 

. 
• 

_
_

_ 
_:

_
_

 _
 

• 
. 

81
 

13
1

: 
58

2 
? 

58
2 

I 
99

3 
: 

., 
I I 

T
IO

i 
. 

' 

I 
----

-1
 

i 
I 

I 
I 

I 
I 

I 
I 

I 
98

9 
1 

s1
4

 , 
73

7 
j 

67
9 
I 42

7 
, 

tl
35

 
, 

4 
__

__
_ 

4 
1

0
.0

 
I 

2
1

2
.2

 
1

.6
1

6
 

1
2

.9
5

 
14

80
 

55
 

4
9

 
32

8 
32

1 
74

 
1

2_ 4
~

 53
9 

: 
53

9 
_<

31
_ 6 

, 
69

8 
' : 

56
1 

i 

P
36

 
i 

4 
--

-
i 

4 
6 

49
9 

6 
I 4

 1
1

0
 

15
 0

2
 
I 

13
88

 
i 

21
 

l 
7

9
 
I 

56
4 

43
2 

1 117
38

114
32

:12
79

 ;11
73

: 
72

2 
i 

10
73

 
I 

10
16

. 
1 

-
-
-
-

4 
I 

• 
• 

• 
• 

I 
. 

77
 

12
7 

' 
50

7 
, 5

07
 I

 8
24

 
: 

. 
; 

f3
7

 

b3
e 

03
9 

0
4

0
 

·0
41

 

10
4

2
 

i 
4 

--
--

--
·,

 
I 

J 
IJ

.7
28

 
43

3
:1

28
2 

,1
17

1 
'1 

72
1 

' 
· 

·: 
I 

-✓
--

4 
. 

7
.0

 
4

9
8

.5
 

4
.1

2
5

 
1

4
.8

6
 

13
58

 
1 

21
 

f 
1

3
0

 
51

0 
4

3
0

 
I 7

2
_

 1
53

: 
50

3 
. :

 )
"3 

, 
8

20
 
j 

10
70

 
• 

10
06

 ;
 

i
~

I
 3.

2
 
I 6

0
2

.1
 

5
.0

5
4

 
1

4
.6

1
 

14
36

 
I 

23
 

1
1

1
9

 
I 

75
7 

I 5
02

 
121

11
 1

17
23

 :1
54

2 
14

09
: 

86
5 

i 
. 

, 
71

 
I 1

42
 ; 

48
7 

48
7 

I 7
8?

 
, 

12
58

 
i 

12
46

 ! 
i~

I
 3.

2
 
! 

6
0

0
.5

 
5

.0
0

1
 

1
4

.6
5

 
12

51
 

I 
1

0
 

I 12
9 

I 
72

4 
I 4

71
 

11
91

0 
P.

56
8 

!1
40

5 
,1

28
4 

: 
77

9 
. 

11
95

 
i 1

13
1 
I 

. 
_

_
 .,
_

_
 _ 

_
,
_

 
_

_
_

_
_

_
_

_
_

 I 
75

 
I 1

60
 ! 

51
9 

; 
51

9 
: 

83
5 

. 
I 

-
; 

I 
4 

-
-

I 
; 

I 
~
 

1
1

3
 • 2

 
! 

8
1

.0
 
I 

.6
2

4
 

1
2

.6
3

 
13

42
 

' I 
26

 
I 61

 
I 

-
I 

_
' I 38

4 
32

6 
l 2

80
 i

 2
57

 i
 1

38
 

, 
. 

i 
1 

7
9

 
33

2 
l 

-
i 

-=
--1

L4
M

i 
l 

. 3
21

 
l 

24
7 
I 

: 
4 

_
-

! 
I 

: _
__

-4
 

J 
6

. 5
 

, 
6

2
7

.6
 

5
.3

3
9

 
1

4
.4

5
 

12
92

 
l-0

.1 
15

1 
59

7 
47

3 
1

8
7

7
,1

5
6

0
1

3
9

7
 !

 12
83

! 
76

8 
·, 

' 
I 

67
 

15
7 

55
9 

'· 
55

9
1 

89
8 

12
21

 
! 11

0
9

 j
 

j~
i1

0
.o

 
2

3
2

.8
 

1
1

. 7
5 

1
3

.3
5

 
13

60
 

0 
81

 
28

7 
32

3 
71

81
 

58
8 

51
0 

'4
65

 ,
2

4
7

 
I 

I 
I 

10
5 

24
8 

1
6

6
 I 1

6
8

 
l3

8
3 

6
91

 
I 

47
.1.

_ 
1 

----
----

----
I 

I 
I 

I 
l 

B
a
ff

le
 
In

le
t;

 
P

re
ss

u
re

, 
T

em
pe

ra
tu

re
 

P3
, 

T3
 

P4
, 

T4
 

P5
, 

T5
 

O
u

te
r 

B
od

y 
In

le
t;

 
P

re
ss

u
re

, 
Te

m
p

e
ra

tu
re

 

O
u

te
r 

B
od

y 
D

is
ch

ar
g

e;
 

P
re

ss
u

re
, 

T
em

p
er

at
u

re
 

P
6,

 
T6

 

P?
,

T'T
 

p 

In
n

er
 B

od
y 

In
le

t;
 

P
re

ss
u

re
, 

Te
m

pe
ra

tu
re

 

In
n

er
 B

od
y 

D
is

ch
ar

g
e

; 
P

re
ss

u
re

, 
Te

m
pe

ra
tu

re
 

p
si

a
 

OR
 

T
 

.... 
t 

C
s2

) 
(§

) 
~
 

,i
i]

 
C

=
:J

 

(=
J
 

[N
il

 
~
 

g 
/

~ F
 



I I I 
(5

2)
 

l I 
(§

) 

I 
~
 

! 
,i

i]
 

I 
~
 

l=
J
 N

 

(r
u

i] 
t:: 

~
 

i=
;]

 
~
 

S:
:J 

F 

! I 

C
?.

J.:
·:
3

R
/
 

'. c
::;

.J,
.:E

::R
 

~~
:T

 1_
~:>

r;; lI/
K

 I(;
~~

:);
 r~~

i!) 
_ 

04
3 
,
~

,
 

1
.2

 
! 2

0
6

.8
 

I 
-
-

I 

1
.7

 
i 2

1
0

.8
 

04
4 

I 
-~

 
4 

~
-

04
5 
,
~

j
 

I 
1

.6
 

; 
2

0
3

.3
 

04
6 
,~

-
I. 

4 
I 

2
.0

 
I 

7
8

.8
 

04
7 

I 
4 

__
 __

_. 
t 

-
~
 

4 
I 

3
.8

 
i 

7
5

.3
 

04
8 
i
~

I
 

1 
4 

I 
I 

1
.4

 
! 

3
2

1
.8

 
! 

! 4
 _

_ -
:
;
-
I 

04
9 

i 

1
.3

 
1 3

6
8

.3
 

05
0 

i 
4

--
--

--
-

, 
.

. --
4 

1
.4

 
I 4

8
4

.8
 

0
5

1
-

; 
4 
_

_
.-

..
-

I 
05

9 
I 

-
4 

. 
0

6
0

-
!
~

1
 

06
8 

I 
4 

I 

1
.7

 
! 2

1
8

.3
 

1
.1

 
I 2

0
9

.8
 

0
6

9
-

! ~
 ! 

01
1 

I 
~ 

I 
i 

1
.1

 
I 

2
0

9
.8

 

0
7

8
-

! ~
 

08
7 

! 
. 

4 
1

. 1
 
I 2

0
9

.s
 

0
8

8
-

l 1
/-

--
I 

09
7 

, 
4 

1
.7

-
! 2

0
9

.8
 

0
9

8
-
1

~
· 

10
1 

4 
I 1

.1
 
I 2

0
9

.8
 

-
1

0
8

-
~
 

11
7 

1
.1

 
I 

2
0

9
.8

 
-

W
J
. 

FL
CW

 
(I

..3
/S

.S
C

) 

1
.7

4
4

 

T
A

B
LE

 
2

0
 

(C
o

n
c
lu

d
e
d

) 

I :F
U

EL
 

IN
J •

 1
 

%
 

~
 !! 

A
H

 
P"

" 
P

 
P 

5 
P 

6
1 

P 
7 

.6
 _::

: 
-_.

,;:?
 7 

Ii
::X

':''
(;7

...E
 

T
::

:1
:'.

 
O

V
E

R
-

0
/B

 
I/

B
 

-;
;;'

 
...1

. 
;;;

-
;;;

-
~
 

I 
'.I

'C
?l

,.L
 

·!'C
:;:

'_!
_L

: 
H

A
T

IO
 

I 
(o

a
) 

. 
c
c
o

L
 

B
T

U
/s

:::
c 

3-
T

U
/s

E
c 

1
3 

T
4

 
.1.

5 
J.

6 
_ 

T
7 

I B
T!

.'/
s:

:c
 _

1 
?
5

I 
j 

1
0

. 7
 

I 
6

0
0

 
1· 

R
eg

en
. 

I 
I 

I 
89

7 
1

2
1

 j 
63

6 
57

4
1 

31
81

 
: 

I 
79

 
I 

60
0 

57
9 

I 

I 85
_6

 
69

2
; 

60
1 

55
0 
I 3

06
 1, 

! :
;
 

A
h 

1 
: 

.6_
SO

 
1 

,4
9 

i 
l
.
~

 
1

2
.2

 
I 

68
0 

R
eg

en
. 

I 
i 

R
eg

en
. 
I 

1
.6

9
7

 
1 

1
4

.6
 

I 
69

0 

0
.6

4
4

 
I 1

1
.1

 
l 

75
0 

! 

0
.6

2
5

 
I 

1
1

.4
 
! 

91
5 

2
.7

6
 

1
1

.7
 
l 6

10
 

3
.0

3
 

7
.7

 
53

0 

4
.1

0
 

I 1
2

.1
 

63
0 

-
i 

1
.7

4
 

I 
1

3
.l

 
81

1 

t 
1

.6
9

 
1

2
.7

 
76

5 

1
.6

9
 

1
2

.7
 

76
5 

-
1

.6
9

 
1

2
.7

 
76

5 

1
.6

9
 

1
2

.7
 

76
5 

I j 
1

.6
9

 
1

2
.7

 
76

5 
-
,- 1

.6
9

 
1

2
.7

 
76

5 

74
51

 6
10

1 
53

4 
I 4

84
 'I 

~1
5 
i 

I 4
1

0
 

8'
3 

' 
· 

b
Q

()
 

R
eg

en
. 
I 

I I 

I 
I 

R
eg

en
. 
I 

I 
I I 

R
eg

en
. 

I 
I 

i 

41
71

 ;
33

4 
f 

28
3 

i 
25

5 
'1 

13
1 

i 
so

 
I 

; 
75

0 
I 

i 
28

7 
i 

I 

3
1

7
1

2
5

0
1 

21
0 

i 
19

2
1 

10
4 

! 
1' 

21
4 

10
1 

_ 
I 

! 
91

5_
!_

_ 
. 

i 

12
50

11
02

6
: 1

00
7 

! 8
21

 i 
47

2 
I 

l 
: 

69
 

: 
-

! 
1_

6
1

0
 .

 
! 

77
8 

: 

R
eg

en
. 

I 
J 

I 
11

e1
0 

1 114
04

' 1
23

4 
(1

11
2 

l 
63

3 
1 

I 
1 

74
 _

 
. 

! 
I 

1 
.1

17
7 

, 
' 

I 

I R
eg

en
. 
I 

11 1
83

4
11

45
9

: 1
29

2 
11

69
 

69
0 

! 
! 

! 
73

 
: 

63
0

: 
,1

14
4 

1 

I R
eg

en
. 

j 
_

_
 j

__
__

 
j 8

~5
_,

 
68

9
'. 

60
6 

55
1 

~ii
 i 

I. R
eg

en
. 
I 

I 
I 

I s1
~

1
6

8
9

1 
60

2
: 

54
6 
i 

30
~ 

; 
_

_
_

 
6'.

;) 
! 

I 
?

6-;
J 

I 

I R
eg

en
. 
I' 

j 
j 

I e1
~ 
I 66

9
l 

60
2 

, 
54

6
; 

3?
6 

• 
_ 

, 
6:-

:, 
, 

, 
· 

7o
5 

i R
eg

en
. 

1· 
I 

i 
1· 

s_1
5_

 r· 6
89

;-
60

2 
j 

54
6

: 
;0

6 
. 

I 
_ 

_ 
65

 
: 

: 
: 

7
55

 ! 
7 

R
eg

en
. 

I I 
R

eg
en

. 

,-
-

-
J 

81
51

 6
P

9'
 -

60
2 

I -
54

6 
,, 

30
6 

I 
65

 
: 

!· 
76

5 
I 

81
5 
I 68

9
• 

o
0

2
: 

54
6 

65
 

; 
! 

;:,
O

b 

76
5 

--
--

i 
1 

50
3 

I 
~
 

I 
50

9 
j 
~
 

l 
50

9 
! 
~
 

! 5
09

 
I 

i ,0
9

 
I 
~
 

I 
50

9 
! 

I 
I 

81
51

 6
89

1 
60

21
 5

46
1 

)U
b

 I
 

,· 
50

9 
i 

65
 

t 
76

5 
I 

, 
-
-

R
eg

en
. 

-
-

11
 
~
 

12
8 

1
.1

 
I 

2
0

9
.8

 
1

.6
9

 
1

2
.7

 
76

5 
I 

I 81
5 
I 68

9 1
 60

2 
I 54

6 
I 30

6 
I 

l -~
-I

 
I
~

 I
 

_ 
I 

I 
I 

I 
I 

I 
-~

5-
· 

76
5 

?
v

';
J 

R
eg

en
. 

P
3

, 
T

3 
=

 
B

a.
fi

'l
e 

In
le

t;
 

P
re

a
su

re
, 

T
em

p
er

at
u

re
 

P
4

, 
T

4 
=

 
O

u
te

r 
B

od
y 

In
le

t;
 

P
re

ss
u

re
, 

T
em

p
er

at
u

re
 

p
5

, 
T

5 
=

 
O

u
te

r 
B

od
y 

D
is

c
h

a
rg

e
; 

P
re

•1
1u

re
, 

T
em

p
er

at
u

re
 

P6
, 

T6
 

P7
, 

'f.
r 

p T
 

In
n

e
r 

B
od

y 
In

le
t;

 
P

re
ss

u
re

, 
T

em
p

er
at

u
re

 

In
n

e
r 

B
od

y 
D

is
ch

ar
ge

; 
P

re
sa

u
re

, 
T

em
p

er
at

u
re

 

p
o

ia
 

OR
 

@
 

(§
) 

~
 

S
ru

 
c
:=

1
 

L=
J 

(r
u

i] 
~
 

9 c
:=

1
 

~
 

F 



I 

. I 

(U) 2. Injector chamber compatibility over the range of operating chamber 

pressures 

3. Characteristic velocity efficiency (n *) over the chamber pressure range 
C 

4. Structural integrity of the chamber and injector 

5. Determination of the pressure loss characteristics of the injector and 

thrust chamber segment to verify conformance with the analytically 

predicted values 

(U) Test 040 was programmed for 20 jeconds duration at minimum chamber pressure; 

however, the test was terminated by the test observer at 13.2 seconds because 

of an external fire. Posttest disassembly and inspection revealed erosion damage 

to the injector-to-chamber mating flange surface of both the chamber and injector 

(Fig. 131). 

(U) Investigation of the failure revealed that: 

1. The dual 0-ring pressurizing system, al though activated and pressurized, 

was not providing GN 2 to pressurize the seals because the land between 

the 0-ring grooves was blocking the port. 

2. The 0-rings (Viton-A) were degraded from the combustion gas and per­

mitted leakage that was not checked off because of the lack of GN2• 

3. The hardware erosion was caused by escaping combustion gas. 

(U) To repair the damage, the complete eroded section was built up by TIG brazing 

I 

with Nioro (gold-nickel alloy) and remachined to drawing requirements. The 0-ring 

groove configuration was changed to a deeper groove and the land between the dual 

grooves was decreased in height to improve seal pressurization. The modified 

design is shown in Fig. 132. In addition to this modification, the Viton A 

0-rings were changed to hollow metal 0-rings for improved compatibility with 

the combustion gases. 
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we) Test 041 was a satisfactory, programmed test targeted for near maximum chamber 

pressure and utilized the hardware used during tests 029-040. Posttest disassembly 

revealed that the thrust chamber inner body had developed two "blisters" near 

the throat. The blisters (Fig. 133) were located immediately upstream of the 

throat. (The photo was taken after test 042.) The blisters were formed when 

the face sheet separated from the inner-body lands in the two small local areas. 

There was no surface overheating or melting of the blisters, indicating they 

probably occurred during test shutdown. 

(U) The face sheet separation was evaluated, and three possible failure modes were 

determined: 

1. The local areas did not have face sheet-to-land braze bonding and were 

hydraulically deformed. 

2. The areas were locally overheated and then the braze joints failed with 

f · concurrent hydraulic deformation of the face sheet. 

i 
/. 

,I 

3, The areas were subjected to cyclic thermal straining that resulted in 

braze joint failure and hydraulic deformation of the face sheet, 

(U) After careful examination of the hardware and test results, the first failure 

mode, lack of braze bonding, was determined as the most plausible explanation. 

(C) Test 042 was conducted with the hardware in the posttest 041 condition. The 

test was a satisfactory programmed cutoff test whose main objective was to 

evaluate the effect of regenerative cooling on chamber start and mainstage 

operation, The test was targeted for 220-psia chamber pressure. The crowns of 

the blister protrusions burned off during transition to mainstage, as determined 

from motion picture coverage, and two additional protrusions occurred upstream 

(downstream coolant flow direction) of the throat (Fig. 133) that were the result 

of overheating caused by a lack of coolant flow. The protrusion in line with the 

largest throat plane protrusion ruptured, Examination of the test data and 

inspection of the injector and chamber indicated that satisfactory regenerative­

cooling tests and regenerative-cooling cyclic tests could be performed without 

repairing the chamber. 
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t1 (C) 
I Tests 043-050 were conducted to evaluate the operation of the injector-chamber 

assembly with full regenerative cooling. All hydrogen used as coolant also was 

injected for combustion, less the small amount lost into the chamber through the 

damaged areas in the face sheet. All tests were satisfactory programmed duration 

tests and were conducted over a range of chamber pressures (Table 20 ). No 

additional hardware damage or change was noted. Completely satisfactory start 

transients were obtained on all tests. 

(C) Tests 051-128 were conducted for cyclic durability testing of the injector­

chamber assembly. The tests were conducted by maintaining the fuel valve open 

and cycling the oxidizer main valve open and closed. The main oxidizer valve 

was opened for 1.7 ~econds and closed for 1.5 seconds. The duration allowed 

chamber pressure and flowrates to stabilize at targeted mainstage conditions and 

the oxidizer shutoff time allowed full chamber pressure decay prior to the sub­

sequent cycle. A typical test cycle is shown in Fig. 134 and shows chamber pres­

sure trace vs time. Inspection of the hardware after the tes~ series showed no 

change in the hardware condition. 

(C) The segment chamber heat transfer test results are tabulated in Table 20 • A 

comparison of these test results, with analytically predicted values and pre-

vious tube-wall segment test results, is pres anted in Fig. 135. The total cham­

ber segment coolant enthalpy rise is shown as a func ;ion of chamber pressure. 

The results of tests 029 through 042 (with sufficient duration) are shown, 

together with a curve based on the previows tube-wall test results. Results of 

tests 043-128 are not presented in these comparisons because the chamber "blisters" 

had ruptured, making accurate determination of coolant flowrate throughout the 

chamber difficult. 

(C) The results illustrate the close correlation between the predicted regenerative 

cooling characteristics and the actual test results of the prototype channel-wall 

chamber segment. Similar correlations were obtained for predicted and experimental 

values of injector and chamber inner and outer-body pressure losses. The data 

show a significant improvement over the previous tube-wall segment data and demon­

strate the capability for regenerative cooling over the required throttling 
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(C) range. The chamber-injector compatibility also was shown to be excellent, with 

no visible or apparent hot streaking, erosions, or surface melting of the chamber 

hot-gas face. 

d. Main Chamber Segment U/N 1 Test Evaluation 

(C) To provide a final verification of the prototype segment des i gn and fabrication 

processes, particularly the integrity of the hot-gas face sheet to channel land 

braze joint, a firing test series was conducted on the U/N 1 chamber segment for 

the main thrust c!1amher assembly. During previous testing of the prototype U/N 1 

segment, suspected nonbrazed regions of the inner body face sheet-to-land joint 

resulted. The prototype U/N 1 segment inner body had been hydrostatic pressure 

tested at 2750 psig, at ambient temperature, and no evidence of deficient braze 

bonding had been determined. A more stringent nondestructive evaluation of seg­

ment body face sheet-to-land braze joint was, therefore, indicated to be required. 

A review of available techniques, such as thermochromistic paints, ultrasonics, 

etc., was conducted, and the conclusion was that a hydrostatic test of the seg­

ments would be used at increased pressures with Stress Coat (Magnaflex Corpora­

tion) applied to the face sheet hot-gas-side surface to indicate stress charac­

teristics. A review of all stress analysis work concerned with the joint in 

question was made and additional computations were performed to select a hydro­

static proof pressure for the inner and outer body that would produce a tension 

stress level in the nickel land commensurate with the value expected during hot 

firing. The calculations showed that the nickel land strength is the limiting 

factor, not the braze joint. Pressures of 3460 psig for the outer body and 3850 

psig for the inner body were determined as the ambient pressure values which 

would simulate the loads in the lands during hot-firing conditions. 

(C) Samples with regions that lacked braze bonding were prepared, stress coated, and 

pressurized to provide standards for the full segment bodies. The inner and outer 

body for U/N 1, main chamber segment, were stress coated and pressure tested to 

the values noted above. No lack of braze bond indications were noted on the 

inner body, while the outer body had seven regions of apparent small, nonbonded 

face sheet to land joints. Because of the noncritical location of the nonbonded 

'• I 



C) 

, .... 1 

regions and analytical stress predictions, which indh ated that these small 

regions would not be detrimental tothe oper~tion of the chamber, both bodies 

were accepted for U/N 1 assemlby. These locations were carefully mapped for 

future comparisons during the firing test program. (See Ref. 5 for more details 

on the Stress Coat procedures used.) 

:) Seven firing tests, 129-135, were conducted on the main chamber segment U/N 1 

over a chamber pressure range of 658 to 78 psia (Table 21). The segment is 

shown installed in the test stand in Fig. 136. The tests were conducted with 

prototype injector U/N 4. This injector had previously accumulated 100 tests 

in conjunction with the 30-degree prototype chamber segment No. 1. All tests 

were satisfactory, and no change in hardware condition occurred. The tests were 

conducted with a regenerative-cooling circuit and a hydrogen tapoff flow extracted 

between the chamber coolant passage exit and the injector inlet manifold. The 

hydrogen tapoff flow was controlled to simulate the turbine drive gas flowrate 

that is required from each segment over the range of operating chamber pressures. 

The targeted or required tapoff flowrates were determined from the results of the 

latest engine system power balance analysis. Both engine and injector mixture 

ratio values are shown in Table 21 together with the corresponding hydrogen tapoff 

flowrate as a percentage of the total injector flowrate. The engine mixture 

ratio is defined as total oxidizer flowrate divided by total fuel flowrate 

(tapoff plus injector). The results of these tests agree favorably with the 

results obtained from the previous 30-degree prototype U/N 1 chamber segment 

and predicted values of pressure drop and bulk temperature rise. 

:u) The combustion efficiencies obtained on these tests are shown in Fig. 137 and 

exceeded the minimum performance objective of the program. 
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Figure 136. Main Chamber Segment U/N 1 
Installed in Test Stand (U) 
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e. 30-Degree Prototype Segment Evaluation Summary 

(C) The prototype segment evaluation included 107 firing te3ts on two segment assem­

blies: 30-degree prototype segment U/N 1, and 30-degree main chamber segment 

U/N 1. The significant results were: 

I 

1. The integrity of the segment chamber design and fabrication method was 

demonstrated. 

2. Satisfactory segment chamber regenerative cooling was demonstrated with 

measured heat loads close to the analytically predicted values. 

3. Measured combustion efficiencies exceeded the minimum program goal of 

97 percent over the design throttle range. 

4. Good injector/chamber durability was demonstra t ed with 100 firing tes ts 

being conducted on one segment assembly. 

- ....... ..,.__ ... _ ----
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7. MAIN THRUST CHAMBER ASSEMBLY EVALUATION 

(U) The mdin thrust chamber assembly included the following components: 

1. Twelve 30-degree channel-wall segment assemblies 

2. Thrust mount and propellant inlet manifold assembly 

3. Nozzle extension and base closure 

4. Associated propellant feed tubes, seals, and connecting hardware. 

The complete chamber assembly was described in Section III, 1.0 and the 30-degree 

segment development was covered in Section III, 2.0 through 6.0 The design and 

fabrication of the other main thrust chamber components are discussed in the 

following paragraphs, and then the main thrust chamber test effort is discussed. 

a, Hardware Design and Fabrication 

(1) Nozzle Extension 

(C) The nozzle extension was a regeneratively cooled, tubular-wall assembly design. 

The basic design is shown in Fig.138 and consists of 900, 347 CRES coolant tubes 

with an OD of 0.145-inch by 0.012-inch wall thickness, with inlet and outlet 

manifolding and a flange for attachment of the base closure-secondary nozzle 

simulator. The tubes were not required to be tapered, but required booking and 

forming operations. The number of tubes requ~.red in the assembly was 898. The 

nozzle extension was a furnace-brazed assembly. 

(C) The completed nozzle assembly is shown in Fig. 139. The cooling circuit was 

basically a two-pass arrangement. Hydrogen flow from each of the segment inner 

bodies enters the nozzle upper manifold (Fig. 138), flows upward in alternate 
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(C) tubes, flows down in alternate tubes the length of the nozzle, then returns to 

the lower manifold for routing back to each of the segment injector manifolds. 

Provision was also macle to bleed some turbine-drive hydrogen from the lower mani­

fold and route it to the base-closure annulus for simulation of turbine exhaust 

flow. 

(U) The nozzle extension heat transfer and fluid flow calculations were made by 

dividing the cooling circuit into 42 increments. For each increment, iteration 

was made on the heat flux from the combustion gas to the coolant, the resulting 

temperature profile, and the coolant change of state until all were compatible 

with the friction and momentum pressure drop over the increment. 

(U) Gas-side heat transfer coefficien:.- · - .·e computed using a General Electric 

Timeshare computer to solve the equation: 

h 
= pv cp 

where 

ST = Stanton number (dimensionless) 

h surface heat transfer coefficient, Btu/ in. 2 -sec-F = 

p = gas density, lbm/in. 3 

V = gas velocity, in./sec 

cp = gas specific heat at constant pressure, Btu/lbm-R 

The results are presented graphically in Fig. 140 and 141. 

(U) The coolant surface heat transfer coefficient was determined by: 

N~ = 0.025 Reb 

I 

0.4T 0.55 
b r w 

) 
,,, 

:f 

(_) 
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~U) where subscripts band w indicate properties were evaluated at bulk coolant 

temperature and wall temperature, respectively. 

(U) The fqbrication process used to build the nozzle extension was similar to that 

used for any furnace braze assembled, tubular-wall, regeneratively cooled thrust 

chamber. A significant problem was encountered during the initial nozzle braze 

cycle at elevated temperatures because of a contaminated furnace atmosphere which 

severely oxidized all exposed nozz.le surfaces. Several elevat.,;d temperature 

(1800 F) hydrogen atmoshpere cleaning cycles were used to remove the oxides. The 

nozzle was then successfully brazed at 1810 F using a 50 Au-SOCu braze alloy. 

(U) 

The braze temperature of 1810 F was well below the maximum hot-gas wall tempera­

ture of 1650 F expected during firing tests of the chamber assembly (Fig. 140). 

(2) Base Closure and Secondary Chamber Simulator 

The base closure and secondary thrust chamber simulator function was to provide 

a method of distributing the base flow (engine turbine exhaust gases) into the 

base region. The gases are injected axially and radially to provide thrust by 

pressure (acting on the exposed area of the base), protect the base from over­

heating a; a result of primary flow recirculation, and protect the secondary 

engine thrust chamber (simulator used during thrust chamber only tests) from 

primary gas recirculation. Based on cold-flow-tests conducted, the radial inward 

flow of the secondary gases would provide the most protection for the secondary 

thrust chamber simulator. An objective of the Phase I testing to determine the 

appropriate apportionll' .,1t of axial and radial flow for the protection of the 

secondary nozzle and the base region. Ablative material was applied to the base 

region for Phase I testing to obtain maximum durability during the base region 

investigation. The base closure assembly is shown in Fig. 142 ann 143, 

(3) Thrust Mount and Manifolds 

(U) The main chamber thrust mount and primary propellant inlet manifold assembly is 

shown in Fig. 144. The assembly was designed to provide two basic functions: 

(1) transmit the thrust generated by the thrust chamber assembly to the facility 
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(U) thrust measuring system, and 

(2) provide the primarr fuel 

and oxidizer distribution 

manifolds which would be 

connected to facility duct­

ing during thrust chamber 

testing and the turbopump 

high-pressure discharge 

ducts during engine 

testing. 

(U) In the design of the pro­

pellant distribution 

manifolding, care was 

taken to maintain equal 

length distribution lines 

to each segment to achieve 

equal priming and distribution. 

' I l [, II I 

Oxidizer Manifold Inlet 

Figure 144. Thrust Mount and Propellant Manifold 
Assembly (Facing Downward) (U) 

The oxidizer distribution manifold was included within the gimbal/thrust mount 

interface (Fig. 6 ) • Six 3/4-inch OD tubes route the oxidizer from this manifold 

to the segments. 

(C) The fuel distribution manifold, fabricated from 347 stainless steel, was 1.5 

inches constant OD with an overall circular diameter of 32 inches, Twenty-four 

individual 1/4-inch OD tubes route the hydrogen from this manifold to the 12 

segments. 

(U) The thrust mount, fabricated from 718 Inconel, had attach points at six locations 

on the segment assembly ring. 

(U) A two-segment facility thrust mount (Fig. 145) was also designed and fabricated. 

The purpose of the thrust mount was to permit installation of two 30-degree seg­

ments, into the Nevada Test Facility to perform the Test Stand B-4A facility 

activation checkout tests. 
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(4) Engine and Thrust Chamber Build ard Transport Dolly 

(U) A build and transport dolly was designed and fabricated and is shown in Fig. 146 

and 1-t 7. It was intended to serve a~ the holding fixture during assembly or trans­

portation of the main engine or main thrust chamber. 

(U) The assembly consisted of the 

basic dolly and 12 detachable 

thrust chamber supporting arms. 

The dolly was an assembly of 12 

structural tubes positioned ver­

tically and equally about a 70-

inch diameter. These were 

secured by a series of intercon­

necting structural plates and 

two fork lift guides. The sup­

port arms were designed to be 

structurally loaded as canti­

lever beams. Therefore, the arm 

weldments provided a bolting sur­

face at each end and longitudinal 

rigs to maximize the section 

Figure 146. Build and Transport Dolly (U) 

modulus. Four of these arms provided a means of attaching to a lifting device for 

the remova l or installation of the engine or thrust chamber to or from the dolly. 

(U) The main thrust chamber, when installed in the dolly, was located in the center at 

an elevation that places the injector on a plane with the vertical tube ends. Main­

taining the engine in this position was accomplished by attachment of a support 

arm between each segment and its corresponding vertical tube. 

(U) The dolly with the thrust chamber s~cured was moved by use of a fork lift. Dur~_ng 

extended transportation by truck or trailer, the chamber was secured within the 

dolly. The dolly with the thrust chamber assembly installed is shown in Fig. 148. 
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• 

• 

b. Main Th:i. ust Chamber Assembly Testing 

(U) The mnin thrust chamber assembly testing was to be conducted at the B-4A Test 

Stand, Nevada Field Laboratory. The primary purpose of the testing was to verify 

the heat transfer and performance capabilities of the main thrust chamber assembly. 

(U) No main chamber tests were conducted, however, because of damage of the facility 

oxidizer high-pressure feed system during facility activation checkouts. The 

activation effort and the problems encountered are discussed in the following 

sections. 

(1) B-4A Facility Activation 

(U) The facility activation effort is summarized in Table 22. The activation was 

planned to include the following. 

1. Fluorine systems blowdowns 

2. Hydrogen system blowdown 

3. Checkout of the hyperflow altitude simulation system 

4 . Hot-firing tests of the two-segment assembly to verify complete facility 

operation 

(2) Initial Facility Slowdowns 

(U) The oxidizer system blowdowns were accomplished by use of the oxidizer system 

closed-loop mode. A return line was installed that connected the oxidizer feed 

system downstream of the oxidizer main valve to the oxidizer storage vessel. 

Liquid fluorine blowdowns were conducted using oxidizer run tank pressures up to 

600 psig. Oxidizer leakage was found on the downstream side of the oxidizer main 

valve at a fitting where the oxidizer injector purge is introduced. The leak was 

repaired.. No other problems were encountered . 
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I 

'Ill, 

(U) The fuel system blowdowns were conducted through the test hardware with the 

altitude simulation system operating. No problems were encountered. 

(3) !.~ti vation Firing Tests 001, 002, and 003 

(C) The test hardware consisted of the two-segment test assembly, Fig. 145. The first 

two tests were satisfactory. The third test was planned for 400-psig chamber 

pressure and 5-seconds duration. 

(C) An ignition delay and detonation occurred within the combuston zone of the U/N 1 

thrust chamber segment at start, and the injector was separated from the chamber 

by the_ blast. There was no damage to the other segment assembly (S/N 2). The 

hardware damage consisted of: 

1. The injector (U/N 001) oxidizer inlet line was bent and crimped, Fig. 149. 

This damage was minor and repairable. There was no other damage to the 

injector. 

2. The segment chamber (U/N 1) was slightly deformed, and the cooled side­

plates were bulged, Fig. 150. The damage is nonrepairable, al though the 

outer body of the assembly was salvaged and used as previously planned 

for assembly of spare segment, S/N 17. 

(U) Minor facility damage consisted of burned instrumentation and control wiring and 

burned thrust measuring system hydraulic calibration lines. 

(C) Examination of the test records indicated that the detonation, which occurred in 

U/N 1 segment chamber, was caused by an ignition delay. Figure 151 depicts the 

oscillograph traces of pertinent parameters. 

(C) The data showed that ignition "pops" had occurred during starting of the thrust 

chamber segment, U/N 2, on both tests 002 and 003. An investigation was conducted 

to determine what conditions would be required to obtain an ignition delay with 
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(C) this propellant combination. The investigation revealed that the following test 

conditions likely contributed to the ignition delay: 

1. Extremely cold propellants and as sociated hardware due to a long fuel 

lead on test 002 and 003. 

2. High volume purging during start on the oxidizer side that diluted the 

oxidizer and also acted as a reaction quencher. 

(U) The conclusion was that the failure was caused by unique operational conditions 

imposed which were outside the normal operating range of the AMPS engine system 

design. 

(C) The following facility corrective action were taken prior to the next test which 

was to be conducted with a single segment: 

1. The oxidizer purge gas was changed from gaseous nitrogen to gaseous helium, 

and the purge gas supply pressure was decreased to 150 psig from 450 psig. 

2. The main oxidizer valve opening time was decreased to 180 milliseconds. 

3. A fuel feed system coolant bypass system was installed that decreased 

the fuel lead time to less than 10 seconds and prevented segment hard­

ware overchilling. The fuel bypass flow was discharged directly into 

the altitude diffuser. 

(4) Activation Firing Test 005 

(C) The next attempted hot-fire facility activation test used ·a single segment assembly 

mounted in a new thrust mount. The test was planned for 3 seconds at 400-psig 

chanter pressure. The test was terminated prematurely by the automatic fire de­

tection link cutoff device. The detected fire was a result of burnout of the 

oxidizer helium purge tube (Fig. 152). The tube burnout was attributed to moisture 

contamination. There was no segment har~ware or other facility damage. Ignition 

and starting characteristics of the segment were smooth and normal. 
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(U) The purge configuration was then modified by installing the purge check valve 

directly into the MOV lower body and changing thez purge gas from GN2 to GHe. 

(5) Additional Oxidizer System Blowdowns 

(U) Because of the oxidizer system modification, repassivation of the system, and 

addi tional blowdowns were conducted to verify system integrity. 

(C) Two low-pressure, short-duration, liquid fluorine passi vat ions and blowdowns of 

the oxidizer system were conducted on 13 April 1970. The basic faci 1i ty oxidizer 

feed system is shown schematically in Fig. 153, and shows the modified oxidizer 

purge configuration. 

(U) The first passivation and blowdown was satisfactory. At the completion of the 

second passivation and blowdown, leakage of oxidizer was noted from between the 

body halves of the MOV. The MOV was removed, disassembled, and inspected. The 

upper body half was found to have been incorrectly machined in the seal region. 

The valve was cleaned, reassembled with a different upper body half, and rein­

stalled in the system. The purge check valve was also removed with the MOV and 

was bench tested prior to reinstallation. 

(a) Facility Oxidizer System Passivation and Blm~down, 15 April 1970 

(U) This facility passivation and blowdown test was conducted with the liquid fluorine 

run vessel pressurized to 80 psig. The injector oxidizer purge check valve failed 

immediately upon MOV opening actuation, resulting in a detonation. Additional 

explosive-type damage was noted just upstream of the cavitating venturi that was 

located approximately 25 inches downstream of the MOV discharge flange (Fig. 153). 

Also, burning occurred on the MOV purge boss, preswnably as post-detonation 

combustion. 
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(U) An analysis of the incident resulted in the following conclusion. The initiation 

of the detonation was attributed to the presumed presence of moisture (ice) on 

the poppet, or spring of the check valve. This moisture was subjected to the 

impact of liquid fluorine upon opening of the MOV and resulted in an immediate 

detonation. The presence of ice in the check valve is postulated for several 

reasons: 

1. The MOV had been removed and serviced prior to this blowdown. The sys­

2. 

3. 

tern was exposed to ambient air with possible subsequent condensation in 

the line. 

The system LN
2 

jacket chilldown was initiated before passivation. 

No passivation was carried out by flowing fluorine through the ched: 

passivation with gaseous fluorine up to the closed check 

valve, however, was carried out prior to initiating the blowdown. 

valve. Limited 

4. The check valve, beir1g of much lower mass than the MOV and run line, 

would quickly cool to LN2 temperatures during the system chilldown and 

concentrate residual moisture in the check valve. 

(U) The following changes were made for the next passivation and blowdown test: 

1. A cold trap was installed for the helium purge gas to pass through and 

remove any moisture prior to introduction of the gas into the oxidizer 

system. 

2. More rigorous passivation procedures were adopted which included ambient 

temperature gaseous fluorine passivation at various pressure levels 

prior to the final liquid fluorine passivation. 

(b) Facility Oxidizer System Passivation and Blowdown, 

24 Apri 1 1970 

(U) Extensive passivation of the oxidizer system was accomplished in which the system 

was passivated at pressures up to 400 psig with fluorine gas at ambient tempera­

ture. The final step in the gaseous passivation was a 4-hour hold at 400 psig. 
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(U) Following system chilldown and introduction of liquid fluorine into the system, () 

a series of 11 blowdowns through the feed system and back to the storage tank was 

conducted, as follows: 

Tank Pressure, :esig Flow Duration, seconds 

10 300 

20 300 

30 300 

40 300 

so 300 

75 300 

100 300 

190 34 

280 40 

400 12 

560 to 640 41 

(U) The last blowdown was terminated as programmed after 41 seconds of flowing liquid 0 
oxidizer. The run tank pressure gradually increased from 560 to 640 psig during 

the blowdown. No anomalies, other than the tank pressure rise, were noted either 

by observers or on the data records until the time that the MOV closed-position 

microswitch picked up. At that time, observers reported that sparks and smoke 

appeared on the television monitor screen. The television camera was placed to 

view the inside of the capsule through a porthole. Several seconds after smoke 

first appeared inside of the capsule, observers noted that the oxidizer main run 

line had burned through outside of the capsule. 

(U) Figure 154, which shows a composite of the Brush recorder and osci llograph records, 

indicates that the MOV closed in 160 milliseconds which is considered normal. The 

pressure at the cavitating venturi (located downstream of the MOV) started to 

decay 25 milliseconds after the MOV reached the closed microswitch, indicating 

that the MOV was closed enough to restrict the flowrate. 
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(U) The pressure at the cavi tating venturi reflected a high-amplitude pressure spike ,-) 

of approximately 1960 psig at 128 milliseconds, after the MOV reached the closed 

microswitch. The cavitating venturi pressure then decayed to zero very rapidly 

after the pressure spike, indicating that the oxidizer purge check valve had failed 

and relieved the pressure in the cavity downstream of the MOV seat and plug. The 

previous blowdowns exhibited a slow pressure -le cay after closing of the MOV, and 

the pressure did not decay to zero. 

(U) The oxidizer flowmeter apparently began spinning backwards very rapidly at 76 

milliseconds after the MOV reached the closed microswitch. The interpretation of 

backward spinning of the flowmeter is that high-pressure gas generated by burning 

in the MOV area caused backflow in the run line. The pressure at the oxidizer 

flowmeter also shows a very high amplitude spike (in excess of 2000 psi) at that 

time. The flowmeter trace on the oscillograph shows that oxidizer in the line 

appeared to oscillate back and forth due to pressure surges in the line for 

approximately 750 milliseconds, after it first started spinning backward. The 

oxidizer flowmeter apparently stopped spinning after 750 milliseconds, because 

the oxidizer run line prevalve had closed. The oxidizer prevalve closed as a 

result of a cutoff signal given by a fire detect link break at the oxidizer in­

jector purge check valve. As previously mentioned, the purge check valve is be­

lieved to have failed 136 milliseconds after the MOV reached the closed microswi tch. 

(U) The thrust trace experienced a se¥ere disturbance 30 milliseconds prior to the 

high-pressure surge at the oxidizer flowmeter. The thrust trace showed another 

severe disturbance approximately 800 milliseconds after the first disturbance. 

There were no pressure disturbances seen in the flowmeter pressure or in the cavi­

tating venturi pressure at the time of this second disturbance. The interpreta­

tion of these observations is that the thrust disturbances indicate that a reaction 

was occurring in the run line and that the MOV and the preval ves were closed at 

the time of the second disturbance. 

(U) Analysis of the test films indicated that burnout of the oxidizer run line at the 

entrance to the altitude capsule occurred approximately 25 seconds after MOV 

closure. 
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(U) All significant damage was confined to the facility oxidizer feed system and con­

sisted of the fol lowing: 

1. Internal burning of the MOV 

2. Burning of the 1-inch purge check valve located in the lower half of the 

MOV body (Fig. 155) 

3. Burnout of the 3-inch jacketed oxidi•zer line at its entrance to the al ti­

tude capsule (Fig. 156.) along with burning of adjacent electrical wires 

and control tubing 

(U) The conclusion was that the in-cident was initiated by burning in the stem area of 

the MOV while the valve was in the open position during the last blowdown. Upon 

closing the valve, the hot portion of the stem was exposed to liquid oxidizer re­

sulting in a violent reaction. 

(U) The evidence indi catt ,i that the sequence of events was as follows (Fig. 157 and 

158): 

1. Initiation of combustion occurred at the vent hole in the normalizing 

fin spacer (sleeve). This was evidenced by intense burning and melting 

noted on the normalizing fin (housing) adjacent to the hole and burning 

and melting at corresponding location on the stem. 

2. Burning of sleeve on the inside (stem side) as evidenced by metal loss 

and melting. 

3. Gravity flow of molten metal to the junctureof the Al-Bronze lower stem 

guide. 

4. Burning of spacer above Al-Bronze lower stem guide and heating of the 

valve stem. 

5. Exposure of the hot stem portion, by stem travel during valve closure, 

to the liquid oxidizer in the upper valve body half. 

6. Ignition of stem by the liquid oxidizer. 
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Figure 155. Oxidizer Purge Check Valve (U) 

Figure 156, Main Oxidizer Valve and Inlet Line (U) 
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7. Combustion of stern and plug collar, lower portion of the stern above the 

collar, upper valve body half, inlet flange, and subsequently, the oxi­

dizer line, LN 2 jacket, and expansion bellows. 

8. Some melted metal deposition on upper rim of the valve seat with slight 

burning of the seat. 

(U) The above modes are listed in assumed decreasing order of probability. 

(U) As previously noted, the reaction in MOV became violent only when the stern was 

moved from the open to the closed position. The data indicate that up to this 

point, the oxidizer injector purge check valve, locate1 directly below the MOV 

lower body half, was still intact. The failure of this check valve shortly there­

after cannot be attributed to any specific cause (a number of possibilities exists), 

but of significance was that the check valve was located in an area in which two 

previous failures had occurred. 

(U) The severe damage (burning) of the check valve precluded a diagnosis as to the 

exact origin of the burning; however, some possible modes of initiation include 

the following: 

1. Because extensive burning took place immediately above the MOV plug, 

while the MOV was open, the possibility existed that one or more hot 

fragments traveled through the MOV seat and lodged into the check valve. 

These fragments could then provide a site for the initiation of the 

check valve burning. The "dropping fragment" premise is supported, in 

part, by the observation that there were some melted metal particles 

seen in the MOV seat. 

2. The failure may be due to the passivating fluorine not reaching all por­

tior1s of the check valve and reactions starting when abnormal vibrations 

exposed nonpassivated areas to liquid fluorjne. 

3. The failure may be the result of contamination in the check valve, in the 

form of the water-based Teflon lube used during assembly of the check 

valve, which could be exposed to fluorine either when pressure is raised 

or during vibration. 
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(U) 4. The failure may be caused by particulate matter having collected at the 

check valve (located at the system low point in a natural trap) . These 

particles could react with liquid fluorine when frictional energy is 

supplied during vibration. 

(U) While failure mode of the check valve could not be conclusively determined, the 

location appears to be particularly vulnerable, whether a check valve is located 

there or not. 

(U) Based on the analysis conducted, the follow.;ng corrective action w1s accomplished 

prior to conducting the next oxidizer sys i em blowdown: 

(U) eLiquid Propellant Valves and Run Tank 

1. Reverse upper chevron packing seals in the three main line propellant 

valves to minimize the entry of moisture. 

2. Provide a dry atmosphere at the packing area on all oxidizer system 

Annin-type propellant valves (either GN 2 purge or desiccant). 

3. Tighten seal packing several times before introducing oxidizer into the 

system, and torque the valve body bolts several times to minimize the 

possibility of leakage resulting from gasket relaxation. 

4. Change the MOV from 3 to 2 inches to reduce oxidizer system vibrations 

during valve actuation. 

(U) •Oxidizer Purge Configuration 

1. Move the purge entry port to a location downstream of the MOV 

2. Locate the purge check valves on vertical riser with a minim~~ of 18 

inches from run line to the check valve 

3. Install a restricting orifice in the purge line and use a purge pressure 

of 4000 psig minimum. 
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I (U) •System Inerting and Passivation. The procedures used to passivate the sys­

tems prior to ,the above series of blowdowns were adequate with one exception. 

At the start of the passivation cycle, a vacuum was pulled on the system to 

remove any moisture from the system. This procedure, however, may have, in 

fact, introduced moisture instead. This procedure will be discontinued, be­

cause of being potentially more hazardous than beneficial. 

(U) In addition, during the passivation process, the oxidizer gas was left in 

the system overnight at a pn~ssure of 5 psig. The procedure will be used; 

however, a higher pressure wi 11 be maintained which is sufficient to assure 

positive internal pressure in spite of day-nighttemperature cycles. 

(U) •Other. At any time the system is not in use, a positive pressure will be 

maintained in the oxidizer system with either helium or gaseous oxidizer. 

All noted modifications were accomplished, and addi tional passivations and 

blowdowns were scheduled. 

(c) Oxidizer System Incident of 25 May 1970 

(U) The oxidizer system was thoroughly passivated with ambient temperature gaseous 

fluorine. The gaseous fluorine was first introduced into the system at low pres­

sure. The pressure was held for 5 minutes and the system was inspected for 

anomalies. The pressure was then increased to 400 psig in small increments with 

5-minute holds at each pressure level. The final hold at 400 psig was for 2-1/2 

hours. The system pressure was then held at 50 psig during periods of test stand 

inactivity. No anomalies were noted at any time during the passivation process. 

(U) Appr oximately 1800 pounds of liquid fluorine was transferred to the oxidizer run 

tank from the storage tank. Seven liquid fiuorine blowdowns of 5-minutes duration 

each wer1.; conducted at !'un tank pressures of 10, 20, 30, 40, 50, 75, and 100 psig. 

Five additional liquid fluorine blowdown.-; of WO-seconds duration each were con­

ducted at run tank pressures of 200, 300, 400, 500, and 600 psig. The oxidizer 
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(C) was returned to the storage tank in a closed-loop system. Each of the oxidizer 

valves, which are normally exposed to fluorine, was actuated several times during 

the blowdown series. No anomalies were noted during the blowdown series or during 

the test stand securing operations. 

(U) Analysis of the blowdown graphic recorder and osci llograph records indicated that 

all operations were normal. 

(U) An activation firing was to be made with a single segment assemb1y for the pur­

pose of final facility checkout prior to installation of the 360-degree main cham­

ber. During final pretest setup operations, a violent reaction(s) occurred in 

the oxidizer system which resulted in extensive damage to the facility. Figures 

159 and 160 show overall views of the facility damage. 

(U) The oxidizer system contined 1800 pounds of fluorine at the time of the incident, 

and the test capsule was at a simulated altitude condition. 

(U) The fuei -run tank appeared to sustain little damage. The fuel run line, which 

passed over the oxidizer run line, was severely distorted and burned through as 

a result of the oxidizer fires. The fuel run line valves have not been inspected 

but appear to be relatively undamaged and repairable. 

(U) The inside of the altitude capsule sustained fire damage to lighting fixtures, 

wiring, and instrumentation as a result of rupture of the main oxidizer valve. 

The flexible boot on the outside of the capsule was damaged, but the capsule it­

self appeared to be relatively undamaged. The thrust chamber segment was not 

damaged in the incident. 

(U) The complete oxidizer system schematic is shown in Fig. 161 and consists of the 

following sub~ystems. 

Subsystem 1. The oxidizer storage and transfer system which contains the 

oxidizer storage vessel, 500-gallon, 475-psig; storage tank shutoff valve; 

I-inch-diameter tubing transfer line, and oxidi ze r run tank fill valve; and 

oxidizer run tank, 360-gallon, 2000-psig maximum working pressure. 
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Figure 159. NFL-B4A Facility Damage (viewed from 
block house side) (U) 

Figure 160. NFL~B4A Facility Damage (viewed from 
altitude simulation diffuser side) (U) 
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(U) 1ne oxidizer run tank (Fig. 162) was built originally for liquid-oxygen 

service and was modified for fluorine service. The modifications consisted 

of welding a "blind" flange into the tank bottom and converting to a dip­

tube discharge. The dip-tube was provided with an LN2 jacket inside of the 

tank as well as outside to the first pipe flange. The tank was immersed in 

an LN2 bath, which in turn was enclosed in a foam-insulated jacket. 

(U) Subsystem 2. The oxidizer high-pressure feed system, which contains the 

oxidizer run tank, run tank discharge valve, preval ve, main valve, cavi ta ting 

venturi, and blowdown return line. The line terminates at the test hardware. 

(U) Subsystem 3. The oxidizer run line high-point bleed, which consists of the 

oxidizer run line high-point bleed valve and a return line. This bleed re­

moves oxidizer from the section of run line between the tank discharge valve 

and prevalve for priming of the system pretest. 

I (U) Subsystem 4. The oxidizer run line bleed contains the oxidizer run bleed 

valve. This system bleeds oxidizer from the high-pressure feed line between 

the prevalve and main oxidizer valve for priming pretest. 

I 
/ 

(U) 

(U) 

Subsystem 5. The oxidizer passivation system and oxidizer high-flow helium 

purge system that contains the thrust chamber passivation valve and oxidizer 

injector purge valve. Two check valves are installed in the high-flow in­

jector helium purge system with a soft seat check valve located near the 

purge valve and a metal seat check valve adjacent to the main oxidizer valve. 

The check valves are used to prevent backflow of oxidizer into the helium 

purge system. 

Subsystem 6. This is the remaining 1/2-inch-diameter tubing line that re­

turns oxidizer to the storage vessel from the other various subsystems. 

(U) Several liquid-fluorine blowdowns and three hot-fire tests had been conducted on 

test stan<l B-4A prior to the incident of 25 May 1970. The oxidizer system had 

been exposed to maximum operating conditions of 1235-psi tank pressure and 

approximately 4 lb/sec steady-state flowrate. The oxidizer flowrate from valve 
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(U) opening to prime at the cavitating venturi exceeded 60 lb/sec for approximately 

0 .5 second during two of the hot-fire tests. The test stand history is presented 

in Table 22 

(U) Several oxidizer blowdowns were conducted on 23 May 1970 to tank pressure of 600 

psi with no anomalies. The test stand was then secured over the weekend by trans­

ferring the remaining oxidizer from the run tank back to the storage tank. The 

run line was purged of oxidizer. The entire oxidizer system was then pressurized 

with SO-psi helium. The system was pressurized through a helium system cold trap 

into the upstream run line bleed. The oxidizer system was secured with the various 

system valves left in the positions indicated in Table 23. The location of the 

various valves is shown in Fig. 161. 

(U) The oxidizer system remained pressur i zed to SO psig over the weekend, as evidenced 

by a check of instruments immediately upon shift start Monday morning. 

(U) The following operations were completed in preparation for the test on 25 May 1970: 

(U) Installation of Run Line. The facility had been left in the blowdown config­

uration following the 23 May 1970 oxidizer blowdowns. The blowdown return 

line downstream of the cavi tating venturi to the storage tank return line 

(Fig. 161) was removed after purging with helium and the run line connecting 

downstream of the cavitating venturi to the segment thrust chamber inlet was 

installed. The 50-psig pressure was maintained in the run tank and run line. 

(U) 

(U) 

Purge Cold Trap Activation. The helium purge cold trap was purged with hot 

gaseous nitrogen and then charged with liquid nitrogen in preparation for 

usage of the helium purges. 

Purification of the Run Line and Run Tank. The run line and run tank were 

purified by conducting one pressure vent cycle at 150-psig helium pressure. 

The helium was supplied from the helium purge system. 
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TABLE 23 

POSITION OF VALVES DURING 

SECURING OPERATION (U) 

Valve 

Run tank discharge valve 

Oxidizer prevalve 

Main oxidizer valve 

Oxidizer run line bleed valve 

Oxidizer high-point vent valve 

Thrust chamber passivation·valve 

Storage tank discharge valve 

Oxidizer trander line vent valve 

Run line transducer vent valve 

Run tank fill valve 

Run tank vent valve #1 and #2 
Run tank relief shutoff #1 and #2 
Run tank pressurization shutoff 

Oxidizer tran• fer line helium purge 

Oxidizer run line U/S Rnd D/S helium pur1e 

Oxidizer run tank tranaducer shutoff 

Oxidizer run tank tran1ducer vent 

Oxidizer injector purge valve 

Oxidizer injector low-flow purge (GN2) 
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Secured Normal 
Positioa Position 

Open Closed 

Open Cloeed 

CloNd Clo• ed I 

Clo•ed Cloaed 

Closed Cloae~ 
• 

Cloeed Clo• ed 

Clo1ed Clo&1d 

CloHd Cloeed C 
CloHd Cloaed 

Closed Clo• ed 

Closed Clo•ed 

Opea Open 

Closed Open 

Cloeed Open 

Closed Open 

Open Open 

Closed Open 

Cloeed Open 

Capped off -

... , ....... 



t 
(U) 

(U) 

___ ..__,...__.-~-

Run Line and Run Tank Chilldown. The run tank and run line were pressurized 

with helium to 150 psig prior to starting chilldown of the run tank and run 

line. After completion of chill of the line and tank, the pressure had 

col lapsed to 20 psig. The LN2 chill in the system was normally maintained 

until completion of the test and transfer of oxidizer from the run to storage 

tank had been completed. 

Electromechanical Checkouts. During electromechanical ci1eckouts, the depres­

surization of the run line was necessary downstream of the prevalve, but not 

upstream on the run vessel. This line section was repressurized, using the 

downstream helium purge (through a cold trap) following completion of checks. 

(U) Flowmeter Pressure Transducer Prerun Zero. The run line between the tank 

discharge valve and preval Vt:· was vented to ambient pressure (vent header pres­

sure) for transducer calibration. This operation required 15 to 20 minutes, 

while the vent was closed. The system was then repressurized by use of the 

upstream helium purge through a cold trap. 

(U) Vent Run Tank and Line and Transfer LF 2. In pr~paration for transferring LF 2 
from the storage tank to the run tar,k through the transfer line, the transfer 

line, run line (tank to the main oxidizer valve), and run tank were vented 

to vent stack ambient pressure. 

(U) The run tank vent was then closed and LF 2 was transferred into the LN 2-chi lled 

run tank. The LH2 was transferred through an uninsulated line. 

(U) Test Countdown. The run countdown was started and included passivation of 

the run line downstream of the main oxidizer valve and the segment thrust 

chamber assembly injector. Gaseous fluorine was provided from the storage 

vessel, through the thrust chamber passivation valve. 

(U) Pressurization of the fuel tank was completed. The oxidizer run tank was 

being pressuri zed. At approximately 600- to 700-psig tank pressure, the 

oxidizer high-point bleed valve and run bleed valves were opened and closed 
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(L) for final system bleed. Pressurization of the oxidize r run vessel was con­

tinued to 1100 psig when the incident occurred. Th~ only acti vity a t t he 

time of the detonation was pressurization of the oxidizer run tank. No re­

corders or cameras were running at the time. 

(d) Damage Description 

(U) The majority of damage was confined to the oxidizer run system and the test stand 

structure in the vicinity of the oxidizer system. 

(U) Fuel System. The fuel run tank appeared to sustain little damage. The fuel 

run line, which passed over the oxidizer run tank, was severely distored and 

burned through as a result of the oxidizer fires. The fuel run line valves 

have not been inspected but appear to be relatively undamaged. 

(U) Altitude Capsule. The inside of the altitude capsule sustained fi r e damage 

to lighting fixt ures, wiring, and instrumentation as a result of rupture of 

the main oxidizer valve. The flexible boot on the outside of the capsule 

itself appeared to be relatively undamaged. 

(U) Thrust Chamber Segment. The thrust chamber segment was not damaged in the 

incident. 

(U) Hyperflow Unit. There was no damage sustained by the hyperflow unit. The 

hyperflow unit was not running at the time of the incident. 

(U) Oxidizer System. The burning and ruptures appeared to originate within the 

oxidizer system. The individual components of the oxidizer system were, 

therefore, thoroughly analyzed for condi tim1 in an attempt to identify the 

point of origin of ~he detonation. A summary of observations concerning 

facility condition is presented below. A schematic diagram showing the 

oxidizer run line condition is presented in Fig. 163. 
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(U) The following hardware conditions were observed: 

1. The tank cover lifted, the bolts burned from the inside, and eventually 

the bolts ruptured under thinned conditions. 

2. Hot gas and metal were blown up the tank fill valve line. 

3. The dip tube and its jacket were burned off above and below the tank 

cover. 

4. The tank relief valve did not see hot flow and the line upstream of it 

was burned out. 

5. Four out of the five tank cov~r holes were enlarged from hot-gas flow 

outward, the liquid level plug being one which remained intact. 

6. The tank cover was launched under a pressure of approximately 5000 psi. 

7. The dip tube is gone, up to the first line flange above the tank . 

8. A portion of the pressurizing diffuser was found in the tank bottom, this 

being the only part of equipment in the tank found. 

9. The tank liquid level gage float and guide assembly is gone. 

10. The tank fill and pressurization valves are burned on the outside only, 

and one of them shows impact from below. 

11 . A piece of the dip tube jacket and the run line boss remained, apparently 

burned off from the line outside the tank cover. 

12. Erosion and deposit in the tank discharge line was in the downstream 

direction. 

13. The elbow upstream of the tank valve was burned out in a downstream 

direction. 

14. Deposit in the line downstream of the tank valve was in the downstream 

direction and was of 316 stainless steel material, the material of the 

tank valve. 

15. All three of the run valve bodies were partially separated at the body 

half joint and all leaked at these separations and continued to burn in­

ternally. Also, the prevalve and tank valves separated at the normaliz­

ing fin joint. 
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(U) 16. The tank valve body sepa1'ated completely at the bolted joint, the bolts 

I 

being burned and ruptured. 

17. The 3- inch 900-pound rated flange at the tank outlet separated and 

burned badly; otheT 3-inch 1500-pound rated flanges in the system re ­

mained intact. 

18. A 2-inch 1500-pound rated flange at the MOV separated and leaked. 

19. The flowmeter section and the venturi section, both of 2-inch line, are 

gone completely, apparently burned out, with the line flanges in all 

cases remaining and showing internal burning. 

20. Erosion and deposit in the line downstream of the flowmeter and v~nturi 

section-appeared to flow in the downstream direction to the elbow, and 

was of 304 stainless steel. 

21. Erosion of the line upstream of the preval ve appeared to flow in an up­

stream direction,and thinned the wall to 0.18 inch. 

22. Deposit and slight erosion on the downstream side of the elbow upstream 

of the prevalve was in a downstream direction f~r a short distance. 

23. The elbow upstream of the prevalve was burned out, with flow indicated 

in both directions at different times. 

24. TI1e fracture in the line upstream of the prevalve traveled in an up ­

stream direction from the missing portion of the line. 

25. The high point relief valve did not see hot flow and the elbow upstream 

of it was burned out. 

26. The hot metal flowed up to the high point bleed valve and this valve 

separated in the body and leaked slightly. 

27. Erosion and flow out of the prevalve was primarily in an upstream 

direction, although there was some erosion in all directions at its 

downstream flange. 

28. The spool piece downstream of the prevalve showed light erosion at the 

prevalve end and did not show erosion throughout its length. 
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(U) 29. There were three independent ruptures in the line downstream of the 

prevalve, with the cracks initiating at the thin spots of the "dimples." 

30. The jacket of the line downstream of the prevalve was ruptured most 

violently, with that upstream of the prevalve next most, and those on 

each side of the tank valve only sightly. 

31. There were two separate fracture initiation points in the elbow down­

stream of the prevalve, these being at points indicatin~ the fracture 

was caused by violent twisting. 

32. The dimples in the line downstream of the prevalve may have been caused 

by some high-energy phenomenon occurring before rupture and are related, 

one to another . 

33. The erosions in the elbow downstream of the prevalve occurred before 

and after rupture of the line and are independent of reactions in the 

prevalve or main valve, the erosions appearing centered about the purge 

fitting. 

34. There was an erosion across the complete rupture of the line downstream 

of the prevalve between it and the elbow, indicating erosion prior to 

rupture. 

35. The MOV body joint separated completely, its bolts burning and fractur­

ing, imparting violent bending to its support on the downstream side 

and line on the upstream side. 

36. 1e line in~ediately upstream of the MOV within the capsule was frac-

tured completely, apparently from bending rather than internal pressure. 

37. The general appearance of the run line immediately upstream of the pre­

valve is of gross internal burning, while the line downstream of the 

prevalve is generally ruptured with little internal burning. 

38. The on-stern packing of all oxidizer valves was in good condition upon 

disassembly of the valves after the incident. 

39. None of the pipe welds that could be found and/or inspected appeared 

to be points of initiation of the overall failure. 
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(U) 40. The internal surface of the tank was slag splattered, but there were 

no significant surface erosions. 

(e) Comparison With Other Incidents 

(U) With respect to the total damageinvolved, the incident of 25 May 1970 was signif­

icantly different from those common to fluorine facilities. The history of fluor­

ine incidents at other installations shows a pattern of destruction which is norm­

ally limited to the point of origin of the reaction and, at most, a section of 

line upstream and downstream to a burned-out elbow. 

(U) The fact that this incident involved the entire oxidizer system, from the run 

tank to the main vlave, jndicates that the initial energy release was vigorous 

enough to create other reactions in the system which, accumulatively, created the 

total destruction. 

(U) Oxidizer system problems encountered during NFL segment testing and similar pro­

grams at Santa Susana Field Laboratory included: 

1. Burnout of MOV stem chevron packing 

2. Contaminated MOV plug 

3. MOV body seal leakage 

4. Cnntaminated fittings in oxidizer line 

5. Contaminated fluorine 

6. Broken turbine-type oxidizer flowmeter 

(U) In each case, either no fire resulted from the anomaly or the fire was almost 

wholly confined to the area of the point of initiation of burning. Propagation 

of burning was in a downstream direction and was a result of being carried by 

oxidizer flow conditions rather than strict propagation through the liquid fluorine. 

The fire in each case was put out by closing an oxidizer system valve. 
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(U) Pratt & Whitney has also experienced valve stem packing burnout using fluorine. 

The apparent result was confinement of the fire to the affected valve rather than 

catastrophic propagation throughout the system. 

(U) NASA-Lewis has reported an incident of a deton ation in fluorine line at the tank 

outlet (Ref. 2) as a result of introduction of moisture into the system. An 

explosion (as in the run line at the tank outlet) occurred as a result of fluorine 

reacting with ice during pressurization of the tank (approximately 900 psi). The 

reaction did not propagate into the tank nor was an appreciable amount of damage 

sustained in the downstream ducting. 

(U) Aeroj et General Corporation experienced a reaction in an oxidizer tank while 

attempting to mix fluorine and wet liquid oxygen. The theory was that the moisture 

in the LOX reacted with the fluorine and caused tank pressure rise. The reaction 

was kept under control by continual venting of the oxidizer tank. There was no 

damage incurred as a result of this occurrence. 

(f) Possible Modes of Contamination Entry 

(U) The possibility of contamination entry into the oxidizer system was investigated. 

The operational procedures for system rework, system c l eaning, blowdowns, and test 

setup were reviewed in an effort to uncover invalid or violated operational 

procedures. 

(U) Oxidizer system facility modifi actions had been made just prior to the oxidizer 

blowdowns conducted on 25 May 1970. These were investigated for possible modes 

of contamination entry. 

(U) Run Line. The oxidizer system run line upstream of the oxidizer main valve 

had been repaired by replacing a section of 3-inch line and adding a transi­

tion piece to 2-inch line. The line section from the flowmeter to the tank 

valve was trichloroethylene- and acetone-wiped. The procedures for cleaning 

the aforementioned line sections were reviewed. No evidence that contamina­

tion had been introduced into the oxidizer system through these operations 

was uncovered. 
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(U) Oxidizer System Valves. The prevalve was removed for servicing following 

the 24 April 1970 incident. The individual parts were cleaned prior to stem 

and plug assembly. The copper seats were final-machined usinr, Freon as the 

lubricant. After final-machining, the plug end of the stem was clenned with 

acetone. The possibilfty exists that Freon or acetone could have become 

entrained in the threa.ds or under the copper seat . of the plug. ','his could 

not be proved to be the initiating mechanism, however. 

(U) The possibility of contaminated pressurant was investigated . Several helium 

samples had been taken and analyzed since the test stand was activated. Samples 

taken in February (prior to test stand activation) showed hydrocarbon contamina­

tion levels of 0.02 and 0.08 mg . Subsequent analysis of the helium consisted of 

periodic dew-pc int readings taken at the s i te. 111e result in each case was that 

the dew point was less than -100 F, which corresponds to 1.5-pprn water contamination. 

(U) The oxidizer purge sys terns are provided with fi 1 ters, driers, and a cold trap 

to prevent the introductio11 of contaminant into the oxidizer system. 

(U) The tank pressurization system did not utilize a cold trap and is supplied from 

a separate pressure bottle. 

(U) Helium samples were taken from the tank pressurization system at several points 

and analyzed for water and hydrocarbons. The hydrocarbon content in each case 

was less than 0.05 mg, which is in the range expected from a clean system (0.5 mg 

of hydrocarbons was the maximum allowable). 

(U) Water content analyses were conducted in the laboratory and showed that the water 

content of each sample taken after the incident was in the range of 13. 3 to 16 .5 

ppm. The U.S. government specification for grade A helium states that the water 

content of the helium delivered from their facilities varies from 1.0 to 20 ppm 

on a volume basis with a typical value of 10 ppm H20 on a volume basis. 
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(U) As noted previously, the helium sample evaluations at the facility by use of a 

dewpoint apparatus always indicated a dewpoint of less than -100 F, which corres­

ponded to 1.5 ppm by volume water content. Therefore, the validity of the site 

evaluation technique (dewpoint method) was questionable and greater confidence was 

pl aced in the laboratory determinations. 

(U) No evidence was found to indicate that the system was contaminated with hydrocar­

bons; however, the high water content was suspect. 

(U) Moisture condensation from atmosphere also was investigated as a possible mode 

of contamination entry. A transducer vent valve is opened during the countdown 

procedure, which exposes the oxidizer run line between the tank valve and the 

prevalve to the amhient conditions in the oxidizer vent header. In reconstruct­

ing the countdown, a remote possibility existed that the vent valve could have 

been open for 15 minutes. The oxidizer vent header outlet is located approximately 

300 feet from the test stand. A continuous GN2 purge is introduced into the vent 

header at the test stand to keep an inert atmosphere in the vent header. 

(U) No evidence was found to conclusively implicate the vent header as being contamin­

ated. Involvement of the vent header as the initiating source would require con­

tamination of the vent header and an operator error. Neither was found. 

(U) The possibility of relief valve malfunction was considered. Examination of the 

relief valves after the incident tends to discount the hypothesis of relief valve 

failure. 

(g) Failure Analysis Results 

(U) From analysis of the damaged hardware and supporting structural, dynamic, thermal, 

metallurgical and chemical analysis, the following is known of the mechanism of 

the f ai 1 ure: 

1. There were four or more fires existing in the system during the f~ilure 

sequence. These four were within each of the three oxidizer run valves 

and in the tank dip-tube area. Independent reactions may have taken 

place at the flowrneter and two line locations downstream of the ,pre~alve. 

300 

0 



CU) ' 2. All of these four fires occurred before rupture of any lines or the 

tank, indicated by pattern and direction of erosion and metal deposit on 

inside o.f lines and valves. 

3. Three or more of the fires (at the three run valves) were caused by a 

severe pressure pulse traveling through the system, which pulse was in 

turn a result of a rapid reaction, perhaps detonation, within the system. 

Major indication of this was the effect of separation of valve bodies 

without similar effects on weaker straight-through flanges and on relief 

valves on low-response lines. The tank fire, if not the initiating 

source, was believed caused by burning metal entering the tank-dip tube 

from the tank valve. 

4. Rupture of lines upstream and downstream of the prevalve probably occurred 

almost simultaneously, indicated by lack of damage to the spool piece 

immediately downstream of the prevalve. Also, three ruptures occurred 

in the run line downstream of the prevalve, as indicated by the extensive 

erosion of this line in the upstream direction before rupture. 

5. These two line ruptures resulted from hot gas generated in the system 

at the valves and independently from the tank fire. Evidences of erosion 

within the lines prior to rupture indicated a discrete time between the 

original pulse and the ruptures. 

6. Fractures in the elbow downstream of the prevalve resulted from rupture 

of the line immed~ately downstream. Similarly, fracture of the line 

immediately upstream of the MOV resulted from mechanical load from the 

MOV body separating completely. 

7. Burnout of the flowmeter section of line occurred after burnout of the 

elbow downstream of it and prior to complete burnout of the line at the 

tank and separation of tank valve flanges. This was indicated by erosion 

and deposit in a downstream direction toward the elbow throughout that 

section of line. 
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(U) 8. As the tank reaction p1·ogressed and tank pressure bui 1 t up, the pressur-

ization line burned out at approximately 2000 psi, the cover lifted, and 

the bolt burning started at approximately 3000 psi. Four out of five of 

the tank-cover penetrations were burned out at approximately this time, 

and the bolts failed and the cover was launched at approximately 5000 psi 

(as indicated by calculations). Structure, thermal, and cover trajectory 

analysis indicates these events. 

9. As system pressure built up from internal fires,the relief valves did 

not pass hot gas because of burnout of elbows in the lines to them and/ 

or because of the very short duration of the pulse. 

10. As mentioned in item 3 above, the presence of the pressure pulse was in­

dicated by the fact that valve body joints separated whereas straight­

through flanges did not. The possible presence of a detonation wave in 

the system, perhaps associated with the pressure pulse, was indicated by 

a series of "dimples" in the line downstream of the prevalve, the only 

0 

explanation for which is a high-energy shock mechanism. 0 
(U) Whereas the analysis does point to a detonation or rapid reaction initiating a 

pressure surge throughout the oxidizer line, there were no positive indicators as 

to the location of the initial reaction. Possibilities for the location of the 

initial reaction were as follows: 

1. The downstream purge port, indicated by an independent and separate ero­

sion there prior to line rupture and by the "dimple" phenomenon in the 

line 3 feet downstream. 

2. The tank dip tube at the pressurization diffuser, indicated by presence 

of a portion of the diffuser in the tank and the knowledge that pressur­

ization through the diffuser was the only system activity at the time of 

the incident, and 13- to 16-ppm H2o in the helium pressurant. 

3. At the tank valve normalizing-fin area, indicated by large separation of 

this flange, as compared to the preval ve. 
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(U) 4. At the prevalve plug threads, indicated by burning pattern, as compared 

to the tank valve and possibility of slight contaminant in these threads. 

5. At the flowmeter section, indicated by this section being entirely con­

sumed, whereas the line upstream of it was lined with deposit and pres­

ence of the vent fitting perhaps serving as a source of moisture. 

(_U) TI1e exact determination of the location of the initiating reaction was not pos­

sible; however possibility No. 2 above is generally considered to be the most 

likely location of the initial reactio11. 

(U) No additional effort was expended at the facility because of destruction of the 

oxidizer high-pressure propellant feed system and associated facility systems. 
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' 

SECTION IV 

OXIDIZER TURBOPUMP BEARINGS AND SEALS 

1. GENERAL 

(C) This section describes the results of the oxidizer turbopump bearing and seal 

test program of Task II. The bearing and seal program consisted of design, fab­

rication, and test of hardware for both the main and secondary engine liquid 

fluorine turbopumps. The main turbopump uses a 25-mm turbine bearing, a 2O-mm 

pump bearing, with a full-thrust operating speed of 28,000 rpm. The secondary 

turbopump uses 8-mm bearings with a full thrust operating speed of 75,000 rpm. 

Separate testers were designed and fabricated to allow testing the two different 

bearing and sea] configurations at the required operating conditions. The testers 

utilized the same test facility and drive equipment. 

(C) The main bearing and seal tester was run for five tests with liquid fluorine for 

a total time of 697 seconds. One liquid nitrogen test of 61 seconds duration 

was performed. 

(C) The secondary bearing and seal tester was run for six tests with liquid fluorine 

for a total time of 241 seconds. 

2. MAIN TESTER DESCRIPTION 

(U) The main tester (Fig. 164 and 165) was designed to simulate the main engine 

liquid fluorine turbopump bearing and seal operating conditions and allow the 

use of actual turbopump hardware. The tester consisted of a rotating shaft sup­

ported by the test bearings. The bearing axial load was controlled by a 

piston that was pressurized to maintain the desired load. The bearings were 

lubricated and cooled in the same manner as the turbopump by flowing liquid 

fluorine through the bearing cavity. The tester seals were the same as would be 

required on an actual turbopump to contain the liquid fluorine and maintain sep­

aration between the fluorine and hydrogen turbine gas. 
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(U) A liquid nitrogen in~ulation jacket was utilized as an integral part of the tester 

housing t n provide cooling necessary to maintain liquid fluorine in the bearing 

cavity. 

(U) The tester was mounted on a cylindrical frame (Fig. 166), which also provided the 

drive turbine mount and maintained alignment. The tester mount was attached to 

a frame assembly that was bolted to the test facility slab. The tester drive 

was provided by a commercial turbine powered with ambient-temperature gaseous 

nitrogen. The drive turbine was connected to the tester through a commercial 

torquemeter with splined quill shafts. A long quill shaft may be used in place 

of the torquemeter. 

(U) An air fan blower was designed and fabricated for installation in the drive sys­

tem between the turbine and torquemeter for additional speed control. The air 

blower absorbed higher torque as the speed increased to prevent overspeed and 

allow more precise speed adjustments. 

3. SECONDARY TESTER DESCRIPTION 

(C) The secondary tester design (Fig. 167) was similar to the main tester and operated 

in the same manner. The significant differences were the smaller size (8- vs 

25-mm bearings) and higher speed (75,000 vs 28,000 rpm). 

(U) The secondary tester was mounted on the same mounting frame (Fig. 168) and driven 

with the same drive turbine as the main tester. 

(U) A short housing mount was designed and fabricated to allow close coupling the 

turbine and tester with a short splined quill shaft in place of the torquemeter. 

The long quill shaft arrangement could not be used on the secondary tester due 

to a critical speed problem. The main and secondary testers could be interchanged 

on the same short mount without the torquemeter. The secondary torquemeter was 

similar to the main torquemeter, except it was smaller and designed for lower 

torque and higher speed. An air fan blower similar to the main tester, except 

smaller, was installed between the torquemeter and turbine for improved speed 

control. 
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4. TEST FACILITY 

(U) The dynamic liquid fluorine testing was performed at the Santa Susana Field Lab­

oratory Propulsion Research Area, Mike stand. The static seal tests with liquid 

and gaseous nitrogen were performed in the Engineering Development Laboratory at 

Canoga Park. The test facility schematic is shown on Fig. 169. The tester in­

stallation in the test facility is shown on Fig. 170 

(U) The fluorine was supplied from a storage tank in the gaseous state. The fluorine 

was then chilled and condensed to a liquid prior to entering the run tank by flow­

ing through a liquid nitrogen heat exchanger. The liquid fluorine lines from the 

tank to the tester and the tester housing were jacketed to allow liquid nitrogen 

to be flowed through for cooling to maintain the fluorine at liquid condition. 

(U) The liquid fluorine flow was estaolished initially by pressurizing the run tank 

to flow through the tester bearing cavity and out through an atmosphere bleed. 

The intent was to close the atmosphere tleed and recirculate the liquid fluorine 

back to the run tank after chilldown using an impeller l n the tester shaft to 

develop the necessary differential pressure. However, the impeller did not de­

velop sufficient head, and venting of the fluorine ove1 '•oard was necessary to 

maintain adequate flow. Since the run tank capacity was 20 gallons and the 

desired flowrate wa; 3 gpm for the main tester and 1 gpm for the secondary tester, 

and also because a·~proximately half of the capacity was used for chilldown, the 

run duration was li~ited to approximately 3 minutes for the main tester and 10 

minutes for the secondary tester. 

(U) The drive turbine was pressurized with facility gaseous nitrogen that was regu­

lated during the test for speed control. The entire fluorine system was purged 

with dry gaseous helium to remove air anp prevent condensation of moisture prior 

to introducing fluorine. The system, including the tester assembly, was then 
r 

passivated with gaseous fluorine for 2 hours minimum prior to testing with liquid 

fluorine. Precautions were taken to prevent air or moisture from entering the 

fluorine system when any connections were broken. 
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(U) A particle trap was installed in the liquid fluorine inlet line from the r1m 

tank to the tester to minimize the possibility of foreign particle contamination 

entering the tester. A filter was ordered for installation in the fluorine in­

let line, but was not received in time to be used. 

a. Test Instrumentation 

(U) The tester was instrumented to record the following parameters utilizing a Beck ~ 

man data acquisition system and a high-frequency tape recorder. The critical 

parameters were visually monitored during the test to detect abnormal operation. 

Automatic cutoff devices were used on the critical redline parameters: 

1. Turbine GN2 temperature 

2. Primary seal drain orifice temperature 

3. Turbine seal drain orific•e temperature 

4. Oxidizer outlet temperature 

5. Oxidizer inlet temperature 

6. Primary seal drain cavity temperature 

7. Turbine seal drain cavity temperature 

8. Intermediate seal purge temperature 

9. Torquemeter torque 

10. Oxidizer inlet pressure 

11. Intermediate seal purge pressure 

12. Primary seal drain cavity pressure 

13. Turbine seal drain cavity pressure 

14. Turbine seal pressure 

15. Oxidizer outlet pressure 
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(U) 16. Bearing load bellows pressure 

17. Turbine GN2 inlet pressure 

18. Intermediate seal purge flow orifice ~p 

19. Bearing cavity pressure 

20. Primary seal leakage orifice ~p 

21. Turbine seal leakage orifice ~p 

22. Tester speed 

23. Oxidizer flow 

2-1. Bentley shaft displacement transducer 

25. Tester vibration (accelerometer) 

(U) The intermediate seal purge flowrate and the seal leakage flowrates were measured 

with calibrated flow orifices installed in the line. The seal drains were routed 

through a heat exchanger to convert the liquid fluorine leakage to ambient tern- C 
perature gas for measurement of the differential pressure at the flow orifice. 

(U) The liquid fluorine bearing coolant flowrate was measured with two separate 

turbine type flowmeters installed in series in the inlet line. 

(U) The tester shaft deflection was measured with a Bentleyproximity position trans­

ducer mounted at the drive shaft. Calibration slots were machined into the shaft 

to allow in-place calibration of the signal. 

(U) The liquid fluorine temperatures were measured with Rosemont temperature bulbs. 

(U) The tester speed was meas..ired with a magnetic speed pickup installed on the drive 

shaft. 
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U) The tester shaft torque was measured with a Himmelstein strain gage torquemeter 

modified for this specific application. The torquemeter was calibrated by the 

manufacturer. 

5. MAIN SEAL DESIGN 

(U) The main engine oxidizer turbopump seal arrangement is shown on Fig. 171. A sum­

mary of the seal design values is shown in Table 24. 

(C) The p· :uses of the seal system were to contain the liquid fluorine and turbine 

hyd1·oi t gas and to maj ntain separation of the fluorine and hydrogen. Two face­

contact Inconel - X welded bellows seals were used to contain the fluorine and 

hydrogen. A purged double floating ring intermediate seal was used to separate 

the drain cavities. Both drains were vented overboard. 

(C) Primary fluorine seal designs (Fig. 172) were completed and hardware was fabri­

cated for the following seal face materials: 

1. · Aluminum oxide (AL2o3) plasma spray on a nickel-chrome mixture base 

2. Aluminum oxide solid insert 

3. Kentanium Kl62B solid insert 

(C) Primary seal mating rings of the following materials were designed and fabricated: 

1. Kentanium K162B 

2. Aluminum oxide (AL2o3) coated INCO 718 

(C) The aluminum oxide plasma spray nose on a nickel-chrome mixture base offered the 

highest probability of meeting the leakage objectives without mechanical failure. 

The spray coating eliminated the problem of sealing between the solid insert and 

metal carrier and also minimized face distortion due to thermal contraction which 

was a problem when a solid insert with a different coefficient of contraction was 

pressed into a steel carrier. 
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Figure 171. Main Oxidizer Turbopurnp Seal Arrangement(U) 
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~C) The aluminum oxide spray was applied by coating the Inconel carrier with 0.002 

inch nickel-chrome, then 0.003 inch 50-50 mixture of nickel-chrome and aluminum 

oxide and finally 0.018 inch 100 percent aluminum oxide. The nickel-chrome mix­

ture base provided a flexible bond of the aluminum oxide to the Inconel carrier 

to minimize bond failure or flaking due to high therma l gradients or impact load­

ing. The initial design utilized Inconel shoulders at the ID and OD edge of the 

seal nose to prevent edge chipping; however, the shoulders were eliminated when 

the test results indicated that the Inconel tended to score and damage the seal 

face. 

(C) The solid insert designs using aluminum oxide or Kentanium Kl62B potentially have 

lower wear rates and may be necessary to meet the 10-hour life objective. 

(C) The primary liquid fluorine seal was designed with a 0.6 pressure balance ratio 

and minimum spring load to minimize the face loading for maximum wear life con­

sistent with satisfactory leakage. The seal face materials necessary for compat­

ibility with fluorine have higher coefficients of friction (O. 4 to 0. 5) than the 

usual carbon materials (O.l to 0.2) and the heat generation is proportionally 

higher; therefore, the total face load must be minimized and the maximum possible 

cooling of the faces provided. The PV factor (unit face load, psi x velocity, 

fps) was within the curre~t state of the art for this type of seal. 

(C) The primary (Fig. 172) and turbine seals both utilized an Inconel-X wave spring 

at ,t he bellows convolutions to provide vibration damping. 
\ 

'I 
I 

(C) The main intermediate seal design was initially a purged double-segmented type 

(Fig. 172). Three designs were completed and hardware was fabricated for the 

following material combinations: 

1. Beariurn B-10 versus INCO 718 

2. Kentanium Kl628 versus AL2o3 coated INCO 718 

3. BaF2-caF2 composite versus BaF 2-caF2 coated INCO 718 
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(U) The purged segmented seal design provided positive separation of the drain cav­

ities and minimum purge gas leakage; however, the segments were loaded against 

the mating ring surface by the differential pressure load from the purge pres­

sure and,therefore,significant heat was generated at the rubbing surface. The 

heat generation may be sufficient to cause ignition of the segments and/or mating 

ring when exposed to fluorine. The loaded segments may also cause a relatively 

high and irregular drag torque which can be a significant problem with the rela­

tively low horsepower turbines used on the AMPT turbopurnp. 

(C) The main intermediate seal design was changed to a purged double floating gap 

type, similar to the secondary intermediate seal (Fig.173). The floating rings 

were designed to provide 0.004/0.006 inch diametrical clearance and were free to 

be centered by the shaft location; therefore, drag torque and heat generation 

were negligible. The rings were constructed of BaF 2-CaF2 composite material and 

the mating ring surface was plasma-spray coated with BaF2-CaF2 and baked in an 

oven to fuse the matrix. 

(C) The main turbine seal design was similar to the primary seal, except a carbon 

PSN insert pressed into an lnconel carrier was used for the seal face. The 

mating ring was hard chrome-plated INCO 718. 

6. SECONDARY SEAL DESIGN 

(U) The secondary engine oxidizer turbopump seal arrangement is shown in Fig. 174. 

A summary of the seal design values is shown in Table 24. 

(U) The seal arrangement and principle of operation was similar to the main turbo­

purnp. The smaller size and critical speed requirements necessitated compromis­

ing the design to use the surface of the bearing inner race for the primary seal 

mating ring and the surface of the turbine wheel for the turbine seal mating ring. 

I 
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(C) The primary seal was a face-contact-type !NCO 718 welded bellows with a plasma­

sprayed AL2o
3 

on nickel-chrome mixture base nose rubbing against a plasma-sprayed 

AL2o3 surface on the 440C bearing inner race. 

(C) The intermediate seal (Fig. 173) was a purged double float i ng gap type with 

0.002/0.004 inch diametrical clearance. The rings were BaF 2-CaF2 composite 

material and the shaft surface was spray coated with BaF2-CaF2. 

(C) The turbine ·seal was a f ace-contact type !NCO 718 welded bellows with a carbon 

P5N nosepiece insert rubbing against a chrome-plate~ surface on the !NCO 718 

turbi ne wheel. The tester utilized a separate mating ring since there was no 

turbine wheel. 

(C) The design principles were the same for the secondary seals as for the main seals, 

except that vibration dampers were not used on the primary or turbine bellows 

seals due to the limited space available. The test results indicated that a 

vibration damper was necessary on the dry running turbine seal to prevent reson­

ant frequency vibration of the bellows which resulted in fatigue failure of the 

bellows weld after short time periods. 

7. BEARING DESIGN 

(U) The bearing designs for the oxidizer turbopumps were selected with minimum de­

parture from available experience in materials choice and optimized bearing 

geometry for the intended application, while maintaining external dimensions re­

quired for matching with the seal package. The design values are presented in 

Table 25. 

(C) The bearing materials were selected on the basis of materials found to be success­

ful in screening tests conducted in an IR&D program at Rocketdyne in October 1966. 

In those tests, ball bearings with 440C balls anc races and K-monel cages were 
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, I 

(C) operated for 2 hours and 48 minutes at 5000 rpm (0.225 x 106 DN). Further con­

firmation of the suitability of 440C rings and balls and high nickel content alloy 

cages was demonstrated in a NASA test program (Contract NAS3-11201). 

(C) The bearings for both main and secondary engine oxidizer pumps had conservative 

DN values (0.56 x 106 to 0.75 x 106). Therefore, optimizing the geometry fo t 

load r,apacity and life required maximizing ball size, contact angle, and minimiz­

ing trvatures. Bearings with extremely close curvatures (51 percent and lower) 

were ensitive to geometric changes caused by temperature differentials; there­

fore, a standard geometry of 52-percent inner race curvature and a 53-percent 

outer race curvature with 25-degree contact angles was chosen. Dynamic analysis 

of this bearing geometry at design speed and load conditions indicated satis­

factory stress and life levels. Bearings with similar internal geometry have 

been successfully tested in LF 2 at Rocketdyne at 0.225 x 106 DN. 

(C) The external dimensions of the front (pump end) bearing of the secondary pump 

were standard for an 8-mm-bore R38 bearing. The rear (turbine end) bearing was 

nonstandard as follows: 

1. The outer race OD was set by the turbine and static seal requirements 

2. The inner race OD was set by the primary seal diameter because one-half 

of the split inner race was used as the mating ring (equivalent to a 

10-mm-bore bearing) 

3. The bore was 0.002 larger than standard for an 8-rnm bore to avoid the 

problems arising from pressing the inner race over the pump bearing 

journal first, and then onto its own journal. 

4. Tolerances were specified as ABEC-7 (Annular Bearing Engineering 

Committee Dimension Standard) 

(C) The external dimensions for the main engine pump end bearing and the turbine 

bearing were standard for a 104 (20-mm bore) bearing and a 105 (25-mm bore) bear­

ing, respectively. 



I 

8. MAIN SEAL STATIC TEST RESULTS 

(U) Static tests were performed in the Engineering Development Laboratory at Canoga 

Park on each test seal to measure the spring load, static leakage, and drag 

torque. The following tests were conducted. 

a. Spring Load Versus Compression 

(U) The seal spring load was measured through the operating length range for compres­

sion and release to establish the limits of face load. The results are shown in 

Table 26 and Fig. 175 and 176. 

TABLE 26 

MAIN SEAL SPRING LOAD (U) 

I Load (pounds) @@~WOIID~~'ii'0611l. at Nominal 
Seal Type Seal P/N Seal S/N Length 

Primary 80-5326 CRl 15.4 
AL2o3 Insert 

Primary 80-5329 CRl 17.0 
AL2o3 Spray 

Primary 80-5329 CR2 15.6 
AL2o3 Spray 

Primary 80-5313 CRl 14.9 
Kl62B 

Primary 80-5313 CR2 17.3 
Kl62B 

Turbine 80-5314 CR2 15.6 

Turbine 80-5314 CR4 13.7 
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b. Primary Seal Static Leakage Versus Pressure 

(U) The primary seal static leakage was measured with gaseous helium and liquid nitro­

gen to establish the ambient-temperature and chilled-down leakage characteristics. 

The results are shown in Table 27 and Fig. 177 through 179. 

(C) The results of the LN 2 static leakage tests indicated that the solid insert de­

signs leaked excessively at high pressure due to thermal distortion of the seal 

face caused by the Inconel carrier contracting faster than the AL2o3 or Kl62B 

insert. The insert was twisted by the thermal load such that the ID was higher 

than the OD. This distortion allowed a higher effective pressure separating 

force across the seal face and caused the face to separate when the differential 

effective pressure load exceeded the spring load. The excessive leakage occurred 

at lower pressure when the seal was installed at a longer operating length due to 

the lower spring load. 

(C) The sprayed AL2o3 design did not appear to be affected by thermal distortion as 

the leakage was much lower at high pressure and there was no face separation. 

c. Intermediate Seal Static Leakage Versus Pressure 

(C) The intermediate seal static leakage was measured with gaseous helium to estab­

lish the purge gas leakage rate. The results are shown in Table 28 and Fig. 180 

through 182. 
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TABLE 27 

MAIN PRIMARY SEAL STATIC LEAKAGE VERSUS PRESSURE (U) 

Seal Seal Seal Installed Pressure, GHe Leak, LN 2Le~k, 
Type P/N S/N Length, psid scim sc1m 

inch 

AL 203 80-5326 CRl 0.125 30 8 400 

Insert so 16 730 
100 60 (1) 
150 120 (1) 
200 220 (1) 
250 - {l) 

0.079 30 2 150 
so 4 315 

100 15 116 
150 28 320 
200 - 4400 
250 - (1) 

AL2o3 80-5329 CR2 0.075 30 3 3 
Spray so 6 12 

100 24 32 
150 45 86 

0 
200 - 150 
250 - 250 

Kl628 80-5313 CR2 0.125 30 5 70 
Insert so 10 550 

100 45 (1) 
150 - (1) 
200 - (1) 
250 - (1) 

0.075 30 3.5 25 
so 7.5 60 

101) 18.S 265 
150 44 (1) 
250 - (1) 

©l(gm ~OIID~lmi'O&IL 
I 

(1) Excessive leakage (> 5000 scirns) 

I 
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TABLE 28 

MAIN INTERMEDIATE SEAL STATIC LEAKAGE (U) 

·--~-
@®lKllf~[ID~~-'iT~&IL GH Leak at 50 psid, 

Seal Type Seal P/N Seal S/N e scim 

.) o b .~ 0 T1ted 80- 5292 CRl 1500 
Bearium B-10 

Segmented 80-5292 CR2 4940 
Bearium B-10 

Floating Gap 80-5391 CR2 21500 
BaF -CaF 2 2 

d. Seal Friction Torque Versus Pressure 

(U) The seal friction torque versus pressure was measured at ambient temperature and 

LN 2 chilled conditions to determine the seal drag for estimating horsepo•:.rer losses. 

The results are shown on Fi g. 177 through 181. 

(C) The AL2o3 insert primary seal (P/N 80-5326 CRl) torque decreased from 10 in.-lb 

at zero pressure to 1 in.-lb as the pressure was increased (chilled with LN2) due 

to loss of contact load (Fig. 177). The AL2o3 spray seal (P/N 80-5329 CR2) torque 

dropped slightly then held constant at 3 in.-lb, indicating the pressure load was 

nearly balanced (Fig. 178). The normal trend was for greater frictional drag at 

higher pressures due to increased face contact load. 

(U) The segmented intennediate seal (P/N 80-5292) torque followed the predictable 

trend with 4 to 6 in.-lb at zero pressure and 16 to 20 in.-lb at the nominal 

purge pressure of 50 psig (Fig. 180 and 181). There was no measurable torque 

drag with the floating-gap intermediate seal design (P/N 80-5391). 

(U) The turbine seal torque was approximately 4 in.-lb at 50 psig. 
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9. SECONDARY SEAL STATIC TEST RESULTS 

(U) Static tests were .performed {n the Engineering Development Laboratory at 

Canoga Park on each test s~al to measure the spring load, static leakage, 

and drag torque. The following tests were conducted. 

a. Spring Load Versus Compression 

(U) The seal spring load was measured through the operating length range for 

compression and release to establish the limits of face load. The results 

are shown in Table 29 and Fig. 183 and 184 •. 

TABLE 29 

SECONDARY SEAL SPRING LOAD (U) 

Spring Load(pounds) 
Seal Type Seal P/N Seal S/N at Nominal Length 

Primary 80-5533 1 4.2 

2 2.8 

3 2.5 

Turbine 80-5535 1 3.5 

6 4.0 

11 4.7 

b. Primary Seal Static Leakage Versus Pressure 

(U) The primary seal static leakage was measured with gaseous helium and 

liquid nitrogen to establish the ambient-temperature and chilled-down . 

leakage characteristics. The results are shown in Table 30 and Fig. 185. 
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(C) The results of the liquid nitrogen leakage tests indicated that the AL2o3-

coated nose was not significantly affected by thermal distortion. There 

was no indication of seal face separation as occurred on the main seal 

solid insert designs. 

TABLE 30 

SECONDARY PRIMARY SEAL STATIC LEAKAGE (U) 

Seal Seal Seal Pressure, GHe Leak, LN 2 L~ak, 
Type P/N S/N psid scim sc1m 

AL 2o
3 80-5533 CRl 30 (1) 19.5 460 

Spray 50 35 700 

100 96 1500 

150 170 1900 

200 260 2050 

250 340 2350 

CR2 30 10 15 

50 18 32 

100 45 80 

150 90 155 

200 140 250 

250 190 --
@®~l?O@rn~ii'Ofil!L 

(1) GN 2 leakage 

' 

\ 

) 



~ c. Intermediate Seal Static Leakage Versus Pressure 

CU) The intermediate seal static leakage was measured with gaseous helium to establish 

the purge gas leakage rate. The results are shown in Table 31 and Fig. 186. 

TABLE 31 

SECONDARY INTERMEDIATE SEAL STATIC LEAKAGE (U) 

GHe Leak at so 
Seal Type S al P/N Seal S/N psid, scim 

Floating Gap 80-5534x CRl 7450 
BaF -CaF 2 2 

Floating Gap 80-5534x CRS 8400 
BaF 2-CaF 2 @®~IFO@[g~'ii'O&IL 

d. Seal Friction Torque Versus Pressure 

(U) The primary seal friction torque versus pressure was measured at ambient tempera­

ture and chilled with LN2. The results are shown on Fig. 185· The primary seal 

ambient torque increased from 10 in.-oz at zero pressure to 24 in.-oz at 250 psig. 

The cold torque increased from 8 in.-oz at zero pressure to 64 in.-oz at 250 psig. 

(U) There was no measurable torque drag on the floating-gap intermediate seal. 

(U) The turbine seal torque was between 8 and 16 in.-oz at the 50-psig operating 

pressure. 
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10. MAIN BEARING AND SEAL DYNAMIC TEST RESULTS 

(C) The main bearing and seal tester was run for five tests with liquid fluorine 

for a total time of 697 seconds. One liquid nitrogen test of 61 seconds 

duration was performed. The main bearing and seal testing is summarized in 

Table 32. The bearing and seal test hardware summary is shown in Table 33. 

Data from two of the tests are summarized in Tables 34 and 35. 

TABLE 32 

MAIN BEARING AND SEAL TEST SUMMARY (µ) 

Date , Number of Time, Sp~ed, 
Test No. 1969 Starts seconds rpm Remarks 

001 (LF2) 4-2 0 0 0 No rotation; turbine 
valve not open 

002 (LF 2) 4-3 1 3 42,500 Torquemeter seized; 
rebuilt tester with 
new bearings and seals, 
used solid shaft in 
place of torquemeter 
and added air fan for 
speed control 

LN 2 4- 25 5 61 6,400 Speed control eri·atic; 
Starts 53,700 damaged bearings and 

seals due to LN2, 
rebuilt tester, and 
added bigger air fan 

003 (LF 2) 5-10 8 56 33,000 Speed control erratic; 
suspect i ntermediate 
seal t orque variation 

004 .(LF 2) 5-12 5 518 16,700 Fire started at inter-
47,000 mediate seal and 

burned through tester 
housing 

005 (LF2) 11-17 5 120 20,000 Fire started at rear 
bearing and damaged 
tester due to internal 

@®OO~O~~OO'ii'O&IL burning 
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) The following tests were performed on the main bearings and seals using the 
dynamic tester. 

a. Test 001 (No Start) 

(U) The tester was chilled down by flowing LN2 through the tester jacket. Liquid 

fluorine was then flowed into the :tester, and an attempt was made to start the 

drive rotation by pressurizing the turbine GN2 system. The test was terminated 

when the turbine did not rotate. Investigation revealed that the GN2 valve up­

stream of the turbine inlet had not actuated open; therefore, no GN2 pressure had 

reached the turbine. The tester was not disassembled. 

b. Test 002 (1 Start for 3 Seconds) 

(C) The tester was chilled down with LN2 . Liquid fluorine was then flowed into the 

tester, and the turbine inlet pressure was inc1·eas0d in increments. The drive 

suddenly broke loose and spiked up to a maximum speed of 42,500 rpm and back to 

zeTo. Investigation revealed that the drive torquemeter was binding up on the 

turbine end and not transmitting the turbine torque to the tester, until the tur­

bine starting torque increased enough to break the torquemeter loose. The . 

torquemeter apparently failed andseized tight as the speed spiked up causing an 

excessively high rotating radial load on the tester shaft which failed both tester 

bearings and broke the primary seal AL2o3 nosepiece (Table 34). 

(U) The tester was rebuilt using new bearings and seals, and the drive assembly was 

rebuilt using a solid quill shaft in place of the torquemeter. (The torquemeter 

was returned to the vendor for analysis.) Also, a special air fan was installed 

on the turbine shaft to absorb torque and prevent overspeed after breakaway. 

(U) To check out the use of the air fan (air brake) for improved tester speed control, 

a series of start tests was conducted with LN2 simulating LF 2 in the tester. The 

tN
2 

was used as a safety precaution because of the lack of tester speed control 

which had occurred on the two previous test attempts. 
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(C) The speed control checkout tests were conducted by increasing the turbine inlet 

pressure gradually until rotation started; then the speed was adjusted by venting 

the pressure. The results of the initial start tests indicated that the air fan 

improved the speed control; however, additional speed control was necessary. 

Therefore, a larger air fan was installed and the following start tests were 

conducted. 

• Start No. 1 (7 seconds). Speed spiked up to 53,700 rpm and leveled off 

for 3 seconds 

• Start No. 2 (3 seconds). Speed spiked up to 41,600 rr n 

• Start No. 3 (5 seconds). Speed increased to 24,700 r1 ,. 

• Start No. 4 (18 seconds). Speed increased erratically to 38,400 rpm 

• Start No. 5 (28 seconds). Speed increased to 33,300 rpm, dropped to 

25,600 rpm when pressure was vented, then varied erratically from 26,900 

rpm to 6400 rpm 

(C) Inspection of the tester hardware after the LN2 start tests revealed that both 

tester bearings were damaged because of lack of lubrication from running with 

LN2 . The primary seal face was severely damaged from rubbing against the Kl62B 

mating ring in LN2. The bearing and seal materials depended on formation of a 

fluoride film for proper lubrication when operating in LF 2 , and such a film was 

not present when operating in LN 2 . 

c. Test 003 (8 Starts for 56 Seconds) 

(C) The tester was chilled down by flowing LN2 through the tester jacket. Liquid 

fluorine was then flowed into the tester and the turbine inlet pressure was in­

creased to 64 psig and the speed suddenly spiked to 33,000 rpm. The pressure 

was vented to 45 psig and the speed dropped to 15,000 rpm, then decayed to zero 

with no change in pressure. The pressure was increased again to 77 psig, and the 

speed spiked to 33,000 rpm, then dropped to zero when the pressure was vented to 

66 psig. The speed spiked from zero to approximately 30,000 rpm six more times 

with the turbine pressure constant at approximately 90 psig. The test was termin­

ated because of erratic speed control. 



'•· 

) The intermediate seal purge pressure decayed from approximately 50 to approxi­

mately 45 psig at the same time the speed increased, then gradually recovered to 

approximately 50 psig at the same time the speed dropped to zero (Fig. 187). The 

erratic speed control was caused by a variation in the tester torque resulting 

from the segmented intermediate seal drag torque changing from the loading caused 

by the purge pressure. 

(U) The purge pressure, which loaded the segments against the shaft, decayed gradu­

ally, reducing the seal drag, and allowed the turbine to start rotation. The 

seal leakage increased as rotation started, which further reduced the purge pres­

sure because of the slow response of the pressure regulator. A progressive speed 

increase resulted until the pressure regulator responded and started to build up 

the purge pressure. The speed then decreased and stopped after repressurization 

because of the additional seal drag. 

(U) Part of the speed control problem was related to variation of the intermediate 

seal drag torque from the loading caused by the purge pressure and, it was, 

therefore, decided to run the initial portion of test 004 with no purge pressure 

to eliminate that variable. This method of operation was not considered to be a 

hazard because the main function of the purge was to provide a pressure barrier 

between the oxidizer and fuel-rich drain cavities to maintain separation, and 

there was no combustible gas in the tester. The purge also provided some cooling 

and lubrication for the rubbing segments; however, the load decrease with no purge 

pressure was expected to compensate for the lack of cooling. 

d. Test 004 (5 Starts for 518 Seconds) 

(C) Test 004 included five starts for a total rotation time of 518 seconds (Fig. 188). 

(1) First Start (56 Seconds) 

(C) After chilling the tester with LN2 and introducing LF2 to the tester, the turbine 

inlet GN
2 

pressure was increased gradually with no intermediate seal purge pres­

sure,and the bearing cavity pressure was set at 95 psig. The turbine broke loose 
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(C) at 40-psig inlet pressure, spiked up to 29,000 rpm, then leveled off at 28,000 rpm 

when the turbine pressure was vented to 38 psig, and gradually dropped to 21,000 

rpm while the turbine pressure was constant at 38 psig. The speed was relatively 

steady, but there was no indicated oxidizer fl ow through the bearings; therefore 

the turbine pressure was vented to stop rotation until the cause of no flow was 

detennined. 

(C) Investigation showed that the recirculation impeller on the tester shaft was not 

pumping because of cavitation or vapor lock of the oxidizer at the impeller in­

let. The bearing cavity pressure was increased to 114 psig to improve the NPSH 

at the impeller inlet. 

(2) Second Start (58 Seconds) 

(C) Turbine rotation started at an inlet pressure of 34 psig, leveled off at 17,000 

rpm for 58 seconds, and then dropped to zero at a constant inlet pressure of 34 

psig. The oxidizer bearing flow was intermittent and the bearing cavity pressure 

was increased again to 132 psig approximately 20 seconds before the speed dropped 

to zero. 

(3) Third Start (15 Seconds) 

(C) The turbine inlet pressure was increased from 34 to 37. 5 psig, and the turbine 

restarted and leveled off at 17,000 rpm for 15 seconds, then dFopped to zero again 

with no change in turbine inlet pressure. The oxidizer flow was initiated by 

cycling the bleed valve open, which vented the oxidizer return line to atmospheric 

pressure and caused flow through the tester because of the pressure differential 

~etween the oxidizer tank and ambient conditions. 

(4) Fourth Start (62 Seconds) 

(C) The turbine inlet pressure was increased gradually to 52 psig, and the speed 

spiked up to 43,000 rpm and gradually decayed to zero as the inlet pressure was 

clowly vented to 42 psig, then restarted and increased to 10,000 rpm as the turbine 
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(C) inlet was repressurized to 53 psig. The inlet pressure was increased to 58.5 

psig, and the speed increased to 11,000 rpm, then dropped to zero. The bearing 

cavity pressure was increased from 130 to 163 psig at the same time by remotely 

adjusting the pressure regulator. Oxidizer flow was maintained intermittently 

by cycling the bleed valve open. 

(5) Fifth Start (327 Seconds) 

(C) The turbine suddenly restarted and spiked to 48,000 rpm at a constant inlet pres­

sure of 58 psig, then dropped to 21,000 rpm when the inlet pressure was vented 

to 34 psig and remained relatively steac!y for 300 seconds \vith a gradual decay to 

18,000 rpm while the inlet pressure was constant at 34 psig. 

(C) Oxidizer flow was maintained intermittently by cycling the bleed valve open. The 

bearing cavity pressure was vented to 105 and then to 75 psig because of the 

oxidizer flow out the bleed. 

(C) The decision was then made to increase the speed to 28,000 rpm, leave the oxidizer 

bleed open to maintain flow, and gradually increase the intermediate seal purge 

pressure to determine the effect of seal drag on speed. 

(C) The turbine inlet pressure was increased from 34 t o 38 psig and the speed increased 

to 21,000 rpm. The pressure was increased again frum 38 to 42 psig, and there was 

no change in speed. Another pressure increase from 42 to 47 psig resulted in a 

speed increase to 23,000 rpm. The pressure gradually decayed to 45.5 psig (regu­

lator drift) and the speed followed with a decrease to 17,000 rpm. Then the speed 

suddenly increased to 31,000 rpm while the pressure was constant at 45.5 psig. 

Also, at approximately the same time, the Bentley scope showed excessive shaft de­

flection, which was suspected to have been caused by running at a critical speed. 

An attempt was made to change the operating speed, however, befcre a.t;/ adjustment 

to the pressure could be made, the speed increased again to 40,000 rpm. The pres­

sure was vented from 45.5 to 43.5 psig, and the speed dropped to 33,000 rpm, then 

spiked to 48,000 rpm. At this t ime, ·.:he test observer saw fire and sparks corning 

from the tester, and the test was terminated. 

--------
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(U) Posttest inspection of the tester revealed a hole burned through the tester hous­

ing in the area of the primary seal drain .. There also was a secondary fire caused 

by ignition of lubricating oil that had leaked from the turbine and collected in 

the torquemeter housing . 

(U) The turbine and tester shaft could be turned freely after the test with approx­

imately 2 to 4 in.-lb torque. 

(C) Inspection of the tester hardware revealed the following (see Fig. 189 and 190). 

1. The major portion of the burning was centered in the primary seal drain 

and intermediate seal area, indicating that the origin of the fire was 

on the primary side of the intennediate seal. 

2. There was no burning in the intermediate seal purge cavity area of the 

tester housing, indicating that the fire did not start inside of the 

intermediate seal. 

3. There was no burning in the turbine seal drain area of the tester housing, 

indicating that the fire did not start at the turbine seal. 

4. The primary seal drain cavity portion of the tester housing was completely 

burned out through the housing, indicating that combustion was supported 

by oxidizer leakage through the primary seal. 

5. TI1e seal portion of the tester housing was partially burned and covered 

with molten metal and slag. 

6. The bearing cavity portion of the tester housing was not damaged by the 

fire and appeared to be completely isolated from the burning in the seal 

area by the primary seal. 

7. The primary seal housing was partially burned away from the drain side, 

but the sealing face was in good condition and the seal was still func­

tional enough to maintain adequate sealing of the oxidizer. 
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S . The te~ter beP 1gs sounded slightly rough (noisy) when rotated but 

were not damaged by the fire and appeared to be in r easonably good con­

dition . The roughness was probably caused by th e hi gh speed and hi gh 

loads from the excessive shaft defl e ction during the failure . 

(C ) The test data indica t e d that th e fire s tarte d in the primary sea l drain cavity at 

96 3 . S seconds, which was 18 . 5 seconds before th e t es t was cut (see Fig . 191 , and 

Table 35 ) . 

(C) 

The first indication of th e fire was a press ur e a nd t emperat ure increase in the 

primary seal drain. The pressur spi ke d to 3 . 0 psig, and th e t emper a ture spiked 

off scale and went errat ic. There was a t e mp rature an d pres··1 tre incr e ase in th e 

turbine seal dra in at abo ut th e same ti me, but th pre ss ure on l y r eached 1. 0 psi g , 

indicating the origin of the pressure source was in the primary sea l drain . 

Th e re was a second ignition in t he prim;iry sea l drain approxim;it e ly l secon d 

l ater at 964.7 seconds, \vhi ch caused a pre ss ur e pik of 11 . 5 psi g in the primar y 

drain, 2 . 7 psi g in the inte rmediate p urg cavity, and 0 . 7ps i g i n the t urbine 

drain. The progress i ve decreas e i n the pre ssure l eve l s indicated th a t th e pres­

s ure source ori gin a t ed in the pri mary sea l dra i n. 

(C) The d ata indi cat ed th at th e most probabl e cause of th e fai lure 1,as ignition of 

the Bearium B-10 intermediate seal segment s o n t he primary drai n side , fo ll owed 

by complete combustion of th e intermedi at e a nd turbine sea l s with th e gaseous 

oxidizer that ha d l eake d through th e p rimary sea l and accumu l a t ed throughout the 

seal ar ea . The greater amount of burning in the primary drai n was caused by the 

fire starting in that area a nd from the combusti on bein g support e d by the addi­

tional oxidi zer which was l eak ing through the primary sea l. Th~ fire appa r ent l y 

burned out af t e r approxi ma t e l y 10 seconds because of dep l etion of the oxidi zer in 

th e sea l drain a rea. 
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1 ~n · i n f the Beari um B-10 segments in a highly oxicli zing atmosphere was pos -

~i i le b cause of the heat generation between the rubb i ng surface of the segments 

anti the rotating mating ring. The excessive shaft defl ection was believed to 

l,ave caused a high load on the rubbing surface of th e segments, which resulted 

in a surface temperature sufficiently hi~1 to ignite the Be arium in th e oxidi z­

i n g atmosphere . 

(C) The conclusion was th at the Bearium B-10 segment e d i nt ermediate seal was the 

cause of the failure because of the hi gh drag torqu a nJ the torque vo.riation of 

th e segmented-type seal. The intermediate seal design was c ha nged to a floating 

ring-type design fabricat e d from AmCe r le t 701-65 composi t material. The seal 

de sign is sh01vn in Fig . 1 73 and was us e d for the s ubsequent main bearing and 

seal test. 

e . Test 005 (5 St art for 120 Second s) 

(C) Replacement tester components were fabrica t ed, th e t es ter reas semb l e d with he 

new intermediate sea l d esign, and t est 005 was conducted . 'fhe t es ter was chil l ed 

clmm by flowing LN
2 

throu gh the tester jacket . Liquid fluorine 1vas th en flo1vecl 

into the tester, and an a ttemp t 1vas made to bring the speed up to idl e (approxi ­

mately 5000 17)m) by slowly press uri zin g th e dri ve turbin e . The plan was o start 

the t e st from idl e speed afte r i nstrumentation and r e dline ve rifi c-tti on . The 

turbine pressure was in creased, and th e spee d pick up instrumentation cliJ not i r -

dicate any rotation; howev r, the Bentley scope showe d that th e re was rotat ion 

for approximately 60 second s ; th e n the rot ation stopped and r es tarted tine times 

durin g a period of approxima t e ly 60 second s. 

(U) The test was termin a t e d 1vhen th e oxidi zer outl e t tempe rature sudd en ly increase d 

and pegge d off th e ch art in excess of -2 00 F. At approximat l y t he same time, 

th e oxidizer inlet pres sure st a r t cl oscillating, and t here was a flash of fir 

at the tester. The Bentl ey and acce l e rome t e r S(:opes did not sho1v any ab norma l 

deflection or vibration. The oxidi ze r flow 1vas a1 proxi11rnt e l y _ gpm during 

rotation . 
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1 sttes t inspection of the tester assembly revealed that two holes were burn~d 

through the housing at the primary seal drain (Fig. 192). The shaft was lo cked 

so l id (Fig. 193). There was a heavy deposit of fluoride coating in the oxidi zer 

outlet port. 

(C) Disassemb ly of the tester revea led the following: 

1. Turbine seal and mating ring were in good condition. 

2 . Intermediate seal and mating r ing were in good condition except for 

slight burn damage and a crack in th e oxi dizer side ring. 

3. Primary seal hous i ng was burned through t o th e drai n cavity for approx­

mate ly 90 degrees at one location, and th e i nterna l portion of th e se al 

was bumed away. The rubbing s urface of th e matin g ring was not burn ed 

and approximately 270 degrees of the sea l nose was sti 11 i ntact. The 

portion of the mating ring under th e sea l nos e was pro t ected from burn­

ing ; therefore, th e fire did not s t art at th e seal rubbin g s uTface . 

4 . The turbine end bearing was compl e tely cons wnecl by the fire, excep t for 

a portion of the outer r ace . 

5. The te ster shaft was complete ly burned away and separated in the ar ea 

of the turbine encl bearing . The rear portion of th e shaft was fused to 

the turbine end bearing retainer nut with molt en met al . 

6. The tester housing was partially burned away in th e area of th e oxidi ze r 

inlet at the t urbine end be aring and at th e primary se a l drain. 

7. The pw11p encl bearing was in go od condition, except for one area at the 

cage which was damaged by burning. 

(C) An a lysis of the damaged hardware indicated that th e fi r e started in th e rear 

bearing and burned the shaft away in both di re c ti on s fr om the bearing, fi na ll y 

burning a hole under the primary seal mating ring 1vhich a llowed th e seal and drain 

area to be damaged by fire. The ma jority of th e burning occurred af ter cutoff 

while the shaft was stationary. The burning apparently continued until th e avail­

ab le oxidi zer was consumed. 
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n i:.' m st prob abl e cause of ignition in the bearing was a piece of foreign material 

i,e,\ i ng between the bearing cage and outer race, causing the cage to seize and 

st P rotating with the balls. The cage seizure would cause the balls to skid on 

th e inner race, and the resultant frictional heat could cause ignition. The 

sk idding balls also could cause an intermit t ent high torque, which would explain 

why the tester stopped and restarted just prior to the fire. This conclusion is 

substantiated by a similar incident on another program, where the test was t e rm­

inated due to a torque increase before ignition occurred (Ref. 6) . 

(U) Also, the possibility exist ed that friction between the halls and cage pockets 

either caused excessive hea t generation at the ball-cage contact or caused th e 

balls to skid on the inne r race , and re s ult ed in ignition due to friction a l heat. 

Previous test expe r ience indicates th a t thi s failure mo de is un l ikely . 

(U) Program analysis showe d th at repair of the teste r for furth er mai n bearing and 

seal testing was imprac tica l; therefore, all remai ning te s t i ng was directed to 

the secondary bearings and sea. l s . 

11. SECONDARY BEARING AND SEAL DYNAMIC TEST RESULTS 

(C) The secondary bearing ffild seal t es t er was run for six tests with liquid f luorine 

for a total time of 24 1 seconds. Th e secondary bearing and s ea l t es t i ng is sum-

marized in Table 36 The bearing and seal t es t hardware summary i s shown in 

Table 37 The test dat a. are summarized in Table 38 

(U) 111e fol lowing dynamic test s we r e p e rformed on th e secondary bearin g and sea l 

program. 

a. Test 005, 125 Seconds (11-10-69) 

The test objective was 5 minutes of operation a t 75,000 rpm to check out the 

tester and drive operation. The speed was increased gr adua ll y up to 21 ,000 rpm, 

then ramped quickly to 66,000 rpm, increased gradually to 72 ,000 rpm \vi thin 90 

seconds, and was const ant for the rema inde r of the test. 
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TABLE 36 

SECONDARY BEARING AND SEA L TEST SUMMARY (U) 

Test Numb er of Time , Speed, 
0 . Date Starts s ec onds rpm 

005 11-10-69 1 125 72 ,000 Bearin gs unload ed, damaged 
bearj ngs a nd sea ] 

001 1-5-70 1 6 : . 1 Gl Sat isfactory r otat in g 
pass j vat ion test 

00 2 1-13-70 - - - - - - ll ig h and erratic in l et pres-
s ur e . No r oU1tj on 

003 1- 24-70 2 20 22 , 350 Imrrop cr tUJ ·b in e pres sure 
adju s tm ent and bc1.ring 
cavjty p r ss ur rc<l l i.ne 

004 1- 29-70 1 71 47,000 Exce ss i ve s hu FL dcfl cc ion 
Danwgccl t orqu ' m ter 

005 2-6-70 1 19 63,000 Excessiv e shaft d e fl ect ton . 
Broke turbin and test e r 

1 s hafts 

@® [?Q[ID~ '[]'Qfilll 

(U) The test was t e rminat ed pre mature ly due to los ~ of the Ben 1 y s}, aft I , fl ee ion 

transducer si gna l. The signal 1vas lost wh e n the s 1,aft rub be d and broke th e 

transduce r, which had been se t at O. 030-incli c l ear ance . 

(C) In spection of the te s t er assembly re veal e d th at th e test e r s haf t was l oos e and 

could be moved approxi mately O. 03(J inch in th e radial direction. Press ur i zing 

the bearing load piston did not ~ffec t the shaft radial cl arance; th er efore, th e 

tester was disassembled for inspec ~ion with the follm~i ng r esults: 

1. The primary seal sprayed AL2o3 nose was chipp ed excessive ly ar ound th e 

OD edge, and approximately 30 degrees of the nos e was broken off. 
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4. 

5. 

TJ, . d , primary seal spraye AL 2o3 mating surface was in good condition. 

The intermediate seal was in good condition, except that the ID of the 

floating rings was worn out-of-round. 

The intermediate seal BaF 2-Car2 coated shaft surface was worn away on 

one side (approximately 120 degrees arc) . 

The turbine seal carbon nose was chipped excessive ly around the OD edge 

and the bellows was cracked approximately 180 degrees at the lo1ve r ID 

plate weld . 

Ci. The turbine seal chrome-plated mating ring was in good condi ti on. The 

wear pattern showed excessive r adi al runout. 

7. The bearings wer e in fair condit ion. ·rhe bearing race wear tract showed 

that -the bearings were run unl oaded . 

8. The bearing load pis ton was stuck in the unl oaded posit ion due to AL2o3 
from the primary seal wedging be twee n the piston and housing . 

(C ) Investigation r eve al ed that the bearings were unloaded due to th e bearing cavity 

pressure being hi gher than the load bellows press ure . Because the be arin gs wer e 

an angular contact desi gn wl1ich required pre load t o maint ain al i gnment, th e un­

loaded bearings allowed the tester shaft to rotate off cente r and wobb l e . Exces­

sive shaf t movement was be li eved to have caused th e damage . 

(U) The tester was rebuilt with new seals and bearings. 

b. Test 001 (6 -Sec ,nd Duration) 

(C) The test objective was to accomplish a rotating passivation and static fluorin e 

flow test. Fluorine was flowed through the t es t er for 6 seconds 1vi th sh aft rot a­

tion at 1160 rpm maximum. The fluorine f low was th en continued for another 5 

minutes. 

(U) The test objective was satisfactorily accomplished . The t ester 1v as disassemble I, 

and the hardware was in good concli tion. 'The tester was r eassemb l ed with the same 

seals and bearings. 
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Te t 002 (No Rotation) 

l ') The test objective was a I-minute checkout at 20,000 rpm with a posttest inspec­

tion . The test was t ermi nated after approximately 8 mi nutes of fluorine f low 

through the tester due to high and unst abl e fluorine i nl et pressure . No rotation 

occurred. 

(C) Disassembly of the t este r r e vealed a residue <l eposi t from an appar nt r eac t ion 

in the are a of the fluorine i nl e t passage through the prim ary seal . lachining 

burrs were found a t the housi ng fluorine passage i nl t. A piece of th e In conel 

burr was suspected to ha ve broken loose and lodged in t he seal passage , th en 

ignite d and burned . 

(U) The burrs we r e r emoved from t he passage , and th e part s were cl eaned . The tester 

was r eas sembl e d with the same hardware, except that new bearings were instal l ed 

because there was no assurance that a ll burr partic l es could be r emove <l from he 

bearings. 

(C) The high inl e t pressure (200 psig) , s hown in Tabl e 38 for th is t es t, 1. as determined 

to be norma l for liqui d flm\l condi t io ns. The erratic a n<l unstab l e r r cssur e 1\l as 

appar ently caus ed by i gnit ion of a sma ll burr in th e fluorin e inl e t pass r1.ge . 

d. Test 003 (20-Second Durati on) 

(C) The test objective was a 1-mi nute checko ut a t 20 ,000 rpm with a posttes t inspec­

tion. The test was t ermi nated by the aut omat · overs pee d devi ce wh en th e speed 

e xceeded the 20 ,000-rpm r ed lin e and reached 22 , 350 rpr.. ma , im um due t o th e drive 

turbin e GN
2 

pressure ad j ustment. 

(C) An attempt 1vas made to r e st art the t est; however, as th e beari ng cavity pressure 

was being adjusted to SO psi g, the cavity pressure s udd en l y sp i ked from 47 to 

105 psi g while the fluorine inlet pressure 1\las constru1t a t 320 psig . The t es t 

was termina ted to inspect the f acility blee d and t ester for a f l ow r es t riction. 
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I Ls:1 ss mbl) of the tester revealed the following: 

1. 

2. 

3 . 

The bearings were in good condition. 

The primary seal AI 2o3 face was distorted out-of-flat (ID higher than OD) . 

The primary seal mating surface was out-of-flat (higher at OD), but 

otherwise in good condition . 

4 . The intermediate seal and sh::ift s urfaces w r e in good condition. 

5. The turbine seal carbon nose 1vas chipp ed excessively around OD e dge , 

and the bellows was cr acked at th e lowe r JD pl at e weld . 

(C) Inspection of the tester fluorine passages and faci lity fluorine bl eed did not 

reveal any discrepancy that would exp lain the b aring cavity pressure spike . 

(U) The tester was reassembl e d with the same hardw a r e , exccp the primary seal fac e 

and mating surface we r e l apped flat and a ne w turbine sea l was install ed . 

e . Test 004 (71-Second Duration) 

(C) The test objective was a 1-mi nute checko ut a t 75 ,000 r pm 1<1 ith a posttest inspu­

tion. The tester speed was i ncr ease d gr adu a ll y up t o 24 , 000 rpm, th en an attempt 

was made to acce l e rate qui ckly to 50 ,000 rpm t o avoid d1ve 1] i ng in the cri ti cal 

speed region; however, the drive turbine GN
2 

pr ssure co uld not be increase d qui cUy 

enough and excessive s haft defl ection occ urre d . Th e t es t 1vas termina t ed after 

71 seconds of rotation clue to a s udden speed drop from 4S ,000 to 31, 500 rpm 1vhile 

the drive turbin e G 2 pressure 1vas be in g increase d. The speed d r op was apparentl y 

caus ed by excessive sh a ft s ea l rubb i ng clue to shaft deflecti on . 

(C) The tester was disassembl e d for inspection with the fol lo1ving r e~; ul t s : 

1. Turbine seal carbon nose was chipped exc ssive l y aro und th e OD e dge , and 

the bellows was cracked at th e lower ID pl a t e we ld. 
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Turb i ne seal mating ring wear pattern showed excessive radial run out. 

3 . The intermediate seal and mating surface were in good condition. The 

me asured wear was 0 .0002 to 0.0005 inch. 

4. The primary seal /\L2o3 nos e was worn off approximately 0. 002 inch lower 

around the outer surface . The contact pattern at the inner surface was 

irregular and had 0.002 to 0 .004 inch of wear. 

5. The primary mating surface appeared to be i n good condition. 

6. The beari ngs were in good condi tion. 

(U) The torqueme ter output s haft was bent due to exce s s ive defl ection of the t es t e r 

shaft. 

(U) The tester was reassembled with a new primary seal, new turbine seal, new bear­

ings with same cages, and the s ame intermediate se a l. 

(U) The tester was inst a ll ed on a short housing mount wi th th e ai r f an bl owe r and no 

torqueme ter. 

f. Test 005 (19 Second Duration) 

(C) The test objective was a 5-minut e checkout at 75,000 rpm with a pos ttes t inspec­

tion. The test was terminated after 19 ,econd s of rotati n by the a utoma t ic cut ­

off device on the intermedi ate seal pur i:;v pressure redline . The purge pr ess ure 

dropped to 20 psig (minimum redline is 35 psig) due to the se a l rings be ing un­

seated by excessive shaft defl ection. At the same time , the Bentl e y transduce r 

signal indica ted excessive shaft defl e ction, the tester accel e rometer sign a l i n­

dicated high vibra tion l eve ls, and the speed was not responding to the dr i ve turbine 

pressure increase. The test was termin a ted aft er 19 seconds of ope ration . In­

spection of the tester and drive assembly revealed the fo llow i n g : 

1. The drive turbine shaft was broken off flush with the mounting pl at J . 

2 . The tester shaft was broken off at the turbine seal mating ring s houl der. 



The Bentley transducer was broken due to rubbing. 

4. The speed pickup tran sducer was broken due t o rubbi ng. 

5 . The t u rbine carbon seal was broken and the seal ID had been rubbed by 

t he s haft . The mating ring wear pattern showed excessive radi a l runout. 

6. The t urbine seal carbon nose was chipped around the OD edge, and th e 

bellows was broken all around a t the lower ID plate weld. 1he mating 

ring wear pattern showed excessive r adial runout (Fig. 194) . 

7. The intermediate seal rings and the shaft surface we re in good condit ion, 

except the seal antirotation slots were bent slightly by th e excessi ve 

shaft defl ection (Fig. 195) . 

8. The primary seal and mating ring surfaces were i n good condition . The 

AL
2
o

3 
surface was pol ished with no appare nt wear (Fig . 196 and 197) . 

9 . The bearings were in good condition (Fig. 198) . 

(C) Analysis of the Bentley displ acement transducer hi gh-freque ncy da t a r evea l ed that 

the maximum peak-to-peak shaft displacement at the Bentley l ocation (te s t e r end 

of the air fan coupling) was 0.050 inch at 60 ,000 rpm j ust prior to the failure. 

The excessive sh aft deflection resulted in failure of th e t es t e r shaft a nd th e 

turbine shaft due to th e hi gh cyclic l oadin g . 

(U) Contin ued testing would r equire modifi cation of th e t es t er drive equipme nt and , 

therefore , the above test was the final test of the pro gr am. 

12 . CONCLUSIONS RESULTING FROM BEARI N ~ AND SEAL TESTING 

(U) Dynamic testing was limited due to difficulti es with th e tester equ ipment. \\lh i l e 

s ufficient durat ions were not accumulated at des ign conditions to demonstra t e 

feasibility and durability of th e bearings and seals, some favorabl e t es t result s 

were obtained . 
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F:-. · I lih e r e da mage attributed to other causes occurred, the bearings were in sat -

- ~f3 · t r y ·ondition after each test, in spite of overspeed, lack of coolant flow, 

:md ·1bnormal loading conditions. Insufficient testing was accomplished to demon­

s rate durability; however, the bearings were run for short periods at full load 

and speed with out failure. 

(C) The primary fluorine seal with the plasma-sprayed AL
2
o

3 
nose performed satisfac­

torily during the limited t esting at normal operating conditions. Insufficient 

testing was accomplished to establish wear rates and demonstrate durability; how­

ever, the sealing efficiency was satisfactory. The Kentanium Kl6 2 B and solid 

AL2o3 insert configurations leaked excessively at high pressure due to therma l 

distortion of the seal face; however, the wear life was exp ect e d to be bette r, 

and the higher leakage may be acceptable. 

(C) The AmCerMet 701-65 floatin g-ring purged intermediate se a l proved to be ve r y 

effective for the separation of the oxidizer and turbine dr ain caviti es. Th e 

seal survived extremes of operation with ve ry little damage and pe rformed ve r y 

satisfactorily. The rubbing chara cteristics of the mate ri a l agains t the BaF 2-

CaF2 coating mating surface were satisfactory. The Be arium B-10 segmente d s ea l 

was unsatisfactory due to hi gh torque and excessive heat gene ration which r es ul t e cl 

in ignition of t he material. 

(C) The main turbine bellows f a ce-type carbcn seal performe d satisfact or i ly during 

the limited testing; however, the secondary turbine seal be llows fail e d afte r 

short periods on all the seals tested. The failure mode appe ared t o be f a t igue 

of the bellows plate adjacent to the weld due to r e sonant vibration in the be llow s 

assembly which was excited by running the seal in a dry atmosphere of GN2 . Non­

lubricated seal faces 1vil 1 initiate a resonance frequenc y vibration due to a s t ic k­

s lip condition (difference between static and dynamic coefficient of f riction ) a t 

the rubbing face. The secondary seal did not have vibration dampers due to the 

smal 1 size and limited space available. The recommended corrective action would 

be to redesign the seal to add a vibration damper similar to the one used on the 

main seal. Sufficient lubrication would likely be present in the actual turbine 

from the hot - gas products to prevent the stick - slip condition . 
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APPENDIX I 

TEST FACILITIES 

(U) Three test facilities were util ized during the AMPS program: 

Victor Test Stand, Propul si on Research Area , Santa Susana Field 

Laboratory--for 5- i nch and 30 --degree segment testing 

Mike Te s t St and, Propulsion Res earch Area , Santa Susana Field 

Laboratory--for oxi dizer turbopump bearing and seal testing 

B-4A Tes t Stand, Nevada Field Lab oratory- -for mai n thrus t cham­

ber test i ng 

(U) Each of the facilities required some modification to mee t th e spe-

cific program requirements. The modifications and the description of the 

Victor and B-4A fac i lities are provided in the following paragraphs. A 

description of the Mik e te s t s tand was presented i n th e Oxi dizer Turbo­

pump Bearing and Seal section. 

1. VICTOR TEST STAND 

(U) The Victor test stand had been used for segment t es t i ng i n previous pro­

grams involving LH
2 

and LF
2

. As a result, facil i t y modifications for th e 

main engine segment test i ng consis ted primarily i n providing the propel­

land capaci ty requirement s . The modificat i ons consisted of i nstall ation 

of a 2000-ps i g rat i ng, LN 2-jacketed oxidizer tank, i ns tallat i on of an 

LN
2

- jacketed, high-pressure, ox i dizer propellant feed line wi th two I- i nch 

turb i ne flowmeters in tandem i n the line, and i ns tall at ion of p l at i num 

resistance bulb temperature sensors. Also, a heater t o provide 1000 F 

fuel to the i njector was designed, fabricated, and installed i n the 

hydrogen supply l i ne. 
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Fig ur I-1 is a schematic representation of the Victor test stand following 

the modifications. Figure I-2 shows the test stnad with the Ge contour 

thrust chamber installed. 

a. Oxi dizer Tank and Related Systems 

(U) A high - pressure (2000-psi), 43-gallon fluorine tank was installed to ful­

fill the high-pressure requirements of this program. The tank is shown 

in the test stand sc 1jmatic (Fig.I-I) and in the t es t stand photo (Fig. 

1-3) . 

(U) The oxidizer flowmeters originally selected for the program were I-in ch 

50 RF pickup-coil-equipped meters, which accordi ng to manufacturer ' s 

(Fisher-Porter) specification, were capable of me as uring flows from 0 . 3 

to 15 lb/sec fluorine. Because of the special drag-fre e rotor desi gn of 

RF flowmeters, an excellent flat response results over the enti r e calibra­

tion. This operation was believed to be ide a l for the AMPS engine seg­

ment program, which required a \vide range of oxidi ze r flows . Unfortun­

ately, the first few runs made with these 1-inch 50 RF meters gave poor 

flowmeter recordings. The outputs were ei th e r intermittent or null . 

Other programs had similar problems when employin g RF me t e rs i n cryo genic 

systems . Therefore, a dual change was made- - (1) 1/ 2-inch fl mvmet e rs were 

used and (2) the RF coils were replaced \vith s tandard coils in thes e flow­

meters so that they could operate as more dependable standard met ers. In 

addition to the tandem 1/2-inch flowm eters, cavitating venturis were a l so 

used for flow measurement. The cavitating venturi s also s uppre ss e d cham­

ber pressure spiking during the test start transient. 

(U) Oxidizer delivered to the test stand hardware must be kep t at a uniform 

temperature. Changes in propellant temperature during a run will compli­

cate flowrate calculations because of density transients. This occurre d 

in several hot firings on Victor test stand. A warm "slug" of oxidi ze r 
o, 

build up in a section of unchilled line after approximately 2 seconds of 
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5AA21-l/ 5/ 68-SlC 

Figure I-2. Victor Test Stand Installation With 
Solid-Wall Segment Install ed (U) 
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r 111 :l uration. This warm slug of oxidizer reached the thrust chamber seg­

me nt and affected the oxidizer flowmeters, oxidizer injection pressure, 

and chamber pressure . During system analysis, the conclusion was reached 

th a t this warm slug of oxidizer formed in the oxidizer tank shutoff valve, 

1vhich was only partially chilled, and in the run tank dip tube, which was 

not chilled. This condition was slightly improved by completely jacket­

ing the valve; however, the tank dip tube could not be economically mod-

ified. For this reason, the decision was made to place large - volume LN2-

jacketed run line downstream of these undesirable heat sinks to eliminate 

the warm oxidizer problem. This new line extended th e steady-temp e i ature 

rW1 duration from 1 to 5 seconds and was installed after t es t 040 . 

(U) Some of the run data exhibited oxidizer injection pressure s ur ges th a t 

occurred soon after oxidizer main valve opening as shown in Fi g . I -4 . To 

avoid possible hardware damage, a reduction in this surge was desi r ab l e . 

The magnitude of the pressure surge depended on the starting condit ions . 

(U) Previously, the oxidizer line from main valve to inj ector was c-. ill ed with 

liquid nitrogen, and then primed with liquid nitrogen just before oxid izer 

main valve opening. To attenuate the oxidi zer pre ssure surge in the i n­

jector at starting, the run operating procedure was changed. To fo rce 

out the liquid nitrogen used to chill the injector, a 2-second helium 

purge was introduced in the oxidizer main line between the stand oxi dizer 

main valve and injector. This change provided a cavity for th e liqui d 

fluorine to fill during startup to avoid liquid fluorine rammin g . Thi s 

change was initiated after test 037 . 

(U) During prerun oxidizer line priming, some two-phase flow and flowmet e r 

overspinning occurred. Recalibrations vere performed on these flowmet e r s 

when possible. A cavi tating venturi in the oxidi zer line provided a backup 

oxidizer flow measurement . 
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l ur i ng t sts 04 7 through 050, the performance data indicated that either 

11' or both of the propellants used was contaminated. Samples were t aken 

of the propellants in storage following test 050. The posttest sample of 

(test 050) oxidi ze r contained 6 . 8 percent (by weight) air . Becaus e th e 

majority of the air content is nitrogen, the presence of this air percent­

age could have a significant effect on injector performance. Fuel purity 

was fotmd to be satisfactory. There was no way of determining th e actua l 

content of the oxidizer use d during the individual t ests in question as 

no samples were t aken during the test period. The practice has been to 

sample the delivered oxidi zer on a spot basis only. The frequency of 

these spot checks depends on the rate of use and uni formity of de livery 

source . 

(U) The impurity content on th e t es ts in question may not have bee n the same , 

and possibly some preferential sampling may have occurred th at may not be 

completely r epresentative of th e tot a l delivered oxidi ze r. 

(U) Because the oxidi ze r stor age system i s mai nt ai ned at pressures above at­

mospheric pressure, the conclusion was th at th e air was received in the 

oxidi ze r as delivered. All storage bottles suspected of cont~ninati on 

were removed from th e system . 

b. Fuel System 

(U) The GH2 was stored in a bottle bank th at was fi ll ed on demand by a r emot e 

pumping station . The high-press ure (2000-psi) 25-gallon LH 2 tank was 

used for regenerative-cooling t es ts. A set of sonic venturis, with throa t 

diameters of 0 .1, 0 .1 2, 0.14, and 0 . 16 inch, was us ed to meas ure gas 

flowrates. LH 2 flowra tes were measured by a turbine flowmeter and a sub­

sonic venturi in series. 
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Hydrogen Heat Exchanger 

(U) . heat exchanger was required to heat ambient GH
2 

for nonregeneratively 

cooled segment tests, up to 1000 F, which was the main thrust chamber de­

sign fuel inlet temperature . The original heat exchanger used in previous 

programs consisted of a packed 1-inch pipe wrapped with a nichrome heater. 

This heat exchange was not adequate for the AMPS program because of the 

higher hydrogen flowrates required. Thus, a new heat exchanger consist­

ing of a 12-foot, 2-1/ 2-inch-diameter, schedule 80 pipe and packed with 

100 pounds of 3/8-inch-di~neter steel shot was fabricated. Because th e 

test area was not equippe d with adequate electrical powe r for a heate r, 

the 11ew heat exchanger incorporated gas heating. This gas-powere d h eat er 

is shown in Fig. 1-3. To operate the heater, the 2-1/ 2- inch pipe and 

packing was brought up to t e mperature (1000 F) by heating with a GH
2 

burner . Then, the s cheduled hot firing was performed with a GI-1
2 

l ead. 

With an adequate fue 1-to-oxi d i zer lead, the fue 1 tempe r ature measure d 

downstream of the heat e xchange r and that measure d inside the inj ector 

fuel manifold r e ached steady state in approximately 2 s e conds . On oc ca­

sions, a short ened fu e l lead was preferred, thus the fu e l had t o be over­

heated to compens a te for the r esulting transients. 

d. Water-Cool ant System 

(U) The water-cool ed segment ha rdw are (Ge contour has 13 coolant pass ages ; 

K contour has 17) each r equired 1 to 2 lb/sec coolant . A hi gh - pressure , 

750-gallon wat e r t ank f urnished the r e quired wa ter through a 2-inch l i ne 

plumbed to the s tand. From this line, thirte en 1/ 2-inch fl e x hose s 111e re 

plumbed to th e thrust chamb er (Fig. 1-2 ) . To dete rmine he a t flux in the 

thrust ch amb e r durin g hot firings, the cool ant flowrat e and t emp e rature 

rise was me asured. There fore, a s eparate coolant fe e d line , flowmet e r, 

and differenti a l th e rmocouple was recorded on the Be,1 man Da ta Acquisition 

System. PrAssure me asurements at four of the cool ant p ass age di s charge 

ports were made to determine the boiling point of coolant for wal 1 t emp er ­

ature determin ations. 
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Spe cial Instrumentation 

(LI ) lligh-frequency chamber pressure readings were made with a Kistler model 

614A he lium-bleed rocket transducer, which utilized a he lium- gas-fill ed 

p as s age to transmit both static and dyn amic pressures to a protected, 

acce l e r a tion - compensated, miniature quart z element. Ilelium flow was 

me tere d by a preadjusted internal orifice in the gage . Th e gas flo we d 

around t he pres s ure sensor and through the small pas sage a t th e conica l 

end of th e adapter. This he lium flow ex t ended the frequency r espon se of 

th e pres s ure me asurement fro m near de to over 10,000 cp s , whil e s imult an ­

eous l y providing the neces sar y cooling f or local h eat f luxes up t o 30 Btu/ 

in . -s e c . 

2 . B- 4A TEST STAND 

(U) The B-4A t est stand modification was quite ext en s ive and invol ved a ll 

f a cility systems. An overall vi ew of the B-are a t est f aci lity is presented 

i n Fig. I-5. The B-4A test position is shown in more de t ail in Fig . I -6 

and I-7. Figures I-8 and I-9 show the interiors of th e a ltitude capsul e 

with respect to the engine diffus e r and thrust-me asurin g s ys t em. 

a. Oxidizer System 

(U) The run tank for the B-4A test st and was a 360-gallon, 2000-psi LN2-

j a cke ted tank. Significant design modifi cat i ons of th e t ank in c lude d t he 

addition of an LN 2 jacket, a jacketed dip tube, and enclos ure of the tank 

in a polyure thane insul a tion jacket. The requiremen~ of the j a cke t on 

th e dip tube was the result of an investi gation during th e s egment t es t 

program at Victor test stand, which revealed the probable source of war m 

slugs o f oxidi zer was the uninsulated dip tube in the Victor t e st s t ru1cl 

run tank (Re f. Appendix I, 1.0, a). 
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,: ) rli l.' xidi:e r storage tank used a t NF L, test stand B-4A, was a 525- gal-

l n LN 2-jacke ted tank originally located at NFL test stand B-3A. The tank 

required no internal modifications. All high-pressure feed ducting and 

pres surizing and purge systems were newly fabricat ed and instal led by an 

outside contractor. The oxidi ze r s torage vessel is shown i n Fig . I- 6 . 

(U) The oxidizer system was compl etely disassembl ed, cleaned, and dried after 

completion of the construction subcontractor's effort . As discussed in 

Section III, 7 . 0, b, modifications were made to th e oxidi ze r system to 

overcome difficulties encountered during facility ac tivation. 

b. Fuel System 

(U) The fuel run tank was a 1000-gal lon, vacuum-jacke t ed vesse l rat ed for 

3000-psi service. Significafit de sign modi ficat i ons included th e add i ­

tion of Perl i te in the vacuum jacket, the addit i on of po lyurethane i n­

sulation around the tank and inlet and outlet du ctjng, and modifi c ... ti ons 

to the inlet and outlet flange s. 

(U) The fuel storage tank was a 28,000-ga llon, vacuum- jacke t ed dewar. This 

tank required no modifications. 

c. Altitude Facility Design 

(U) The use of the existent altitude simulator facility for the AMPS engi ne 

required that the facility be tai lored to the AMPS engi ne size and flow­

rates. The design provided for a water-jack eted diffuser i nse rt t o be 

i nstall ed inside the existing diffuser section (Fig. I-10) with access to 

the diffuser for inspection and repairs. The existing wat er system was 

modified to provide control for proper cooling fl uw rates for the variab l e ­

thrust operation. 
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d . Thr ust Measuring System 

l U) The thrus t measuring sys tem (Fig. I -~ design i ncl uded provisi ons for mea­

suri ng angular misa li gnment and thrus t vec tor di spl acement 1n addition to 

measurin g tot a l axial thrust . Because the firing attitude of the thrus t 

chamber was horizontal, th e 11 s ide 11 load cell s se rved th e dual purpose of 

supporting the thrust mount and t hrus t chamb e r . The t hr us t - me asuring 

sys t em was a tt acheJ to the movab l e head of the caps ul e . 
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APPENDIX II 

PERFORMANCE ANALYSIS PROCEDURE 

(U) Th.e basis of comparison of combustion performance was characteristic 

velocity ( c*j efficiency (percent of theoretical c..1emical equilibrium 

characteristic velocity at the thrust chamber conditions). Del ivered 

characteristic velocity was calculated based on the method of meas ured 

chamber pressure and on the method of measured thrust. Standard per­

formance equations were used, with corrections applied to th e measure d 

values for energy losse s and departure from ideal, one-dimensional flow. 

(U) The method of measured thrust was not applicable to tests wh ere the cham­

ber pressure was below 200 psia. This was due to nozz l e separation th at 

occurred below that chamber pressure and voided the thrust meas urement. 

Below 200-psia chamber pressure, the method of measured chamber pressure 

only was used. In addition, the measured thrus t method was not used for 

the 30-degree segment test due to nonaxial thrust caused by the skewed 

divergent nozzle. 

1. c* BASED ON CHAMBER PRESSURE 

(U) The delivered value of c* : 

p A* g 
C 

c* = delivered 
0 

w 
(1) 

where 

p = free stream stagnation pressure at throa t , ps:i.a 
C 

0 2 
A* = aerodynamic throat area, in. 

gravitational constant, 32 . 1 74 f t/sec 2 
g = 

w = total inj ector propellant flow rate, lb/sec 
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c* 
delivered 

c*theoretical chemical equilibri um 
( 2) 

where 

c* 
theoretical chemical equilibrium = theoretical va lue associat ed 

injection enth alpy of the pro­
pe 11 ants dimi.ni s hed by heat 
loss prior t o boundary layir 
attachment 

p A* g 
C 

0 

w c* h . 1 h . 1 t eoret 1ca c em1ca equi 1 i.bri um 
( 3) 

(U) The parameters used in Eq. 1 are not all meas ured direct ly, but are ob­

tained by application of suitable corre ction facto rs to th e meas ur e d 

parameters. Application of these fa ctors to Eq . 3 gives : 

where 

(wo + wf) (c*theoretical chemical equilib r ium) 

P = measured chamber pressure at the inj ector face, psia 
cinjector end 

A_ d h b . · 2 
.T = meas ure t roat area, am 1ent t emperature, 1n. 

w 
0 

= factor to account for geometric th roat effect 

= factor to account for thermal shrinkage of th roat 
gap due to thermal growth of the backup structure 
of the thrust chamber 

= factor to account for enlargement of the throat 
gap due to chamber pressure 

= factor to account for he at loss to chamber wall 
prior to boundary layer attachme nt 

= measured injector oxidizer flowrate, lb/sec 

= measured injector fuel flowrate, lb/sec 
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'he :ip1 lic ab l e correction factors for n * based on chamber pres s ure are 
C 

listed below. 

a. Correction for Conversion of Measured Injector End 

Chamber Pressure to Free Stream Stagnation Pressure 

at the Throat 

(U) The free stream stagnation press ure at the throat was ass umed to be eq ual 

to the measured injector end chamber pressure . Analysis had s hown th e 

total correction to be l ess than 0.8 ps ia verifying th at thi s is a valid 

assumption for a throat chamb er with a contraction ratio i n th e range of 

11: 1. 

b. FTE, Correct ion for Thermal Throat Shri nk age 

(U) A correction factor to account for the throa t gap change due to heating 

of the inner and out e r body back up s tructure by th e re generati ve coolant 

was required. The throat s tructure temperature of th e i nd ividual bodies 

was calcul at ed by i nterpol ation of i ndividua l body delta t emperature 

from coolant inlet to coo l ant outl e t for the regenerativel y cooled thrus t 

chamber and calculated mean wall t empe r atures for the wat er-cooled cham­

bers. The proper proportion ratio was determi ned by measurement of i n­

dividual body total i nt egrated heat re j ect i on rate of the 30-degree 

water-cooled thrus t chamber segment. The stres s ana l ysis t echniq ues are 

de t ai 1 e d i n Re f. 1. The corrections are shown i n Fig. II-1 and II - 2 . 

c . FPR' Correct ion for Throat Gap Change Due t o 

Ch amb er Pressure 

(U) A correction factor t o account for the theore t ical thro at gap change due 

to press ure loadi ng was calculated for the tubul ar wall and channe l wall 

thrus t chamber segments and is shown i n Fig . II-3 and II-4. There was no 

throat de flection of the copper-so lid-wall, 5- i nch or 30- degree wat er-
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,I ,, ll'd thrust chambers because of their more rigid construction. The 

i :1 L'ri, l t ropcr t ies of the regener.=i..ti vely cooled thrust chamber backup 

s r 1·tt r e at the oper ating t emperatures were used during analysis. 

d . FHL' Correction for Heat Loss to th e Upper 

Comb us t i on Zone 

(U) Boundary layer and heat transfer loss es are covered in the same section 

si nce th ey are virtually inseparable and either presented alone may con­

fuse their effect on th e delivered performance. For purposes of analysi s , 

th e thrust chamber wall is divided into two regions: t he region between 

the injector and the point where boundary-layer at t achment occurs , and 

th e region between the attachment point and the no zz l e exit . 

(U) Th e region be fore th e boundary layer growth begins is mark e d by th e 

presence of violent turbulence and combustion. In this regio n, th e hea t 

transferr ed to the thrust chamber wall is lost uniforml y by al l of th e 

gas; a molecule that transfers heat to th e wall may reach th e center of 

th e flow field or by a series of collisions receive some energy from th e 

gas in the center of th e flow field. The reaction r ates are hi gh in thi s 

area, and stay time is long; thus, the gas composition will achieve th e 

eq uilibrium associated with the reduced energy l eve l. Th e gas will th en 

proceed through th e remaining length of the thrust chamb er as though the lost 

heat had never been present. Therefore, in relation to th e potentia l per­

formance at the injector conditions, a heat loss has occurred. Th is hea t 

lo ss is defined as the differenLe in the one-dimensional isentropic expan­

sion (ODIE) specific impulse values at th e two energy levels divided by 

th e value at injection conditions . 

(U) Once boundary layer growth is i nit iated, the heat transferred to th e wall 

is los t ent ire ly fro m the boundary layer. Gross di ffus ion, conduct ion , 

and radiatio n between boundary layer and core gas is ass umed to be neg l i­

gib l e . The core gas proceeds through the no zz le without furth er loss of 
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hea t. A<: h at is los t, the boundary layer grows to include an increas-

i n p rt i cn of the total flow, but for any boundary layer thickness, 

the port i on of the mass outside the boundary layer has lost no heat or 

i t would .be come part of the boundary layer. For realistic nozzles, the 

boundary layer never contains more than a very small fraction of the 

total fluid mass. 

(U) As stated in the philosophy of correction, there are two heat transfe r 

regions--one is the region prior to boundary layer development and th e 

other is the region that is subject to boundary layer mechan i cs . It is 

assumed that heat lost in the first region is removed from th e bulk of 

the fl ow and affects its general energy level. Thi s effect is to be 

taken while allowif\g the flow to conform to shifting equ i libri um. 

Therefore, when choosing the correct theoretical value to us e with a 

given corrected experimental c*, one must account for th e amount of he at 

which was not available to the "core" flow at the time it pass ed through 

the throat. The values of para-hydrogen theoretica l c*' s mult ip l i ed uy 
the correction factor obtained at the injection temp erature of the hydro ­

gen are, therefore, too high. 

(U) There are several ways that this heat loss can be included i n th eo r eti ca l 

c* determination. One method is to remove the heat from the prope ll ants 

prior to running the theoretical, thermochemical equilibri um ca l cul at ion. 

Essentially, this is the technique that is used here. Ho1ve ver , i nstead 

of recalculating the entire theoretical number, the he at los s prior t o 

boundary layer development will be removed from th e hydrogen by arti fi ­

cially adjusting the measured inject i on temperature of an "e f fe ct ive 

injection temperature ." The effective t emperature is then used to de ­

termine a "corrected" value of the correction factor t o para-hyd r ogen 

data. The t echnique is outlined in Tabl e II-1 and the va lues are show n 

in Fig . II- 5 . 

(U) The heat loss to the region prior to the boundary layer att achment was 

determined experimentally for both the 5-inch and 30-degree s ~gment 

thrust chamb ers. 
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TABLE II-1 

ESTIMATIO OF THEORETICAL c* INCLUDING EFFECTS OF HEATED FUEL 

AND HEAT LOSS PRIOR TO BOUN1J;1RY LAYER DEVELOPMENT (U) 

Step 1: Look up the para-hydrogen theoretical c* value that corresponds 

to the proper P and MR 
C 

Step 2 : Look up the value of~ at the proper P and MR but us e the 
C 

following temperature (~ = c* theoretical correct/c* theoretical 
para-hydrogen) 

where: 

TH 
2effective 

TH 
2measured 
injector 

6Q 

C 
p 

w 

then: 

= 

= 

= TH 
2meas ure d 
injector 

6 Q 
C w 

PH 
2 

effective H2 inj ectio11. temperature, F 

measured H2 in.iection temperature, F 

= heat flowrate removed prior to boundary 
layer development, Btu/ sec 

= specific heat of 1-12 at TH Btu/ l bm- F 
2measured 
injector 

= measured hydrogen flowrate, lbm/sec 

c* = (c* ) (0 theoretical para-hydr ogen 

(see Fig. II-5 for values of~) 
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·1 ' hl'at l :;:; th r ough the boun dary l ayer from the boundary layer attach ­

l' ll · int to th e t hroat was cons idered from the boundary layer only and 

11 c r rection was app l ied for th is. 

~- FG, Correct ion for Geometric Efficiency 

(LI ) Ana l ytica l and experi mental determination of the fact or to be applied to 

the geometric throat ar~a to account for boundary l ayer effec t s and de­

via t ion f rom one-dimensional f l ow . This fac tor is shown in Fig. I I - 6 

for t he 5-inch and 30-degree segment s as a function of chamber 

press ur e . 

2 . c* BASED ON THRUST 

(U) The alternate de t e rmi nation of c* efficiency, from 200 to 650 psia 

chamber pressure, for 1-he 5-inch szgme nt assembly, i s base d on th e 

fol lowing: 

and 

and 

where 

c* = del ivered (CF ) (WT) 
theore t ical vacuum 

c* delivered 

c*theoretical chemical equilibrium 

(4) 

(S) 

17
c* = (CF ) (WT) ( c* th eore t ical chemical) ( 6) 

theore t i cal va cuum .
1

.b . 

F vacuum 
CF 

vacuum 

= 

equ1 1 r1 um 

vacuum thrust, pounds 

theoretical chemical equ i libri um thrust coefficient 
(vacuum) corre ted for fuel injection temperature and 
heat loss from the products of reaction to the th r ust 
chamber segment walls (coolant) 
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,\~ n tcd I rcvious l y, not al 1 parameters are measured directly; the refore , 

·crtai n correct ions must be applied . Equation 6 is therefore modified : 
n 

nc* = 

where 
n 

~ F. = 
i=l 

1 

and 

F 
site = 

p A = e e 

Pb \ = 

(F . + p A - Pb site e e 

) (w (CF 
0 theoretical vacuum 

corrected 

FFR + FDIV + F 
K 

measured total effect ive 

A_ ) ( Ge) 1 + ~ F. - n 
· -b . l 1 

1= 

wf) (c~theoretical chemical) 
equilibrium 

thrust, pound s 

thrus t due to discharge pressure at chamb er hot-gas exit 
plane 

thrus t due to pressure acting on the thrus t chamber exi t 
base 

a . FFR' Correct i on for Frictional Drag 

(7) 

(U) This factor corrects for the energy los ses due to drag forces resul t ing 

from the vi s cous action of th e combus t i on gases on the thrust chambe r 

walls. Its magnitude, which is the i nt egral of the local frictio n 

forces over the chamber and no zzle i nside wal 1, was determined by means 

of a boundary layer analysis util izi ng the integral momentum equat ion 

for turbulent flow. This analysis accounts for boun dary layer effects 

from the injector to the no zz l e exi t by s ui t abl e descrjption o f th e 

boundary layer profile and local s kin friction coeffici ,.. _, .. This anal y-

sis was conducted as described i n Ref . 1 . 

b. FDIV' Correction for Div ergence 

(U) The one-dimensional theoretical performance calculations assume th a t 

flow at the no zz le exit is uniform and parallel to the no zz le axis . Th e 
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~ rrc~t i 11 f a tor, FDIV' allows for nozzle divergence (i.e., for nonaxial 

·1 "' and for non-uniformity across the nozzle exit plane). The factor was 

·a l ·ulated for the 30-degree segment assembly by means of a computer pro­

gram which utilized the axisymmetric method of character is tics for a 

variable property gas. Computation begins with a transonic analysis 

using series expansions of the differential equations of motion near Mach 

1 to calculate irrotational flow field. This procedure provides a charac­

teristic line for use in the analysis of the supersonic portion of the 

noz zle. The resulting pressures are integrated over the given geometry. 

This analysis was conducted as described in Ref. 1. 

c. FK' Correction for Kinetic Loss 

(U) A correction to account for kinetic loss es in the nozzle which consists 

of a deviation from full chemical equilibrium expansion was calculated by 

computer program as described in R,~f . 1. The values are presented in 

Fig. II-7. The kinetic losses in d .e expansion were negligible for cham­

ber pressures above 350 psia. 

d. CF, Theoretical Chemical Equilibrium Correction 

for Heat Loss 

(U) The theoretical CF was corrected for heat lost from the products of reac­

tion to the uppe r combustion zone between the injector face and po i nt of 

boundary layer attachment. The point of boundary layer attachment and the 

rate of heat loss (Btu/sec)w8re determined experimentally for both the 

5-inch solid-wall, water-cooled; and 30-degree solid-wall, water-cooled , 

calorimetry thrust chamber segments. The heat loss rate as a function 

of chamber pressure was determined as is presented in Fig. II-8. 
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· c he at 1 _ t f rom the produ ct s of r eac t i on prior to boundary l ayer 

att a chment is considere d to have come from the total products (core) 

an decreases their sens ib l e heat (enth alpy) accordi ngly. Si nce th ere 

is a decrease i n th e sensibl e heat of the products, th ere wil l be a 

commens urat e decrease i n CF . For purposes of th e analysis (for ease of ' 

computation), th e theoretical CF was corrected (decreased approxi-
vacuum 

matel y 1 percent maximum) as follows, not i ng th at : 

where 

CF 

c*(CF ) (WT)(c*theoretical) 
th eoretica l vacuum 

correct ed 

theore t ica l vacuum 
corrected 

= CF 
theore t ical 

vacuum 

U K 

w tot a l injected 
prop e ll ant s 

U = upp er combustion zone heat loss as de termined duri ng segment 
t es t i ng, Btu/s e c 

K = 
enth a lpy as derived from Fig . II- 8 . 

(U) The assumption was a l so made th at there was no hea t loss from the core 

downstream of the boundary layer attachment point. Th e hea t is l ost from 

th e boundary layer only; therefore , there is no effect on CF . 

420 

@@~[?~[ID~~1r~Li\l 
(This page is Unclassified) 



\ 
S• r unt,· Cl•••ific• tlon 

DOCUMENT CONTROL DAT A · R & D 
(S•<uritv d.,,/lkallon af tllle, body of abatr•cl • nd Ind••'"' ennol• l/on mual be entered when lh• ov•re/1 report I• ~leu/ll•d) 

I O .. I GIN A TI NG AC T l I TV (Corr,oNI• • ulhotl U. 1'1111:POl'IIT IECURITV CLAIIIFICATION 

R k tdyne, a Division of North American Rockwell CONFIDENTIAL 
rporation, 6633 Canoga Avenue, Canoga Park, ab. C.l'IIOUP 

ali fornia 91304 4 
J REPOIIT T I TLE 

dvanced Mane uvering Propulsion Technology Program--Interim Final Report 
(\ olume II : Fluorine/Hydrogen Engine Critical Component Demonstration Testing 

• D ESClltlPTIVE NOTES (Type olr•porl • nd lnclualv• det••J 

Interim Final Report (November 1967 through June 1970) 
, AU THOllt ll> ( Firat name , mlddl• lnltl• I, /• el name) 

Rocket dyne Engineering 

6 lltEPOlltT DATE 7a, TOTAL NO , OF PAGEi 17b. NO .

6
OF REFS 

October 1970 440 
/ 

ea . CONTRAC T OR GRANT v 9• , Ollt1GINAT01'11°5 REPORT NUMBERISI 

F04611-6 7-C-0116 R-8280 Vol. II 
b . PROJECT NO . 

C , 91> . OTHER REPORT NOii) (Any olher number•,,,., ma y be as .s1 11ned 
lhi• report) 

d , AFRPL-TR-70-127 
I 0 . DI STRIBUTION STATEMENT 

Qualified users may obtain copies of this report from the Defense Documentation 
Center 

11 SUPPLEMENT ARV NOTES 12 , SPON50RING MILITAR Y ACTI VIT Y 

\ 
AFRPL 
AF SC-USAF 

J Edwards AFB, California 
1 3 A)~;C T 

(U) e results of the Advanced Maneuvering Propulsion System (AMPS) engine critical 
component evaluations are presented. The components included segments of the main 
aerospike thrust chamber, complete main aerospike thrust ch amber assembly, and main 
and secondary engine LJ1 pump bearings and seals. 
Performance , regenerative cooling, and combustion stability were demonst r ated on aero-
spike thrust chamber segment firing tests. Fabrication of a complete 12- segment 
thrust chamber assembly was completed. 
Dynamic testing of the pump bearings and seals was accomplished; however, sufficient 
durations were not accumulated at design conditions to demonstrate feasibility and 
durability of the bearings and seals. 

I 

• 

DD FOAM 
I •~ 0 •,1 -1473 UNCLASSI FIED 

s~c uritv Cl;as!l i ficat1 nn 



\ . L\ .. 1 F IE U 

S• c uut y C lu1d f icat1on 

' . L.I N K A L.IN K I! L. INK C 
KE Y W0III0I 

III0L. E WT 1110 L. E WT 11101.. E WT 

!ane uvering 

\ 

Channe l-Wall Coo ling 

Liquid Fl uori ne Pump Bearings and Seal s 

Ae rospike Thrust Chambe r 

Segmentation 

I 
r 

I \ 

UNCLASSI FI ED 


	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61
	62
	63
	64
	65
	66
	67
	68
	69
	70
	71
	72
	73
	74
	75
	76
	77
	78
	79
	80
	81
	82
	83
	84
	85
	86
	87
	88
	89
	90
	91
	92
	93
	94
	95
	96
	97
	98
	99
	100
	101
	102
	103
	104
	105
	106
	107
	108
	109
	110
	111
	112
	113
	114
	115
	116
	117
	118
	119
	120
	121
	122
	123
	124
	125
	126
	127
	128
	129
	130
	131
	132
	133
	134
	135
	136
	137
	138
	139
	140
	141
	142
	143
	144
	145
	146
	147
	148
	149
	150
	151
	152
	153
	154
	155
	156
	157
	158
	159
	160
	161
	162
	163
	164
	165
	166
	167
	168
	169
	170
	171
	172
	173
	174
	175
	176
	177
	178
	179
	180
	181
	182
	183
	184
	185
	186
	187
	188
	189
	190
	191
	192
	193
	194
	195
	196
	197
	199
	200
	201
	202
	203
	204
	205
	206
	207
	208
	209
	210
	211
	212
	213
	214
	215
	216
	217
	218
	219
	220
	221
	222
	223
	224
	225
	226
	227
	228
	229
	230
	231
	232
	233
	234
	235
	236
	237
	238
	239
	240
	241
	242
	243
	244
	245
	246
	247
	248
	249
	250
	251
	252
	253
	254
	255
	256
	257
	258
	259
	260
	261
	262
	263
	264
	265
	266
	267
	268
	269
	270
	271
	272
	273
	274
	275
	276
	277
	278
	279
	280
	281
	282
	283
	284
	285
	286
	287
	288
	289
	290
	291
	292
	293
	294
	295
	296
	297
	298
	299
	300
	301
	302
	303
	304
	305
	306
	307
	308
	309
	310
	311
	312
	313
	314
	315
	316
	317
	318
	319
	320
	321
	322
	323
	324
	325
	326
	327
	328
	329
	330
	331
	332
	333
	334
	335
	336
	337
	338
	339
	340
	341
	342
	343
	344
	345
	346
	347
	348
	349
	350
	351
	352
	353
	354
	355
	356
	357
	358
	359
	360
	361
	362
	363
	364
	365
	366
	367
	368
	369
	370
	371
	372
	373
	374
	375
	376
	377
	378
	379
	380
	381
	382
	383
	384
	385
	386
	387
	388
	389
	390
	391
	392
	393
	394
	395
	396
	397
	398
	399
	400
	401
	402
	403
	404
	405
	406
	407
	408
	409
	410
	411
	412
	413
	414
	415
	416
	417
	418
	419
	420
	421
	422
	423
	424
	425
	426
	427
	428
	429
	430
	431
	432
	433
	434
	435
	436
	437
	438
	439
	440
	441
	442
	443
	444
	445
	446
	447
	448
	449
	450
	451
	452
	453
	454
	455
	456
	457
	458
	459
	460
	461
	462
	463

