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I. INTRODUCTION

This final report summarizes the work accomplished by Bell Aerosystems Company

under NASA Contract NAS 7-305. The schedule period for this program was from con-

tract go-ahead on 19 June 1964 to 15 January 1966.

During this program, the main objective was to determine and demonstrate a thrust

chamber design concept that was insensitive to duty cycle and one that could satisfy a

wide spectrum of applications ranging from reaction control system engines to space-

craft maneuvering engines. The effort was directed toward evolving and demonstrating

the design concept at the 100-pound thrust level with storeable propellants. The concept

should be suitable, however, for use at thrust levels from 5 to 1000 pounds and have

growth potential to high specific impulse propellant combinations.

The adiabatic or insulated engine was selected as the concept that would best meet

the requirements of this program. The feasibility of this concept was demonstrated on

two prototype engines revealing the capability of this design to operate satisfactorily under

continuous operation and pulse mode operation.
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II. PROGRAM PROGRESS SUMMARY

As has been previously stated it was the object of the subject program to define and

demonstrate a thrust chamber design concept which satisfies a wide spectrum of applications

in reaction control and spacecraft maneuvering systems which will be suitable for installa-

tion either internal or external to the vehicle. The concept must be insensitive to duty

cycle.

The concept selected was the adiabatic insulated refractory metal wall engine utilizing

a bipropellant valve.

The prototype engines fabricated were of the 100 pound thrust size.

The following is a tabular summary of the very ambitious performance objectives

or desired engine characteristics together with the measure of actual attainment during

preprototype and prototype demonstration testing.

PERFORMANCE OBJECTIVES ACCOMPLISHMENT SUMMARY

General Engine Characteristics

Thrust Level - 100 lb @ vacuum

Propellant Selection

Installation - Insulated

Radiation

Operating Life - 3600 sec continuous

- 3600 sec pulsing

- 50,000 valve cycles

Minimum Impulse Bit - 0.5 lb-sec

Min. Performance Steady State 290 sec

Report No. 8374-933004

Prototype Prototype

S/N 1 S/N 2

100 lb 100 lb

N204 MMH N204 MMH

X X

-- 29 minutes

10.5 minutes

4906 6

0.39 lb-sec

291.5 291

(measured) (calculated)

C F = 1.78 C F = 1.78

Development

N20 4 MMH

X

X

4 minutes ( insulated}

17 minutes (total)

293

(calculated)
C = 1.75

F
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PERFORMANCE OBJECTIVES ACCOMPLISHMENT SUMMARY (CONT)

General Engine Characteristics

External Wall Temp. - 400°F max

Envelope Limitations 8 inch
Diameter

Suppress Ignition Spike

Feed Pressure Max 300 psi (max) < 200

Prototype Prototype

S/N 1 S/N 2

"2(Y0./':F Ii 386°F (1)

O.K. O.K.

200

Development

TF-5 Injector

Shows Suppression

Capability

(1) Based on one fiberglass temperature only. Other temperature data compro-

mised due to exhaust gas= blowback in test cell.
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III. PROGRAM PLAN

The program consisted of three major tasks as follows. Task I - Analysis and Design;

Task II - Fabrication and Testing; and Task III - Documentation. The program was originally

scheduled for a 12-month period from 19 June 1964 to 19 June 1965. Due to program modifi-

cations and problems encountered, the schedule was increased to a 19 month period with

the completion date extended to 15 January 1966.

The original 12-month program plan is shown in Figure III-1; Figure III-2 shows the

actual 19-month program plan.

The following paragraphs give a brief description of the effort accomplished during

Tasks I, II and III.

A. TASK I - ANALYSIS AND DESIGN

During this task, design and analysis effort, supported by necessary laboratory tests,

were conducted to establish an engine configuration which best satisfies the general require-

ments.

Revision "A" to the program plan, implemented in November of 1964 provided for a very

limited investigation of the ignition "spike" problem and evaluation of an advanced state-of-

the-art oxidation resistant coating. These program modifications resulted in a program

schedule increase of 6 working weeks, with no additional definitized contract costs.

A Revision "B" program implemented in February 1965 extended the Task I effort from

7-1/2 months to 10 months. This plan discontinued the ignition "spike" evaluation previously

implemented, allowed for an additional injector iteration, and provided for additional refractory

metal/insulation compatibility evaluation.

The Task I effort consisted of:

(1) Propellant selection for demonstration tests.

(2) Establishment of chamber and injector design concepts and the analysis of thermal,

mechanic al,_ fluid dynamic s and performance char aeteristie s.
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IV. SUMMARY OF TECHNICAL PROGRESS

TASK I

A. PROPELLANT SELECTION

The performance values and general characteristics of the N20 4 and MON oxidizers

and the hydrazine derivative fuels were evaluated. A numerical rating system was estab-

lished to aid in selection of the propellant a_:_bimation used for the demonstration testing.

The propellants selected were N20 4 for the oxidizer and MMH for the fuel.

B. CHAMBER DESIGN CONCEPTS AND ANALYSIS

Detailed analyses were made to determine the best thrust chamber design concepts

suitable for long duration (one hour) continuous operation and pulse mode operation for a

buried installation.

Five basic thrust chamber design concepts were analyzed and are defined in the fol-

lowing paragraphs.

1. Ablative

Examination of the design concept with an 8-inch envelope limitation revealed

that, with driving gas temperatUres of 3500°F, a one hour continuous operation is nearly

acceptable but pulse mode operation ,_aur_ be accommodated. Continuous operation for

one hour results in an outside wall temperature of approximately 480°F and pulse mode

operation results in outside wall tempera_.s_)fapProximately 700°F.

2. Thermally Thick Regeneratively Cooled (Liquid)

/

Analyses conducted on a refractory metal chamber radiating to a regeneratively

cooled jacket shows the concept is acceptable for one hour continuous operation but is un-

acceptable for pulse mode operation. The coolant temperature:rise becomes excessive dur-

ing pulse operation. The heat that is rejected from a regeneratively cooled chamber must
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be absorbed by the prppellant, therefore the heat capacity of the coolant must match

the total heat rejected.

!

To reduce the heat rejected to the coolant to an acceptable value requires that

the chamber L* be reduced to approximately 3. The effect on performance with such a

short L* is undefined.

3. Radiation - Reflective Shield

Analysis shows a radiation cooled chamber enclosed in a reflector and depending

on cooling through the annulus area and nozzle extension results in an excessive envelope

size. With a 3500°F chamber wall temperature capability the envelope diameter limitation

is only exceeded by less than 1/4 inch. However, with a 2900°F chamber wall capability

the envelope diameter limitation of 8 inches is exceeded by 5 1/2 inches.

4. Radiation - Reflector Shield and High Axial Conductor

Adding an axial c_ondactor_._.l/_'::inch thiCk along, the chamber wall and using a

thermal conductivity similar to that of silver improves the radiation reflection shield con-

cept. With this type installation, the 8-inch envelope diameter limitation is exceeded by

2 1/2 inches, assuming a 2900°F chamber wall capability.

5. Adiabatic

This concept is the most attractive due to simplicity of the design and ability

to operate independent of duty cycle since the steady state, continuous operation is the most

severe condition. Analyses have strewn that within an 8-inch envelope the outside wall tem-

peratures can be maintained below 400°F by use of a composite insulation system. The

requirement for this concept is an injector capable of lower driving gas temperature or a

chamber material, coating system capable of temperatures above 3500°F.

6. Fuel Rich Gas Regeneratively Cooled Concept

This cooling concept was considered somewhat advanced for this present pro-

gram application but was analyzed to determine its feasibility since it has good throttling
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potential and growth potential to higher energy propellants. The preliminary analysis

reveals the envelope and outside wall temperature limitations can be met. The problems of

developing this concept into a "working" piece of hardware, however, made this design in-

compatible with the schedule and budget limitations.

C. DYNAMIC BEHAVIOR ANALYSIS

Thermal equations and a mathematical model were established to analyze the effect

of system dynamic behavior under various duty cycles. Attention was given to the model

to determine its ability to produce a reasonable physical description of the pressure res-

ponse which would be similar to test results. The model appears to be a good candidate

for modification to incorporate effects of instability and adverse flow and pressure

disturbances. Improvements to this model is planned under Bell sponsorship.

D. INJECTOR DESIGN CONCEPTS AND HARDWARE

1. Six injector configurations were established and evaluated during this program

with the main objective being to develop an injector capable of generating driving gas

temperature below 3000°F and delivering 290 seconds specific impulse (area ratio of

40:1).

De signation

T-I

TF-2

The injector identification is as follows:

Drawing Number

8374-473001

8374-473002

TU-3

TS-4

TF-5

8374-473003

8374-473004

8374-473005

TU-6 8374-473005

Type

Balanced triplet

Film-cooled balanced

triplet

Unbalanced triplet

Split triplet

Unbalanced split triplet

with preignitor and film
coolant

Unbalanced triplet
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2. The basic test chamber design configurationwas established with a nominal chamber

pressure of 80 psia and an L* of 15 inches.

Two segmented water cooled chambers were fabricated for the purpose of evaluating

the various injector configurations for characteric velocity, total heat rejection, circumferential

heat flux distribution, and average heat flux in the chamber and nozzle section.

One stainless steel chamber was fabricated for use with the above injectors. A

second stainless steel chamber designed for a chamber pressure of 135 psia was fabricated

with Bell funding and also used with these injectors. The purpose of these chambers was to

provide preliminary estimates of hot wail chamber heat rejection characteristics, obtain

injector performance, and investigate vacuum ignition characteristics, including pressure

spikes.

Two columbium alloy chambers (Cb - 1% zirconium) were fabricated for the purpose

of determining injector performance under hot wall conditions, establish resultant steady state

external surface temperatures under free radiating conditions and insulated or buried condi-

tions, and to obtain more complete information for calculating driving gas temperatures

adjacent to the combustion chamber wall.

3. Injectors T-l, TF-2, TU-3 and TS-4 were fire tested in the water cooled chamber.

Injector TU-3 revealed the lowest heat rejection but also the lowest combustion efficiency.

Film cooled injector TF-2 developed a low overall heat rejection but the film cooling proved

inadequate at the throat station. Performance for this injector was satisfactory. Injector

TS-4 proved to be the highest performing injector with corresponding high heat rejection.

4. Injectors TF-2, TS-4 and TF-5 were fire tested in the stainless steel chambers.

Injector TF-2 was evaluated at chamber pressure levels of 80 psia and at 135 psia. Pre-

liminary information regarding injector performance and heat rejection characteristics in a

hot wall chamber was obtained for injectors TF-2 and TF-5.
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Injector TS-4 was fire tested at 100,000 feet altitude on the 100-pound pulse mode

stand to initially investigate the characteristics of the injector under pulse mode operation

and to also check out the test stand.

Injector TF-5, which incorporates a spike suppression preignitor, was tested at

simulated altitudes above 150,000 feet to determine its ability to reduce the pressure spike.

Limited testing revealed the pressure spike was reduced by approximately 50% during the

testing with the preignitor in operations.

An injector fabricated with Bell funding incorporating a "spike" suppression device

(preignitor) was also fire tested at altitudes above 150,000 feet in an attempt to reduce or

eliminate the "spike". A "spike" did occur during testing of this injector but was probably

caused by an insufficient lead between the preigniter flow and the primary injector flow.

Instability also occurred during the testing with the preignitor. Two preignitor elements and

one preeombustor element were also tested at altitude conditions to investigate the start

characteristics and stability.

5. Injectors TF-2, TU-3, TS-4, TF-5 and TU-6 were fire tested in the columbium alloy

radiation cooled chamber. Steady state performance and temperature data were obtained. The

results of this testing revealed the unbalanced injector TU-6 provided chamber temperatures

below 2400°F when radiating to space with calculated performance values above 293 seconds

(at area ratio of 40:1).

Injector TU-3 was fire tested for two minutes in the columbium chamber under

"buried" conditions using a columbium jacket insulated with alumina bubbles.

Injector TU-6 was fire tested in the columbium chamber for 4 minutes under "buried"

conditions with alumina bubbles applied directly on the chamber. Measured chamber wall

temperatures were less than 2800°F. These two test series proved the feasibility of the

adiabatic concept and preliminary compatibility of the insulation material.

Report No. 8374-933004 IV-5



AE ROSYSTEA4S COIVIPANY

E. MATERIALS AND COATING EVALUATION

A vendor survey was conducted to determine the advanced state of the art for refractory

metal coatings. The hafnium-tantalum coating system on tantalum tungsten was investigated

revealing this type coating system was not developed sufficiently for application at this time. To

investigate this type coating, two hafnium-tantalum clad chambers and one slurry applied

hafnium-tantalum coated chamber were fire tested using injectors TF-2 and TU-6. Accumulated

run time of 49 seconds was obtained on the first hafnium-tantalum clad chamber; 82 seconds

were accumulated on the second at which times severe erosion was encountered. A total of

424 seconds was accumulated on the slurry applied hafnium-tantalum coated chamber, at which

time severe throat erosion occurred.

Based on the survey of available coatings and experience at BAC, the columbium alloy

SCb-291 was selected as the prototype chamber material coated with the GT&E modified

silicide coating 508-C.

F. INSULATION EVALUATION

A survey of high temperature insulation materials was made, resulting in the selection

of alumina bubbles, carbon fibers and Dyna Quartz as possible candidates for insulating the

thrust chamber.

Temperature capability tests were conducted on graphite fibers and alumina bubbles at

approximately 3500°F for 1 hour and at various pressures.

Laboratory tests were performed to determine the compatibility of these three insulators

with coated and uncoated columbium, tantalum, tantalum-tungsten, and hafnium-tantalum.

These tests were performed at various pressures and at temperatures to +3200_F for one

hour.

The alumina bubbles were found to be compatible with the coated columbium alloy.

The alumina bubbles and Dyaa Quartz insulation materials were selected as the composite

insulation system.
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G. PROPELLANT VALVE DESIGNS

A total of five propellant valve designs were reviewed and rated. Based on the results

of this review and tests conducted by NASA-Houston, the Moog bipropellant valve was selected

for the demonstration engine.

A throttling valve design manufactured by Fox Valve Inc. was evaluated.

A tabulation was made of possible propellant valve designs for thrust ranges between

5 pounds and 1000 pounds.

The review of an all welded propellant valve-to-injector interface concept was made.

H. PROTOTYPE ENGINE DESIGN

As a result of the various studies conducted the prototype engine concept selected was

the adiabatic design. This design incorporated a columbium chamber and nozzle extension

coated with a silicide 508-C coating, a eolumbium injector of the TU-6 configuration

(unbalanced triplet), alumina bubbles insulation contained in a eolumbium shell, Dyna Quartz

insulation around the eolumbium shell, an outerwrap of fiberglass, and a Moog bipropellant

valve.

Thermal and structural analyses were performed on this design.

I. THROTTLING INVESTIGATIONS

A series of test firings were conducted on a 100-pound thrust chamber under a Bell

sponsored program to investigate the throttling capability using a Fox throttle valve. These

tests were made at sea level and at 125,000 feet altitude conditions. A throttling range of

4 to 1 was satisfactorily demonstrated with stable chamber pressure conditions throughout.

Additional throttling capability was demonstrated on injectors TU-3 and TU-6 using a

Fox throttle valve.
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I

I

I

I

J. TEST CELL BUILDUP AND TEST STRUCTURAL MODIFICATION

The sea level test cell B-2 and altitude test cell 2E-S and associated thrust test

stand were modified to accommodate testing of the various injector concepts and the

demonstration engines.

TASK II

A. FABRICATION OF PROTOTYPE ENGINE ASSEMBLIES

The drawings for the two prototype engines were released for fabrication on

June 1, 1965. During the fabrication of both injectors difficulty was encountered in obtain-

ing proper impingement. Both injectors were reworked then fire tested in a stainless steel

chamber prior to welding in the thrust chamber. Fabrication of the 2 prototype engines were

completed by October 8, 1965.

B. DEMONSTRATION TESTING

Prototype engine S/N 2 was subjected to a total of 6 tests at altitude including a con-

tinuous firing of 29 minutes and 8 sec. Following this firing, heat soakback was allowed

until all major components had reached a peak temperature, then a 2 second firing was made

to demonstrate restart capability. The intended one hour test was terminated at 29 minutes

and 8 seconds due to a decrease of chamber pressure, indicating throat erosion or chamber

burnthrough. Postrun inspection of the chamber revealed a burnthrough in the chamber

section at approximately the 1:00 o'clock position. Throat erosion was also evident.

During these tests on Engine S/N 2 an aspirator duct was used to aid in maintaining

100,000 feet altitude for the long duration tests. The aspirator duct failed to maintain altitude

after approximately two minutes of the test. Separation occurred in the chamber nozzle

causing damage to the nozzle extension and resultant exhaust gas "blow-back" into the altitude

chamber. Since the main objective of the test was to evaluate the coating capability, insulation

capability with the coating, and the basic adiabatic design concept, the test was continued until

chamber pressure indicated erosion,

Prototype Engine S/N 1 was then evaluated in the altitude facility at 100,000 feet simu-

lated altitude. A total of 4906 starts and 10-1/2 minutes were accumulated on this assembly.
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This series included 10 and 20 second duration tests to evaluate mixture ratio and

chamber pressure effect, various pulse mode tests from 10 millisecond to 100 milli-

second pulse, and a typical Apollo Command N[odule Duty Cycle. Visual inspection of

this assembly following this duty cycle revealed the assembly to be in excellent condi-

tion. Additional 10 second duration tests were conducted until a loss of chamber

pressure was noted.

A visual inspection of the assembly revealed a burnthrough in the chamber section

at approximately 12:30 o'clock. Severe chamber erosion was noted.

Although neither prototype engine assembly demonstrated one hour capability, it

is evident the adiabatic concept is feasible.

Although the life and temperature capability of the coating system is not clearly

defined it is felt the life of each chamber would have been extended with improved injector

impingement characteristics.

C. METALLOGRAPHIC INSPECTION OF CHAMBERS

A metallographic inspection of both chambers revealed the silicide coating pro-

vided good oxidation protection to the columbium and showed good compatibility with the

alumina bubbles.

D. THERMAL ANALYSIS CORRELATION WITH TEST RESULTS

Although it was difficult to accurately compare the thermal data obtained from

engine S/N 2 with the analysis due to the exhaust gas "blow back" into the altitude chamber,

the temperature data that was reliable showed fair correlation with the analysis. The

thermal data obtained from engine S/N 1 during pulse mode operation indicated good agree-

ment with the analysis except in the region of the propellant valve.

E. PERFORMANCE AND INSTRUMENTATION

The measured performance for prototype engine S/N 1 revealed at a 1.6 mixture

ratio, a characteristic velocity of 5280 ft/sec and a specific impulse of 292 seconds. The

specific impulse for engine S/N 2 was approximately 291 seconds.

Report No. 8374-933004 IV-9



i_i_ BELL AI=ROSYSTE/VIS COMPANY

SECTION V. TECHNICAL DISCUSSION - TASK I

-A. PROPELLANT SELECTION

A review and analysis was made of the general characteristics and performance

values of the N20 4 or MON oxidizers and the hydrazine derivative fuels or mixtures

to aid in selecting the propellant combination for demonstration testing. The general

characteristics of these propellants are shown in Table V-1. The performance data

for the various combinations are shown in Table V-2. These performance data are at

a mixture ratio that yields the highest vacuum specific impulse at an area ratio of 40

and at a chamber pressure of 80 psia. Performance plots of the majority of these

propellant combinations are shown in Figures V-1 through V-4.

A numerical rating system was also established for the oxidizers N20 4 and MON

and for the fuels 50% N2H4-50% UDMH, UDMH, and MMH. The remaining fuels were

eliminated for the following reasons:

(1) Hydrazine, although capable of delivering slightly higher performance was

eliminated because of it's low decomposition temperature and high freezing
point.

(2) The various hydrazine-MMH blends were eliminated because of the added

complexities_associated with the blends and the lack of sufficient data.

The results of this rating evaluation are shown in Table V-3 and reveals that

N20 4 is favored over MON and MMH is favored over 50% N2H4-50% UDMH, or UDMH.

A summary of the advantages of these two propellants is given below:

MMH versus 50-50

(1) Lower freezing point; may aid in reducing spike effect.

(2) High boiling point; advantageous from chamber cooling concept.

(3) Lower vapor pressure

(4) Good specific heat
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(5)

(6)

(7)

Good cooling capacity; decomposition temperature much higher than N2H 4
in 50-50 blend

Lower combustion temperature at the rich (barrier) mixture ratios

No concern about reported non-miscibility with time and storage

N204 Versus MON

(1) Higher boiling point

(2) Lower vapor pressure

(3) Low compressibility

(4) Easier propellant to analyze and more predicable since the NO content of

MON can decrease with use and handling

Since the minimum vacuum specific impulse goal is 290 seconds, a propellant

combination yielding the highest performance is most desirable. The propellant com-

bination of N204/MMH results in one of the three highest performance values of the

combinations considered. Although the specific impulse is approximately one second

less than that with N204/50-50, the other advantages of using MMH overshadow this

lower performance. Also, the performance versus mixture ratio curve is flat between

the mixture ratio band of 1.5 to 1.9 which allows variations in mixture ratio with little

effect on performance (See Figure V-l).

As a result of the above evaluation the propellant combination of N204/MMH was

selected as most desirable for the demonstration testing.

It should be noted that should additional chamber cooling be required and lower

performance is permissible, the IRFNA/MMH blend is very attractive. This also

results in a lower oxidizer freezing point which matches well with the MMH freezing

point and may reduce spike effects. The purpose of blending MMH with N2H 4 for this

propellant combination is to increase performance by matching the fuel and oxidizer

freezing point.
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OXIDIZERS

CANDIDATEPROPELLANTS

Triple Point °F

Triple Point Pressure

psia

Nomal Boiling Point
oF

Vapor Pressure @ 77°F

psia

Density g2_ce @ 77°F

Specific Heat BTU/lb-
o F

Heat of Vaporization
BTU/lb

Heat of 1_::: ion BTU/lb

Viscosity _ lb/ft
sec @ 77°F

N204

+llt8

2.7

+70

17.7

MON

0.9 N204

0:9 NO

0:37

-115

3.5

+41

33

1.43 1.41

178

68

2.65x -4

Low

Good

None

158

MDFNA

0.56 HNO 3

0.44 N204

IRFNA

0.85 HNO 3

0.15 N204

-35 -56

0.70 0.28

+86 +139

II 2.5

1.62 1.55

0.43 0.41

153 297

-3
2.2 x 10 8_3 x 10-4

Compressibility

St_rability

Stratification

Coolant <:apactty

/

LOw

High Low

Good

Possible

Good

• None

Low Fair

Low

Good

None

i

Good E:

Dq
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E V-1

MODEL 8374 AUXILIARY ENGINE

FUELS

I

.1

)5

50-N2H 4

50 UDMH

+21

0.30

35 +170

2.8

.00 0.899

.74 0.69

426

170

,05 x 10 -4 5.5 x 10 -4

r

_w Low

_od Good

oslve Fair

_posttton
00°F

UDMH

-72

0.02

+146

3.26

0.785

0.65

251

72

3.4 x 10 -4

MMH

-63

0.10

+189

0.96

0.874

0.70

377

97.3

5.2 x 10 -4

Hydra-
zine

Diborane

Low

Good

Fair

LOW_,

Good

Good

BAF-8

0.75 MMH

0.25 N2H 4

-30

1.07

2.3 x 10-3

BAF-9

0.86 MMH

0.14 N2H 4

-64

1.08

3.1 x'10 "3

Low

Good

V-3



LL AEROSYSTE/ViS CO/VIPANY

TABLE V-2

PERFORMANC E DATA

Performance (1) data at mixture ratio yielding highest vacuum

specific impulse at an area ratio of 40 Pc = 80 psia

I
M.R. Isp vac sp vac (2) c*

Propellant (O/F) theor. 90% (ft/sec) CF vac
T

e
oR

N204/50-50 1.55 321.8 289.6 5720 1.812 5435

N2 O4/_u'D MH 2.0 317.5 285.8 5640 1.810 5480

N204]MMH 1.70 320.7 288.6 5700 1.810 5460

MON/BAF-7 (3) 1.50 323.0 290.7 5740 1.810 5430

MD FNA/BA F-8 (3) 1.70 316.8 285.1 5600 1.820 5280

RFNA/BAF-9 (3) 1.90 312.5 281.2 5500 1.825 5200

RFNA/TMT 2.10 306.0 275.4 5400 1.822 5330

(I) Performance based on equilibrium composition to throat station and frozen

composition after throat

(2) 907o specific impulse efficiency has been assumed as realistic basis for

oomparls6n, of aotual performance.

(3) The BAF Mends of fuel are various mixtures of MMH and N2H 4 to match thefreezing point4 of the fuel blend to the oxidizer freezing points and, by addt-

Lion of the N2H4, obtain an increase in performance.

!
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5200

5000
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Pc =
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/
/

/

1.4 1.6 1.8 2.0

Figure V- i.

1.4 1.6 1.8

Mixture Ratio Wo/Wf
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320

I
sp vac

lbf- sec/lb m

310

3OO

290

58O0

56OO

d* ft/sec
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C

Cf - vac

54OO

5200

5000

48O0

1.8

1.7

f

Propellant N204/0.50 UDMH _ 0.50 N2H 4

P - 80 psm

Ae/A _ 40

1.2 1.4 1.6 1.8 2.0 2.2

f C*

f

e

f

1.2 1.4 1.6 1.8 2.0 2.2

1.2 1.4 1.6 1.8
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Figure V-2. Performance Curves
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32O

0

!

0

>
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0

0

0
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0
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4800

Propellant MON (90% N20 4 + 10% NO)/

BAF-7 (65% MMH + 35% N2H 4
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>
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Figure V-3. Performance Curves
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B. CHAMBER DESIGN CONCEPTS AND ANALYSIS

Initially a study of the candidate thrust chamber design concepts was made to

determine the most attractive means of achieving low external wall temperatures of

+400°F under buried installation. These concepts included the following:

(1) Nearly adiabatic wall

(2) Thermally thick wall plus convection cooling

(a) Insulated refractory chamber

(1) Propellant cooled

(2) Additional capacitor to absorb heat soakback

(b) Radiation cooled refractory chamber with a regenerative

cooling coil

(c) Ablative matrix with a regenerative cooling coil

(3) Radiation cooled with reflector

General analytical studies were conducted to ineiude arrays of parameters which

would encompass rockets of thrust levels between 5 and 1000 pounds. Results of these

studies were such that a definition of significant functionalities of size, insulating capa-

bilities, and gas temperatures could be made. Results of the work are expressed in

figures which will be described in the following paragraphs:

1. Analytical Approach

The analysis initially included two basic concepts of rocket thrust chambers.

a. Insulated Thrust Chambers (nearly adiabatic)

This type of thrust chamber consists of thin wall refractory metal chamber,

surrounded by a high resistance insulating shell, thus operating nearly adiabatic. A

small amount of heat is conducted through the insulation and dissipated at the outer sur-

face by radiation. The heat balance is specified by equation (1).
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R + t 1R 1

whe re:

R 1 =

t =

T =
r

T =
O

h =
g

k =

(7" =

E =

T -T
r o

1 + R 1 R 1

h k
g

4
= E (7-1T (i)

0

insulation inner diameter, inches

insulation thickness, inches

gas temperature, °R

external surface temperature, °R

gas coefficient of heat transfer, BTU/in.2-sec/°R

insulation conductivity BTU/in.-sec/°R

radiation constant

external emissivity

An IBM computer is used to produce solutions for arrays of chamber

diameter, gas film coefficient, gas driving temperature, thermal conductivity of insulat-

ing material, and thickness of insulating material. The gas film coefficient is a function

of the chamber pressure and physical size, both of which are related to an actual thrust

chamber as specified by thrust level. The solutions to equation (1) are then examined in

the following paragraphs.

b. Thermally Thick Wall Plus Convection Cooling

A thermally thick wailed regeneratively fuel cooled thrust chamber was

examined by considering varying degrees of thermal resistance between the gas side

chamber wall and the, coolant jacket. The thermal resistance reduces the amount of heat

rejected to the coolant. The effect of thrust level, chamber pressure, and chamber

radius have been examined to determine the suitability of regenerative cooling. The

following relationship is used for defining the temperature rise of the coolant for a

given thrust chamber.
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A
S

ATf - _¢f
Cpf

T - 860 1

r

1/h + t/k
g

2
= surface area of jacket, in.

= temperature rise of fuel in cooling jacket, °R

= fuel flow rate, lb/sec

= specific heat of fuel, BTU/lb-°R

(2)

The thickness of the walls were sufficiently thin that only a one-dimen-

sional case was considered.

2. Description of Results

Figures V-5 through V-12 represent the thermal aspects of families of

thrust chambers. A 100-pound thrust chamber which has demonstrated a steady-state

radiation cooled wall temperature of 2700°F was used as a reference point. This engine

was shown to have had a driving temperature of the combustion gases of 3500°F and can

be considered a rational design point.

a. Insulated Thrust Chambers

Figure V-5 indicates the variation in wall temperatures when the con-

ductivity and material thickness is varied. Very small amounts of insulation will drop

the outside wall temperature significantly, and the gas side wall temperature quickly

approaches the adiabatic case. Within a prescribed outside envelope, say 4.0 inches,

the outside wall temperature would be approximately 400°F, but the gas side wall tem-

perature would be close to 3500°F. The unique line of 2700°F for both inner and outer

walls represents the radiation cooled thrust chamber without insulation.

Figure V-6 indicates the strong dependency of the gas side wall tem-

perature of the driving temperature. The thickness of insulation and the conductivity

have very little affect on the gas side temperature while the outside wall temperature
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will vary significantly with both thicknesses of insulation and conductivity of insulation.

Reducing the insulation thicknesses raises the outside wall temperature because it

would also increase the heating rate, however small.

Figure V-7 is indicative of the small dependency of chamber pressure

and size as far as the operating temperatures are concerned. Examination of equation

(1) shows that as the driving temperature potential and heat flux approach zero, the

gas film coefficient may be allowed to vary over a wide range with little change in heat

flux.

Figure V-8 leads one to the same conclusion as did Figure V-7, which

shows the weak dependency on chamber pressure and the very strong dependency on

gas driving temperature.

Figure V-9 examines the limits of radiation cooling when applied to a

thrust chamber of low heating rates. Essentially, an emissivity of unity is the maximum

limit where an emissivity of 0.7 is reasonably obtained in practice. The outside wall

temperature is affected by the emissivity while the inside wall temperature is still

controlled largely by the driving temperature.

b. Thermally Thick Regeneratively Cooled Thrust Chambers

Figure V-10 shows the temperature rise of the available coolant in a

constant thrust size engine of the 100-pound thrust class. Various amounts of inter-

spersed insulation are included so that relatively small amount of coolant temperature

rise results. The extreme right hand margin would approach the adiabatic case where

the gas side wall temperature increases approaching the driving temperature. The

upper left corner approaches the maximum driving potential (3500°F) with an infinitely

thin insulation. This would be an over-design point for this concept. The area of

interest lies between the two superimposed lines of constant wall temperatures of 2600

and 3200°F. It may be shown that the knee of the curves is where the conductivity of

the insulating material has a significant effect on the heating rate.
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Figure V-ll is a plot similar to Figure V-10 except the physical size

of the engine was varied. One can then observe that the larger the outer diameter, the

greater total amount of heat will be rejected. Figure V-11 is designed around the 100-

pound thrust engine where the typical wall radius is 1.0 inch.

Figure V-12 illustrates the passage size of a tubular type jacket to

accommodate various thrusts for a representative coolant velocity. The tubes in the

outside diameter show a weak functionality with thrust level. The range or" interest on

this plot lies between the two dashed lines of constant contraction ratio and would, with

all probability, include those designs for engines of the 80 psia level. The constant

coolant velocity of 15 ft/sec was assumed adequate for any cooling load.

It should be noted that the analysis described above is somewhat general

and lacks detail. More detailed analyses were made with emphasis on pulse mode operations

and steady state operation for applicable point designs within the above framework.

3. Critical Logic

The three basic modes of heat transfer; conduction, convection and radiation

were further defined into five basic thrust chamber design concepts which are suitable

for long duration or pulse mode firings for a buried installation. The five basic con-

cepts are depicted schematically in Figure V-13. A short review of these concepts

follows •

(a) Ablative - This concept is sacrificial in nature, thus independent and

therefore duty cycle dependent unless it chars to such an extent that

it can operate steady state as a thick walled nearly adiabatic chamber
that radiates.

(b) Thermally Thick (Regenerative) - This concept is a regeneratively

cooled chamber with a wall of high thermal resistance to reduce the

heat rejected to the coolant. The wall may be constructed of the same

material as an ablative or consist of a refractory wail with insulation.

(c) Radiation (Shield) - This concept has a reflector shield of sufficient

exit diameter so that reflected radiation cooling is passed aft around

the gas restraining walls. An insulation is placed over the shield so

as to present a low outside temperature to the vehicle enclosure.
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(d) Radiation (High Axial Conductor) - This concept provides peak wall

temperature relief to the gas wails. Radiation cooling is provided

by radiation aft through the nozzle exit. Again an insulator is placed

over the conductor for installation requirements.

(e) Adiabatic - This type of design concept is one with almost no heat re-

jected. The gas side wall is nearly of equivalent temperature to the

combustion gas and a suitable layer or layers of insulation are applied
to decrease the outside wall temperature to 400°F.

A network is presented in Figure V-14 which identifies the different types

of concepts in greater detail, their potential and their problems. Depending on driving

gas temperatures various design combinations appear suitable, others are eliminated

for reasons indicated on the network.

For furflaer identification of the design concepts, Figures V-15 through V-19

reveal pictorially five chamber concepts including basic temperature profiles across

the chamber wall. Included is the basic radiation chamber, the radiation chamber with

heat shield, the regenerative (semi) chamber with refractory wall, the regenerative (semi)

chamber with an ablative wall, and the adiabatic wall chamber, repsectively.

4. Analytical Studies

a. Ablative

The ablative matrix possesses thermal conductive resistance of such a

nature that, coupled with out-gassing of resin and thermal capacity, a thickness of 3

inches on a 2-inch diameter chamber would operate steady state with a back side (outer)

temperature of 480°F, above that of the specification limit of 400°F. Figure V-20 is

a result of a transient analysis of such a phenolic matrix which radiates to space.. As

the duty cycle (time on totol_l time) is reduced, the outer wall temperature, for a con-

stant total on time of 1 hour, unfortunately increases until a duty cycle of 0.065 is reached.

As the duty cycle is further decreased, the outer wall temperature decreases.
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For duty cycles greater than 0.065, the ablative wall is acting as a

thermal capacitor; i.e., a steady-state condition has not been reached. However, for

duty cycles less than 0.065, the ablative wall reaches a steady-state condition, i,.e., the

heat transferred from the gas to the inner wall is equal to the heat radiated from the

outer surface. Thus, an inherent shortcoming in pulse mode is noted.

Figure V-21 shows the surplus heat as a function of duty cycle, which

must be absorbed for a total firing time of 1 hour above that of a 400°F outer wall.

Absorption of the excess heat could be accomplished by cooling with fuel, but heat soak-

back and poor start transients would limit this even though the fuel available for a 1 hour

firing has a capacity of 73,000 BTU.

A true, steady-state system under ideal conditions is shown on Figures

V-20 and V-22. Here, in Figure V-22, after a time far in excess of 1 hour with no

temperature gradient, is illustrated further the pulse mode requirements of a super-

imposed liquid cooled system, or possibly, a capacitor type. The ablative system works

as a radiation cooled thick wall cylinder and for continuous pulsing, a backface tempera-

ture of 750°F would be charred through since current matrix pyrolysis occurs at approxi-

mately 700°F. Thicker walls, as in Figure V-22 meet the temperature specification but

with an outside diameter far in excess of 8 inches.

be Thermally Thick (Regenerative)

(1) Steady-State

A critical review was made of a classic regenerative cooling design

of a small thrust rocket. The following information summarizes the resuIts and con-

clusions drawn.

:. Two materials were selected for a drilled configuration: tantalum

tungsten and aluminum alloy. The first was selected with the intent of operating with

thick walls so as to offer additional thermal resistance, thus reducing the rejected heat.

It was possible to cool the tantalum unit with the fuel alone at 80 psia. The aluminum
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design could not be operated even when cooling with both propellants. The steady-state

characteristics are listed in Table V-4.

Fabrication techniques were strained beyond the state-of-the-art

because of the small passage holes required to be grouped about the throat. One techni-

que for maintaining a large number of small holes was suggested as the drilling of

axially segmented sections or "wafers" which would be drilled and then electron-beam

welded into a complete structure.

The fabrication technique would be formidable enough but the final

stabilized temperature of the heavy structure with small trapped quantities of fuel

would require a "dry jacket" with specific venting techniques. Pulse mode operation

would be, response wise, poor.

TABLE V-_

REGENERATIVELY COOLED THRUST CHAMBER

Geometry

Nozzle Area Ratio

Chamber Pressure, psia

Throat Area, sq. in.

Characteristic Length, inches

Mixture Ratio

Propellants

Heat Rejection Characteristics

Materials of Construction

Fuel Flow Rate, lb/sec

Oxidizer Flow Rate, lb/sec

Heat Rejection Rat_ BTU/sec

Tantalum

0.0492

0.0731

4.83

40:1

80.0

0.22

60.0

1.5

IRFNA + MMH

Aluminum

0.0492

0.0731

13.15

.F -.
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Applicable Heat Capacity

TABLE V-4 (CONT)

BTU/sec

Fue 1 5.84 5.84

Ox 3.12 3.12

Total 8.96 8.96

(2) Pulse Mode Operation

The pulse mode characteristics of a fuel cooled thermally thick

unit was examined for pulse mode operation and the results are shown on Figure V-23.

A consistant base line case of a 2.0 inch chamber with a driving temperature of 3500°F

was coupled with an insulation thickness of 0.02 inches of an insulating material whose
B in.

thermal conductivity was 1.0 ft 2 hrOF . This work is an extension of the steady state

work previously reported for this type configuration.

As the duty cycle is decreased, a decrease in wall temperature is

noted as well as an increase in heating rate until that place where a radiation cooled

thick wall cooling predominates. A maximum available fuel heat capacity of 73,000

BTU for a 1 hour firing is indicated by the vertical dashed line.

It is obvious that a very close margin of duty cycle (0.46) restricts

the application of the thermally thick unit until a lower limit (0.00085) is reached. Be-

tween these limits a broad range of duty cycles are denied the propulsion system.

Also, it is obvious that the coolant temperature would be excessive

if an upper limit of 300°F was honored to preclude chemical decomposition of the hydra-

zine based fuel coolant.

Assuming a maximum temperature increase of 200°F for the fuel

the heat capacity of the fuel for a total of one hour of firing time is approximately 70,000

BTU. The total amount of heat rejected for the worst duty cycle of 0.001 is approximately

156,000 BTU for an emissivity of 0.7. Assuming a maximum temperature increase of 300°F
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(or 400 to 460°F fuel temperature at maximum end of temperature band) the total heat

capacity of the fuel is approximately 105,000 BTU. Vaporization of the fuel can be

expected in this temperature range, resulting in possible performance changes that are "

not defined at this time.

Reduction of the surface area from 39 in. 2 to approximately 17.5 in. 2

would result in successfully matching the 70,000 BTU coolant capacity to a total rejected

heat of 70,000 BTU. This results in a decrease of L* from 15 to approximately 3 and an

undefined effect on performance. The details of this analysis are as follows_

The heat that is rejected from such a regeneratively cooled chamber

must be absorbed by the propellants. The amount of heat rejected is directly a function

of the value of the effective emissivity of the thrust chamber-jacket combination. If

the emissivity is large, say 0.7, a significant reduction in the wall temperature from the

driving temperature can be effected, say from 500°F to 1000°F depending upon the cham-

ber pressure in question. Such an engine can be operated steady state but cannot in pulse

mode because the heat rejection is too great. It is necessary to reduce the emissivity

to one half that value or about 0.35 in order that the pulse mode operation can be accomo-

dated. If the wall temperature is to be maintained at approximately 2700°F to guarantee

satisfactory coating performance, the driving gas temperature must be decreased to

approximately 3100°F. Such an operation is that much closer to an adiabatic condition.

The following relationships have been used:

4
h =

g (Tg Tw_ E (Y-Twg

BTU
where h = 0.0003 o F at P = 80, duty cycle of unityg 2 c

in. see

and hgvariesas {t-o°_ltime)0"8'time

This establishes the functionality of T
wg

with duty cycle as shown in Figure V-24.
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This functionally is completely appropriate if the duty cycle pulse

bits are short, less than 1 sec "on-time". If the "on-time" is longer, the situation

would be somewhat different and it would be: necessary to examine it in more detail,

but for this universal engine the case that is represented here is a valid mission to

consider.

as follows:

The heat that is to be picked up by the cooling system then is given

4
total time (A E (7"T ) = Qmax

Wgma x

We have found experimentally with a water jacket placed around the

chamber that the average heating rate is about 0.7 the maximum rate associated with

the maximum temperature so that we have adjusted the Qmax in that manner

Q=0.7Q
max

Now, knowing T as a function of duty cycle, one can determine
Wgmax

the heat that must be absorbed by the cooling system which is presented functionally in

Figure V-25. This heat flux has been reduced by the amount that can be radiated from

a 400°F outer surface. A tabulation of the data supporting this curve is shown in

Table V-5.

The surface area of this chamber to an area ratio of 7 is 39 square

inches.

The available coolant that has been determined is approximately

70,000 BTU.

This results from the fact thatt .
Q available = Wfuel x C x time x temp riseP

I' = 0.13251b x 0.74 BTU x 3600 sec x 200°F
see lb-F

= 70,000 BTU
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TABLE V-5

HEAT REJECTED VERSUS DUTY CYCLE DATA

0.7 E T 4

T E T 4 wg

Duty Wgmax Wgma x - E (860) 4

Cycle °F (BTU/ft2hr) (BTU/ft2hr)

39 in.2/144 (in.2/ft 2)

X 4

f

E= 1.0 E = 1.0 E = 1.0

1 _0 2700 173,000 120,160 32,543

0.3 2300 100,000 229,970 62,283

0.1 1930 56,500 386,100 104,239

0.03 1530 27,200 602,730 163,239

0.01 1160 11,800 732,000 198,250

O.003 830 4,790 804,253 217,820

O.001 640 2,520 824,000 223,164

1.0 2700

0.3 2300

0.1 1930

0.03 1530

0.01 1160

0.003 830

0.001 640

E = 0.7 E = 0.7 E = 0.7

121,100 84,112 22,780

70,000 160,979 43,598

39,550 270,270 73,198

19,040 421,911 114,268

8,260 512,400 138,773

3,353 562,944 152,464

1,764 577,000 156,270
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An imaginitive solution would be a variable resistance unit wall

where the gas side wall temperature would remain at a more constant, high level. A

resulting independence of total rejected heat on duty cycle would make pulse mode

operation feasible.

The mechanical challenge of such a variable resistance hot wall

could possibly be met by servo-actuated concentric perforated sleeves which are axially

shifted to allow inumerable combinations of registering holes so as to admit the proper

amount of heat to the surrounding outer fuel cooled jacket.

e. Radiation (Shield)

External radiation coupled with internal radiation can be accomplished

by surrounding the hot walls with a shield and providing an annular exit area. Increasing
!

the exit annular area would lower the wall temperature until, in the limit, no inclosing

is used and hence, the unit would operate totally as a pure radiation cooled unit.

Various geometric shapes were investigated: cylinders, frustrums of

cones, and cylinders attached to furstrums of cones. For a given annular gap, it was

found that the cylinder reflected the radiant heat in a more efficient manner than the other

shapes and hence was used for the following work. Table V-6 is a summary of pertinent

comparitive temperatures for common parameters.

Figure V-26 presents results of this type of cooling with a shield of

cylindrical geometry with insulation for a 400°F outer wall. Starting with a downward

sloping line representing no exit annular opening, said opening is increased with resulting

lower wall temperatures. The topmost curve is with no axial conductor. The highest

temperature (with no gap) is the gas temperature. Addition of 0.5 inch of high axial

conductor lowers the maximum wall temperature, again upstream of the throat.

The major radius would always occur at the exit radius to which would

be added radial increases for:
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Cvnductor

Annular gap for radiation

Insulation

The exit radius is the limiting dimension: The operating lip with cooling,

less the outside wall temperature (400°F), divided by the radiant heat flux of a 400°F
BTU in.

wall defines the resistance of the insulation in the shield. A conductivity of 0.5 ft 2 hr °F

for "Dyna Quartz" was used.

From Figure V-26 one may observe that the exit radius exceeds the envelope

radius of 4.0 inches. This limitation could obviously be relieved by a reduction in com-

busion gas driving temperature.

TABLE V-6

EFFECT OF SHIELD CONFIGURATION ON THRUST CHAMBER

ASSEMBLY TEMPERATURES

Shield

Geometry

Cone

(semi-angle = 10 °)

Cone

(semi-angle = 4.5 °)

Cylinder

Cylinder
and cone

(semi-angle = 4.5 °)

Exit Diameter of Shield = 9,0 inches

Emissivity Inside of Shield = 0.7

Emissivity Out Exit Plane = 0.2

Maximum Temperature

(OF)

Shield Chamber

2815 3500

2565 3423

2427 3359

2474 3356

d. High Axial Conductor (Radiation)

One type of passive cooling is that of enclosing a heat resistant wall with

a superb conductor. Cooling through the exit plane is accomplished by radiation for which

an emissivity of 0,2 is used.
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Figure V-27 is a comparative example of adding various thickness of such

a material to distribute or smooth out high points. The material was assumed to have

a conductivity of 2000 BTU in./ft 2 hr °F. For a thickness of 0 inches or an adiabatic

condition, a wall temperature of 3500°F exists upstream of the throat. Cooling exists

through the exit to drop the divergent nozzle wall temperature to 1840°F at the exit

station.

Addition of a conductor with a thickness between 0.5 and 1.0 inches would

lower the peak temperatures to those levels at which a state-of-the-art oxidation re-

sistant coating would endure for extended periods of time.

The same cooling could be accomplished by a lower conductivity material if the

thickness of this material is chosen such that the product of conductivity times the cross

section area is held constant. Hence, a material of 1000 BTU in.
ft 2 hr °F 2 inches thick is

BTU-in.
equivalent to 1 inch of 2000 ft2 hr °F material (as on Figure V-27).

Investigation of a higher emissivity of 0.7 is portrayed in Figure V-28

in a similar manner as in Figure V-27. For the same thickness of conductor, the peak

wall temperature is lowered 100°F.

In either case, the probable high densities which nature combines with

high conductivity would make this technique extremely heavy..

If 0.7 inch of such a material were added to a 2.0 inch diameter shell

for 8.0 inches the weight would be 17.9 lb, assuming silver to be such a material.

A 5-1b thrust unit was analyzed in a similar manner, results of which

appear in Figure V-29. An actual design was utilized with reflects the realistic geome-

tries involved.

Four variations were made:

Gas temperatures of 3500°F and 2800°F; wall material of columbium,

zirconium alloy, and a high axial conductor, all radiation cooled out the exit plane.
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A contrasting size unit of 5 lb thrust was selected for comparison and a

rational design, BAC Part No. 8348-470002, was studied. It is made of 99% CB/I§[ Z alloy

and has a chamber configuration of unique shape, a diameter maximum between injector

and nozzle.

Figure V-29. was analyzed as an axial conductor with internal radiation out

the exit and insulation surrounding the exterior walls. The original columbium alloy was in-

vestigated first at a gas temperature of 3500°F and also 2800°F. Wall thicknesses were those

of the part drawing. Adaptation of a 0.5 in. thick conductor of high conductivity resulted in a

gross leveling of peak temperatures.

For small engines in the 5-1b thrust class, there is significant potential in the

consideration of axial conduction.

e. Adiabatic Chamber

The adiabatic chamber is a most attractive candidate due to its simplicity, if

the injector can be developed with lower heat flux or if higher temperature coatings are avail-

able. To evaluate the possibility of insulating a refractory wall chamber, analyses were con-

ducted using a composite insulation system. Following an initial survey of "off the shelf"

insulation materials, four materials were selected based on their temperature and thermal

conductivity properties. Two designs were analyzed using three of the insulation materials

for each design applied in concentric rings around the thrust chamber. The type, conductivity

and temperature limits of these materials are listed in Table V-7. The conductivities are

associated with the temperature limits shown in the table. Further discussion of the insulation

materials is given in another section of this report.

Zirconia foam was initially selected obviously due to its high temperature capa-

bility, covered by "Dyna Quartz" and "MIN-K", in that respective order.

A two-dimensional steady state type heat balance was utilized which defined the

thicknesses and outside wall temperatures portrayed in Figure V-30. The heat balance was :
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TABLE V-7

INSULATORS FOR COMPOSITE INSTALLATION ON ACTUAL THRUST CHAMBER

Design Zone Material

A. Adjacent to Zirconia
thrust chamber Foam

inner metallic

shell

Thermal

Temperature C o nductivity

Limits B in.

i°F) ft2hr°F

2700-3500 5.0

II

B. Outside of (A)

C.

A.

Outside of (B)

"Dyna

Quartz"

"MIN-K"

Adjacent to Graphite
thrust chamber Fibers

inner metallic

shell

2200-2700 0.70

400-2200 0.40

2700-3500 0.75

B. Outside of (A) "Dyna

Quartz"

C. Outside of (B) "MIN-K"

Chamber diameter = 2.0 inches

Thrust = 100 lb

2200-2700 0.70

40O-22O0 O.40
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R 1 hg [Tg T1] - in K1- R2 IT1 - T21 K2[ 1= R 2 In R 3 2 - T3

K 3

R 4
In m

R3

with

R = material radius, in.

h = 0.0003 BTU/in. 2 sec°F
g

E = 0.7 outside surface

T = 3500°F
g

T 2 = 2700°F

T 3 = 2200°F

T 4 = variable

The first design with the hot side insulator of zirconia foam was investigated

initially as it has the fortunate capability of high temperature oxidation resistance. The im-

portance of this is that no inert atmosphere would be required for sea level testing and

simplified test hardware would be an advantage. Figure V-30 indicates that a 9.8 inch diameter

chamber would be required if a full 3500°F driving temperature was used. A reduction of

3500°F to 3000°F would permit an insulation package to be well within the size limitation and

still have a 400 °F outer wall.

Graphite fibers that exhibit a superior conductivity would meet the size limita-

tion easily with 3500°F gas but requires an inert gas cannistor for seal level testing, Figure

V-31.

f. Fuel-Rich Gas Reg_neratively Cooled Chamber

This concept was investigated using propellant combinations other than that

selected for this program. This concept appears feasible and certainly has merit for future

consideration.
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A Rocket Cooling System may be designed to include a gaseous coolant that is

unhampered by throttling or chemical decomposition. This is especially applicable to the low

thrust units with a high surface area to chamber volume ratio. It is acknowledged that a gas

has approximately 1/4 cooling heat transfer coefficient of a liquid but, if the wall material has

sufficient high temperature capability, a passage size may be found compatible with the coolant

flow available and its source temperature. A description of the cooling system and method of

analysis follows.

Fuel-rich gases are produced external to the main combustion chamber as per

Figure V-32a, they pass along the walls as a coolant and are admitted to the main chamber at

the injector end. These gases are then burned with the oxidizer. Heat transfer analysis is

conducted by heat balance descriptive of the modes and amounts of heating that can be identifiable.

Consider the analytical mode as portrayed in Figure V-32b. The inner and outer

walls are concentric to the thrust chamber axis with the coolant flowing between inner and outer

walls. The outer wall temperature (Tw2) and inner wall temperature (Twl) and coolant bulk

temperature (TL) are identifiable with the driving gas temperature (TR). The system is a low

heat transfer rate system so that the thermal gradient across the wall(s) may be considered

insignificant. Also the heating source of the free stream gas was assumed to be infinite.

A steady state transferral o_fheat occurs with energy transferred from the free

stream to the inner wall by forced convection. Some of the thermal energy of the inner wall

is transferred to the outer wall by radiation and some by forced convection to the coolant.

The coolant _bsorbs sensible heat from both inner and outer walls. With these statements

we may put forth two expressions for heat flux.

Considering first the isolates system enclosing the inner wall (1), we may

write

and for the system, across the outer wall (2)

(1)

(2)
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ql = the total driving energy of the free stream

_12 = energy expelled from wall (1) absorbed wall (2) by radiation

_13 = energy lost from wall (2) to the coolant gas

dl4 = radiant energy transferred from wall (1) to wall (2)

_15 = heat extracted from wall (2) by the coolant gas

Equations (1) and (2} may be written

4
h -W )

g (Tr w I = FI2 (TEin(Twl

4

+ hL1- Tw2 ) ¢rwl- T L)
(3)

4 T 4)
F12 (7"_=!n!Twl - = hL2 (Tw2 TL) (4)

Assuming no end effects, the inner and outer walls have a common view factor (Fij). Hence

= hL2 =F12 = F21 = 1. Since ihL is only slightly sensitive to wall temperature, hL1 h L.

Rearranging Equations (3) and (4)

E  .ex t4 T 4 + _ _ Tw2= (7"_ inTw 1 w 2

4 = T 4 1 I hL - TL)]Tw2 Wl - _ hg (Wr-wwl ) (Wwl

(5)

(6)

The amount of energy absorbed by the coolant gas may be equated to the

convective loadings on walls as

qG=WC AT_IhL(Tw 2 hL ); AP -TL) + (Tw 1-TL c .3 3 +1

(7)

From Equation (7), the temperature rise of the coolant gas over an incremental area is added

to the bulk temperature entering the element (TL.).
3

I hL (TwI+Tw2-2TL) 1 3 cJ+I'A

TL. _ TL. + (8)
3 +1 3 ,_'C

P
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where the surface area over an element is

= 2 (Rj + R. TrAL (9)J Acj + 1 J + 1)I "

It should be noted that the right hand side of Equation (7) is approximately equal to the heat

absorbed by the gas; since the wall temperature Twl and Tw2 are for one unique point on the

walls. But as long as the calculation procedure is performed over small incremental distance,

no significant error would be introduced.

In addition, the adiabatic wall or recovery temperature is to be found for the

area velocity core gas stream expressed as

T R = T o

1 + 0.89 (7"- 1 M 2

2
(10)

0.89 = turbulent recovery factor for air.

The Mach number is found from the local known area ratio as

_/+ 1

1)12' -1 =_ i + • M 2 (ii)

The simultaneous solution of Equations (5) and (6) yields solution of the wall

temperatures Twl and Tw2. These in turn are used to find the coolant temperature rise by

means of Equation (7). Successive solutions to axial increments of thrust chambers have been

programmed for the Bell IBM 7090 computer and are identified as program 3217.

This program was used in determing the wall temperature distribution for the

following propellant combinations.

H202

F 2

OF 2

Cmpd "A"

CTF

- N2H 4

- N2H 4

- N2H 4

- N2H 4

- N2H 4
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when used in a 100 lb thrust unit at 80 psia chamber pressure. Results of two of these solu-

tions for inlet temperatures of 2060°R appear in Figures V-33 and V-34. A plot of maximum

wall temperatures of the inner liner versus core driving temperature for all the propellant

combinations appears in Figure V-35. Two inlet coolant temperatures were investigated,

1460°R and 2060°R.

The increase in wall temperature was observed to be linear with driving tem-

perature but not a "one to one" increase; a 1000°R increase in core gas temperature results

in only a 500°R increase in wall temperature. At this time the production of a low tempera-

ture gas in a gas generator is open to a certain amount of conjecture, so two temperature

limits were assumed. A 600°R difference between these results in only a 250°R difference

in maximum wall temperature.

This study was conducted with only one variation of coolant film coefficient. If

the coefficient was increased, the most immediate result would be seen in the coolant tempera-

ture rise, and secondly in the wall temperature.

Figure V-36 presents a preliminary sketch of the gas regeneratively cooled

chamber concept with a bipropellant valve installed.

Another common characteristic of the cases shown is that through the throat

region the wall temperature distributions diverge, and on the chamber and divergent nozzle

sections the distributions either remain parallel or converge. This may be explained by con-

sidering two cases. As limits of all convective heat transfer and all radiation heat transfer

Case I h = h L ------, ¢_0
g

qr_
• _0

qconv.

From a basic equation

h L = (7- E (Twl4 4)(Tw2 - TL) - Tw2

(assuming E _ 0)
ex
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the right hand side approaches a small value with respect to h L, to have an identity, T
w 2

Investigation of the second equation yields

h = O- E 4 4 hL (Twl _ TL )g (Tr-T1) (Twl -Tw2 ) +

the radiation term may be neglected and

T -T --roT - T L
r w 1 w 1

or

T +T LN r
T =

w 1 2

T
w 1

T
r

Therefore, as H
g

+T L
; i.e., divergence.2

= h. becomes large, throat region, T
z w 2

For the other limit we have

- T L and

Case H
hg = hL------_ 0

qrad
-------_ OO

qcon

4 4

Since h L (Tw2 TL)--_ 0, Twl - Tw2 0, therefore Twl = Tw2.

= T L.

Also

T =T

w 1 w 2

h = h L (T 2 TL) + h L thereforeg (Tr - Twl) - (Twl - TL),

Tr +2TL

3 , convergence of parallelism between T and T
w 1 w 2
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TERMS

/_L

R

Rx

T
P

T
r

T

w 1

T

w 2

T L

(7-

E

M

Y

C
P

h L

h
g

F.°

1j

A
C

heat

length in.

radius in.

radius throat in.

total temperature °R

recovery temperature °R

inner wall temperature °R

outer wall temperature °R

coolant gas temperature °R

Stefan Boltzmann constant

emissivity

Mach No.

ratio of specific heats

specific heat BTU/in. 2 °R

flow rate lb/sec

cooled film coefficient BTU/in. 2 sec °R

gas film coefficient BTU/in. 2 sec°R

radiation view factor

2
coolant area in.
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• Figure V-5. Wall Temperature versus K and Outside Radius
Insulated Thrust Chamber
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Figure V-13. Basic Thrust Chamber Concepts
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C. DYNAMIC BEHAVIOR ANALYSIS

An analytical model was arrayed to investigate system dynamic behavior and

the necessary equations suitable for analog simulations were established.

1. Introduction

Combustion chamber dynamics is coupled with the injector, control valve,

and supply line dynamics. The associated time delays and time lags are also contri,

butors, along with combustion thermodynamics and kinematic properties. To incor-

perate all these contributing sources represents a formidable task. In the early part

oi th_s study eiiorts were expended toward obtaining suitable mathematical models

which would provide an adequate description of the physical system. A vast amount

of work has been done in this field by several investigators over the past several

years. In all instances, it became necessary for each author to make certain assump-

tions which effectively simplified the mathematical equations to the extent that ap-

proximate solutions could be obtained. In the present study, it was found necessary to

make certain assumptions which would be compatible with program time limitations.

However, in setting up the mathematical model, care was exercised to orient the

equations and computer diagrams in a manner which would exhibit growth potential.

This growth potential produces the capability of investigation of new theories which

may be substituted in block form into the present basic computer circuit. This block

concept is necessary since it is imperative that in all cases the pressure drops must

be compatible. This compatibility is assured by satisfying the appropriate pressure

drop equations.
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A simplified block diagram is given below.

Propellant

Source

Pressure and

Dynamics

TJ'
Lines Injector Chamber

Dynamics Dynamics

II . TT
b

The above diagram implies that it is impossible to disturb one element or block with-

out affecting one or all others.

2. General Discussion

A brief discussion of each block shown in the diagram will now be given,

with the intention of providing an indication of the present and projected scope of this

program.

a. Propellant Source

The dynamic effects of the propellant source on the overall system

response will be discussed. In the present system, the propellant is assumed to be

under pressure. There is a pressure regulator in the system whose function is to

l"tnn'in'l'n"in n _n.,_fn.f a, nnl...'.....a_...*., n+ _1.^ ^..,_. ^.c .1. 1, _ _
.............. peil

source is subjected to reflected pressure waves generated by the opening and closing

of the supply valve. To maintain constant pressure the frequency band of the pressure

regulator must be of sufficient width to adequately accommodate the applied valve com-

mand frequency in the pulse mode. It becomes apparent at this point that the possibility

of liquid-gas resonance in the propellant tank is possible.

Equations governing this phenomenon may be derived in a general

manner and coupled with other portions of the system. These equations are assumed

to be of secondary importance in this analysis and will not be pursued further at the

present time. Incorporating this affect at a later date will not be particularly difficult
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and may be encompassedinthe growth potential of the.present program. For simplicity

alone it is assumed that the supply pressure is constant at all frequencies.

b. Supply Line Dynamics

Supply line dynamics may be adequately evaluated by use of "water

hammer" theory. This theory has been well developed and may be employed to deter-

mine the dynamics of the fluid at the input of the control valve. This input source

variation is important since a frequency does exist at which valve "starvation" will

occur. This starvation phenomenon will exhibit itself when the supply line reflected

pressure wave is 180 ° out of phase with the command valve input frequency conversely,

when the pressure wave is in phase, then a resonance occurs in which the apparent

valve inlet pressure will be greater than that assumed in the normal steady state con-

dition. It now becomes apparent that a line transfer function is necessary to describe

the dynamic effects on pressure drop and subsequent flow rates.

(1) Derviation of Supply Line Transfer Function

The fluid is assumed to be flowing in a pipe of uniform cross

section, and the flow is laminar. The momentum and continuity equations governing

flow of a fluid are derived in Reference (1) and are given as:

_u _p
= (1)

u_ _p

t = -g _"_"

I where 2_b70C= _g I"_'-+ fE]

(2)

The sonic speed in the pipe is given by

a = (3)

Equations (1) and (2) will now be solved by use of LaPlace trans-

forms. Let U(x, s) and P(x, s) be LaPlace transforms of u(x, t) and p(x, t),
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respectively, and s is the LaPlace transform variable.

in Figure V-37 as follows:

/ Propellant [

( Supply i

I-
ql (t)

Pl(t)

L

The pipe is shown schematically

q2 (t)

P2(t)

Figure V-37. Pipe Schematic

The average flow deviation at any cross section is given as

q (x, t) = A u(x, t) (4)

be written as:

The transforms of the time functions shown in Figure V-37 may

(a) ql(s) = Q(o, s)

(t)) q2(s) = Q(L, s)

(c) pl(t) = p(o, s)

(d) P2(t) = P(L, s)

(5)

A line impedance Z
O

a
(8.) Z =_

o Ag
L

='T"

and time constant_ are defined as,
/-

(6)

The solutions of equations(1}and(2)subject to initial conditions and

definitions given in equations (31 (5) and (6)are found to be,

Q2(s) = Ql(S) cosh_ s -

Pl (s)

-- pZ sinh s
o

(7)

P2(s) = PI(S) cosh_ s - Z° QI(s) sinh@ s (8)
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Equations (7) and (8) may be expressed in matrix form as

G(s) F 1 = F2 (9)

where

l cosh_ s

I G(s) = -Z ° sinh_ s

I F1 = FQI(S)

i [_P1(s)

_P2(s)

1 sinh/_ s-g-
o

cosh f s

A corresponding schematic block diagram is shown in the

following block diagrams,

Q (s)

I

cos h _s

Pl(S) :_]

Report No. 8374-933004

Z o sin h _ s

i sin h Bs--_
,O

cos h_s

(a)

I

Q2 (s)

QI (s)

.-========_

) Pl (s)

G (s)

(b)

Q2 (s)v2(s!
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To proceed further with the mathematical development it is assumed that the propellant

supply pressure at point(_of Figure V-37, which represents entrance to the supply

line, is held constant by a pressure regulator whose frequency response is broad

enough to respond to all imposed frequencies. Point(_of Figure V-37 is assumed

to be the valve inlet and the exit area at this point is assumed to be proportional to a

spool valve displacement y(t). Since the pressure deviation at sectior_ is zero,

thUS,

p(o, t) = 0 (10)

Pl(S) -- 0

and equations (7) and (8) become,

Q2(s) = Ql(S) cosh_ s

P2(s) = -z ° Ql(S) sin _s

Assume now that the flow through the valve is given as,

q(L, t) = C 1 y(t) + C 2 p(L, t)

The corresponding LaPlace transform of equation(13)becomes,

where C 1 and C2

Q2(s) = C 1 Y(s) + C 2 P2(s)

are arbitrary constants.

Using equations (14) in (11) and (12) yields,

Q1(s) c 1

Y(s) - cosh_ s + C2Z O sinh_ s

and,

P2 (s) sinh _ s

Y(s) =- ZoC1 cosh/_s+ C 2 Z sinh/_ sO

Equation (15) relates the flow rates of sectionl_to valve position, and equation (16)

relates the pressure at valve inlet to valve position.

The transfer functions given by equations (15) and (16) are pro-

portional to quotents whose denominators are of the form

(11)

(12)

(13)

(14)

(15)

(16)
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F(z) =coshz+Bsinhz=0 (17)

and whose roots represent the poles of the reference transfer functions.

To extract these roots define x and y to be the real and imaginary

parts of z. Since

Z -Z
e +e

cosh z =
2

Z -Z
e -6

sinh z =
2

Equation (17) may be written as

2x -2x B-1
e cos 2y + ie sin 2y = B+--'-_ (18)

Assuming B is rea_equation (18) yields two equations.

2x B-1
e cos 2y = B+"'_

2x
e sin 2y = 0

The values of x and y satisfying equations (19) and (20) (with

n = 0, 1, 2 . . .) are given by,

1 B-1

2n+l .._
y= ±-_ l! ; B<I

y = ±n11" ;B>I

The roots of equation (17) become,

z=_ In _ ±i B< 1

z=_ In ]3+1 ±in_B> 1

For B = 1 there are no bounded roots of equation (17).

(19)

(20)

(21)

(22)

(23)

(24)

(25)
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Since the roots are known}equation (17) may be expressed as an

infinite product. Assuming,

,IB,tX B = _ In _ ,

equation (17)may be written as
O_

= - ; B ( 1 (26)

X B + i "_") X B -

Z " Z Zcoshz+ Bsinhz= = - = inlT 1 ; B) 1(27)

Multiplying the complex conjugate infinite terms in the infinite

products yields,

cosh sinhZ=n___ 0 - 2n+l 2 ;B < 1 (28)

, XB2+ (-_---) "IT _

! coshz Bsinh z= _ "_---B_ "_"_'- n=0 - 2XBZ-Z2 1'
XB 2 + n2._.2 ; B > 1 (29)

Since the term sinh _ s is required in equation (16) it must now be

evaluated. Define sinh _s/s at s = 0 by,

, 0 <0>
[ sinh/3s= o

S

has roots at,

_s =,i n_" j n# 0,

which can also be derived from equation(2_ by lettingB -_ _. Itfollows that,

nTF

The supply line transfer function equations (15)and (16)may now be written as,

(31)
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FXs2+ _n+1 2('2) Tr_C 1
t,_

FXB 2n+l 2 2 2]+_'-_-) n- -2x-s,.-z z =fls

B<I (32)

_
Y(s) =

Or

ZOO,,.5+, ]
+ -- -2XBZ-Z

B < 1 (33)

Ql(S) =n'n_0
Y(s) =

CI[XB2+n2Tr2 ]

z - z2 ] z =/_s

B> 1 (34)

(35)

Equations (32) - (35) are the transfer functions of the supply

lines. The line dimensions determines which set of equations are applicable by dictat-

ing whether B_ 1. The number of terms which must be retained is a function of

-._._...-._ .._._..A._..._,,_o a.u _._ .=liuwtut,, ui t_._ _ppt_u Lz'equency spectrum, l ne

equations are amenable to analogue simulation since any number of terms may be

"patched" in for improved accuracy.

c. Valve Dynamics

The equations used in describing the servo valve dynamics are those

generally used in a pressure control system. The associated non-linear gain properties

are preserved to adequately describe pressure drop due to propellant flow. The trans-

fer function for a servo valve subjected to both blocked load and flow drop is given as
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P(s) =

throttlingcapability.

K 1 = T' = 0 to obtain

Kli(s) - K 2 (I+ T s) Q(s)

I+ 2__ s+ (S/Wn)2
w

n

(36)

Equation (36) represents a general transfer function for a valve with

Since the experimental engine uses an on-off valve we assume

K 2' Q(s)

P(s) = 1 +--s+2_ (S/Wn)2 (37)
W

n

d. Injector Dynamics

Injector dynamics is not currently amenable to mathematical treatment

and as a result injector design must be based on experimental results. For lack of

anything better perfect injection is assumed.

This assumption implies perfect atomization of the on-fuel combination

for subsequentburning_ Imperfect injection will be investigated when a proper mathe-

matical description or model is available. Injector pressure drop will_however_be

incorporated.

e. Time Delay Dynamics

A finite time is required for the fuel and oridizer to travel from the

valve to the combustion chamber. In general, however, the line impedance for each

will not be the same. Hence, one will arrive before the other resulting in an off

mixture ratio at the beginning of each pulse. This effect will be investigated by

estimating the transport time difference and incorporating it in the simulation. This

is being accomplished by inserting a relay in the sLmul_ted oxidizer and fuel flow

lines set to close at prescribed time intervals after valve command signal is given.

f. Combustion Time Lag

The combustion time lag is characterized by a first order time lag

function. The function is assumed to delay the chamber pressure rise by a time

constant _r" or
"c 9
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Pc1

Pc- _" s+l
C

Thermodynamics

(38)

i g: The thermodynamic process is assumed to be governed by the perfect

II gas laws. A different model is under investigation and will be ready for analysis at a

later date. The gas law may be written as,

P = 1 m R T (39)

I Assuming that p is perturbed by an amount _p we have (assuming volume is constant)

i _p= _-'_L'_m + __-_-_R +

dm or ,

: Using equation (39) yields

"_op_RT, _p mr _p' _m-"_"" _--R="_--; c_T = v

and equation (40) may be written as
; _ • RTc nITc n

_* dT "_Tc "+ 'aT

also m

[ r =m_--T-

I anq flo_ r ,.=quals flov

I roT--%+%
or 0 ,

I n1 T m_fT (r+l)

_t&T (40)

_p=mT _._= mR

A +_ _+re_As÷ (4_)
e

and since total flow equals flow in chamber plus flow in nozzle,

similarly

I c=
m =AtPc g

C

[ °*

(42)

(43)

(44)

(45)

(46)
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Using equations (42) and (45) in equation (41)

(1-mf R(?I)_Tc _'pc) Pc =R(r+l)E_lv fc T+mfc _T _
(47)

Equation (47) gives chamber pressure as a function of the thermodynamic properties

of the mixture.

The partial derivatives used in equation (46) were obtained from

Reference (4).

I

I

I

I

I

I

I

I

I

h. Pressure Drop Equations

Definition of pressure, drops are shown schematicaLly beLow:

@ @ @ @
, , I I

_ Prop

Valve i I Inj' Cham

I f , [
,o_ I w I
_o_r I I t

_- _,__-__.____ __o_--

Using the above sketch and assuming pressure drops are due to flow

rates and accelerated flow, the total pressure drop is given as,

Pl-Pc = (Pl-P2) + (P2-P3) + (P3-P4) + (P4 - Pc)

where

pl-P2 = K 1 w2+ K2 w
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K2Q

p2-P3 = (S/Wn)2 + 2;_s/w n

p3-P4 : K 5 _v2+ K 6

p4-Pc = g 7 _v2+ g 8

= valve pressure drop (50)
+1

(51)

(52)

OO

W--

Using equations (49), (50), (51), and (52) in equation (48), and solving for w,

K2+K6+K81 _Pl-Pc) K2Q i
- (KI+K5+K7)w 2 - (53)

(S/Wn)2 + 2_ (S/Wn) + 1

Thus w or _ may be obtained by integrating equation (52).

The line impedances and accelerated flow constants have been estimated

for a given configuration. The valve pressure drop characterized by K2 in equation

(53) are determined experimentally and given as Figures V-38 and V-39 for oxidizer

and fuel, respectively.

3. Integrated System

The system equations were derived in the previous section. For con-

venienc%the system is assumed to be divided into four major divisions.

(1) Fluid (water hammer) effects

(2) Pressure drop - flow

(3) Valve and combustion chamber dynamics

(4) Thermodynamics

Each of these divisions will require modification to finally evolve a model

which will exhibit certain dynamic properties observed during experiment.

Due to problem complexity, it was found convenient to assume that each

pulse is independent of the other. This definitely is not true in the transient, but is

true in the steady state provided the pulse repetition rate is not too high and fluid

(water hammer) effects are neglected. Since at the present time a single pulse will

be simulated, the fluid (water hammer) effect has not been simulated,
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Figure V-40 shows block diagrams of fuel valve and line time delay dynamics

(the oxidizer valve is identical). Here, the valve is not the on-off type actually simulated,

but rather the general purpose valve with throttling capability.

Figure V-41 shows a block diagram of the thermodynamics loop.

4. Summary of Equations

The equations which have been simulated for analogue study are given as

follows:

(a) Pressure drop-flow
r" K,.Q "7

•. , L jw = K2+Ke+K8 1-Pc ) - (KI+Ks+K6) w2 2{/s.-_-% + 1
_Wn/

n

Comubstlon chamber dynamics
as

Pc e

pc = 1 ,
s+l

C

(c) Thermodynamics

(1) (1-mf R(r+l)v _c)Pc=7_T R( 11 fc T+mfc _'_I °
(2) /n T = m c + m e

[ - •
(3) mf =ra , At _c _t _-*(_1)_c

I .(4) mf = -_ pc )dt

i C

(5) i-a =
C

I (6)

A t

c*(r+l) Pc

_T =f (r)
£)Pc

I T-: r_c dt(7) f(r)

J

I
+T

0
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5. General Theoretical Approach

A general approach used in mathematical physics is based on the assumption

that total change, or variation, of a function of several variables is proportional to the

sum of partial changes of the variables. Applying this theory to the pressure induced in

a combustion chamber yields:

{}P aP @P @P OP aP aP
O e

dP = c dM + c dR + _____c_cdT + _____c_cdx + _____c_cdr + -- do + -- de (54)
e aM OR c}T @x _ r e] o ae

If we assume: (a) homogeneous gas distribution throughout chamber, (b) perfect gas laws

are applicable, and (c) reflected pressure waves are negligible; then last four terms of

equation (54) may be neglected and the equation agrees with equation presented in Reference

1. It was further shown that if P = P (t) then the time rate of chan_e t' is _iven as:
tA

_ R(r+l)

U

R(V+I) a T

I It was also assumed that, 1VIfc =

re
C

using equation (3) in equation (2) yields

u

r]Mfc a r

At g
P

c*(r+l) c

(55)

(56)

+P =F
C

(57)

where !r c =
1_Mfc. R(r+l) .@ Tv a Pc

RT A t g

V C*

(58)

m

_T
_r

T • At g

e* (r+l)

Note that equation (57) is a first order equation in P . If, during some process r c
c

and F are constant, then the response Pc(t) will be that of a first order time lag

system.

(59)
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The actual value of r c, consistent with the present model, is given by equation

(58). Note that under certain conditions (rc $ 0) with a negative time constant, P (t)-_¢O.
• C

_T r) and since each of
This presents an interesting situation since rc = f (Mfc, _p ,

these variaI_les are functions of time, it is possible for rc to cChange sign during a time

variation of Pc' This clearly indicated that, even with this simplified model, it is

possible to simulate a spike which has been observed experimentally. Some possible

mechanisms for generation of large parameter values will now be presented.

(a) The M_ can be made large by a combustion time delay. This delay isx
physic_ly realizable since a finite time is required for vaporization and

subsequent burning of the propellants. Other reasons might possibly be

given.

I (b) The r term (mixture ratio) can be made large by allowing excess oxidizerflow.

I (c) The _ term appears to be the adiabatic temperature rise due to change
I in chamber pressure. However, it might also be used to describe possible

freezing of the propellants when entering a chamber with zero pressure.

For generation of a pressure spike a possible variation of rc is shown as

Figure V-42. Figure V-42a reveals that for pressure spike generation 1" c must be

I initially negative or if zero it must go negative to some minimum value and decrease to

i ero in some characteristic time, t*. Figure V-42b reveals that the magnitude of PCmax
is functionally related to t* and if the chamber is to survive the initial spike then t* can-

i not be larger than some critical value t* = t_,

Figure V-42a further reveals that the oscillsttons observed experimentally on

Pc(t) may be generated by an oscillation of rc about its required value.

When a train of pulses is presented and the effect of initial chamber temper-

ature and residual pressure are determined, it may possibly be shown that rc for

pulse numbers larger than "n" will always be positive during the pulse,.
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Similar reasoning shows that the observed characteristics may be simulated

with a second order equation where the frequency and damping are functions of the

chamber and thermodynamic parameters.

6. Simulation Results

The model yields steady state results and is shown to be a good candidate

for modification to incorporate effects whose presence attributes to instability or

other adverse flow and pressure disturbances.

The partial derivative terms in the equations were computed from theoretical

combustion data. These terms are important since their presence allow the use, of

perturbation theory over a large range of variables.

For analogue simulation it was felt that a 1000:1 time scale would be adequate.

The equations were written in machine language and patch board wiring for the PACE

computer was accomplished. The partial derivative terms were scaled properly and

mechanized on the function generators in preparation for problem solutions.

Some typical results will now be presented and discussed. Figure V-43

shows a typical run. Here the line size has been adjusted to obtain rated flow for a

supply tank pressure of 200 psi, and a desired chamber pressure of 80 psi. The time

required to obtain steady state flow rate is a function of the acceleration constant of

the propellant supply lines. Several runs were made for several acceleration con-

stants to determine the nature of this effort. The results are shown in Figuro V-44

The variation can be extended until an overshoot occurs in the Pc trace shown in

Figure V-43. This figure further implies that the time required to obtain steady state

Pc is linear in the range investigated. This appears to be true for both oxidizer and

fuel lines.

The inherent flexibility of an analogue simulation system allows one to obtain

at least qualitative effects upon system response by rather simple techniques. The

effect of a time delay was simulated by use of comparators on the analogue computer.

A circuit was mechanized which would allow the installation of a time delay in the oxi-
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dizer circuit. The results of this phase of the investigation is interesting in that the

P has a characteristic noted in experimental tests where P rises rapidly and apparently
C c

the chamber tends to starve causing a decrease in Pc' a secondary spike. A typical

run is shown in Figure V-45. It was further noted that the time to steady state was

affected by this time delay. Several runs were made varying the time delay. These

results are shown in Figure V-46, indicating that for the given configuration a time

delay less than 0.002 sec preduces no secondary spike. For time delays greater than

this value the magnitude of the spike is practically linear with the magnitude of the

delay.

The underlying philosophy of these investigations is to determine what con-

ditions are necessary to produce characteristics observed during tests. The present

very simple model is capable of producing the two aforementioned characteristics.

Expressing these variables in terms of physical properties remains a future task.

Another adverse characteristic observed during tests is the occurrence of

an initial pressure spike. To produce this spike the condition of combustion time delay

was simulated. This was accomplished by inserting a delay circuit in the P portion
c

of the computer loop. A typical run is shown in Figure V-47. The ignition delay is

0.0002 sec and the P spike magnitude is 400 psi. Note that the P spike retards the
C C

oxidizer and fuel flow rates. It may be further noted that mixture ratio varies con-

siderably during the transient interval of chamber pressure variation.

The ..... o_*,_L _L_LL_ _LLU: L_L aSSUiYLes iiista[itaneous combustion, and

that the transportation time delay is zero. In attempting to solve linear differential

equations incorporating a time delay, serious mathematical difficulties are encountered.

This is true for both the time and frequency domains. Introducing the transport time

delay implies that the effect of P at time, t, is a function of the magnitude of P at r
c c

seconds earlier. This condition is assumed to be continuous over the interval P .
c

Equation (4} modified to incorporate this effect becomes

rc Pc(t) + Pc (t - r ) = F(t). (60)
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Several authors have investigated this effect in the frequency domain; however,

our intent is to obtain a solution in the time domain. To accomplish this simulation, a

Donner Transportation time delay electronic instrument was employed. This instrument

provides a time delay b_ simulating the Pad_ approximation presented in textbooks on

nonlinear systems. The general properties of the instrument are such that, if the input

is la (t), the output is P (t - r ). The instrument is capabIe of producing a large vari-
C C

ation in r and is an invaluable aid in analysis of this nature. Inserting the transpor-

tation delay device in the simulated loop produces an instability whose characteristics

are shown in Figure V-48. In performing several runs it was found that increasing

the time delay increases the amplitude of the instability but does not vary the frequency.

The instability is in the form of a limit cycle. The limit cycle is a general character-

istic of instability present in nonlinear systems. It was further noted that for trans-

portation delays less than certain values the instability does not appear. These

critical values and their functional relationships has not been fully evaluated at the

present time.

Since the amplitude of the instability is proportional to the magnitude of the

transportation time delay, the question naturally arises, what must be done to vary the

frequency? It was found that for a given magnitude of transport delay the frequency

could be changed by varying R/V. This was very conveniently accomplished by changing

a potentiometer setting on the simulator. However, since the gas constant, R, is

assumed to be constant, varying R/V may be interpreted as a variation in chamber

volume, V. For a given throat area, an L* may be defined as V/At, and plots of fre-

quency versus L* presented. Figure V-49 shows the results of this investigation.

The results of this study indicates that chamber instability is caused by the

presence of a transportation delay larger than a critical value and the frequency of the

instability is a function of L* previously defined.

Although additional refinements are required to improve the dynamic behavior

analyses model the effort on this contract has been completed. Further improvements

to this model are being made under BAC sponsored efforts.
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I

J NOMENCLATURE

a = Speed of sound in pipe (in/sec)
u = Average fluid velocity along axis of pipe (in/sec)

t x = Coordinate of distance along center line of pipe (in)
p = derivation of average pressure at a reference pipe cross section (psi)

I t = time (sec)
g = local acceleration of gravity

i K = Fluid bulk modulus
E = Modulus of elasticity of rive material /nsi_

f = pipe wall thickness (in)
b = pipe radius:'(fla)

C = fluid density (lb. per cu. in.)

y = Valve spool displacement (in.)

I K 1 = Blocked-load pressure sensitivity of valve (psi/ma)
i = Valve command current (ma.)

= Zero loadpressuredroop (psi per cu in. per sec)K2

_" = Droop time constant (sec)

= Apparent valve natural frequency (rad/sec)W n

= Apparent valve damping ratio

Q = Flow rate (cu. in. per sec.)

P = Pressure drop (p_i)

_C = combustion time lag (sec)

r = Mixture ratio

l "m = mass flow (slugs per sec)

A t = Throat area (in._

= chamber pressurePc

c* = characteristic velocity (in/sec)

= acceleration of gravity (in/sec)g
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Figure V-38. Moog Bipropellant Valve Model 50-245B S/N 5 Ap versus Flow Rate

{Oxidizer Side)
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Figure V-41. Thermodynamics
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Figure V-43. Typical Analog Run - With Transport Time Delay 
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Figure V-47. Typical Analog Run - Ideal Conditions 
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D. INJECTOR CONCEPTS AND HARDWARE

The objective of the Task I hardware development was to support the various theoretical

analyses and study efforts with actual test data. Of primary importance was the investigation

of injector concepts capable of reducing the gas temperature at the chamber wall while main-

taining high overall conbustion efficiency.

Six injectors were evaluated during this program and are discussed in detail later in

this section. To establish the heat rejection and performance characteristics of these high

performance injectors, a water cooled, aluminum combustion chamber and nozzle wereused

initially for test purposes. Later in the program, two stainless steel chambers and two re-

fraetorv m_,tal eolurnhhlm allov ehaml_,rs w_,v_, n,_,d to _,v_hmt_, tha ini_ntor d_,siwns.
v

A description of each of these test chambers is given in the following paragraphs.

1. Test Hardware Design - Thrust Chambers

a. Segmented Water Cooled Injector Test Chamber

The purpose of this test chamber was to evaluate various injector configura-

tions for:

(i)

(2)

(3)

(4)

Characteristic velocity

Total heat rejection

Circumferential heat flux distribution

Average heat flux in chamber and nozzle section

This chamber was intended to be used for sea level testing, and consequently did not include

a high expansion ratio nozzle.

The design chamber pressure for this test chamber was selected to be 80 psia

on the basis of a preliminary analysis which showed that it would be unlikely that the overall

design objectives of the final prototype engine could be achieved at significantly higher cham-

ber pressures. However, for test purposes the chamber can be operated up to 120 psia cham-

ber pressure.
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The chamber internal geometry was determined predominantly be establishing

a minimum diameter, compatible with the projected minimum injector diameters. Some com-

promise had to be made on the chamber diameter to avoid an unduely long chamber which is

ultimately undesirable from engine structural and envelope considerations. To minimize

potential hot gas recirculation on the injector end, the head end was slightly tapered to meet

the minimum injector face diameter.

This minimum injector face diameter had been independently established as a

compromise between injector face propellant loading, minimum heat transfer area and mech-

anical design considerations in accommodating properly the necessary injection elements.

In order to accommodate, in this test chamber, all injector variations, includ-

ing a film cooled type which requires a larger diameter in the area of the film cooling orifices,

the head end of the test chamber was scalloped in 8 locations.

The test chamber design parameters are listed below:

Chamber Pressure

Expansion Ratio

Contraction Ratio

Characteristic Length
Throat Area

Coolant Flow Rate, H2 O

Coolant Temperature Rise, Chamber

Coolant Temperature Rise, Nozzle

Coolant Pressure Drop

Coolant Velocity, Chamber

Coo!a_ Velocity, Throat

80 psia Nominal

2.0

3.87

15 inches

0.694 inch 2

0.418 Nominal

58"F

41°F

Est. 8 psia

13 ft/sec
cl_ _J. /--- -

Figure V-50 shows the assembly drawing of this chamber and photographs are

given in Figures V-51 through V-53. In the first photograph, an exploded view of the chamber

shows the milled water passages in the aluminum nozzle and barrel sections. The second

photograph (Figure V-52) shows the assembled chamber without the thermocouple probes in-

stalled. In Figure V-53, the completed water-cooled chamber assembly is shown with the

thermocouple probes in position. The inlet water temperature at the nozzle is monitored in
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each of the two water inlet feed tubes. The water temperatures at the nozzle water outlet

station (at the entrance to the nozzle convergence) are measured in 16 locations. Each of

these temperature measurements is an average of three nozzle water passages which are

manifolded together in the vicinity of the temperature probe. The nozzle outlet temperatures

also represent the chamber (barrel section) water inlet temperatures.

The water in the chamber section flows back and forth through three passages

in series to achieve a higher water temperature rise thus providing more accurate tempera-

ture differential measurements. At the injector end of the chamber, the water temperature

is again measured in each of the 16 barrel sectors prior to discharge from the chamber. The

drawing in Figure V-54 represents a typical test setup with the water-cooled chamber. The

thermocouple arrangements and locations are indicated on this drawing. All water tempera-

ture measurements were made with chromel-alumel thermocouples.

Prior to utilizing the water-cooled test chamber in fire tests, a water flow

calibration was made to determine the pressure drop and the percent of water flow through

each of the 16 chamber segments. The pressure drop for various total water flow rates

through the chamber is presented in Figure V-55. The typical water flow distribution for

the test chamber is tabulated below:

Flow Distribution at a Total Flow Rate of 0.418 Lb-H20/Sec

Segment No.

T.C.A. S/N 1

% of Total Flow

Through Each Segment Segment No.

% of Total Flow

Through Each Segment

1 6.36 9 7.05

2 5.50 10 7.31

3 4.82 11 6.84

4 4.90 12 6.75

5 4.90 13 7.05

6 5.67 14 6.71

7 6.15 15 6.45

8 6.79 16 6.75

lOO.OO%
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b. Stainless Steel Start Chambers

Two stainless steel chambers were fabricated for use with the above men-

tioned injectors. The first chamber was fabricated as part of the NAS 7-305 contract, the

second chamber was fabricated on BAC sponsored funds. The throat areas for these cham-

bers were sized to obtain chamber pressures of 80 and 135 psia respectively, for operation

with a constant injector propellant weight flow. In this manner, a given injector could be

operated in either thrust chamber without changing the propellant injection pattern at the

nominal design operating condition. Further, a constant chamber characteristic length

(L*) of 15 inches was maintained in the design of both units.

r.r1'lL.._ _.1-_;_1 .... ,L_I -1 ..... 1 ..... ,.1. 1

(1) Provide preliminary estimates of hot wall chamber heat rejection

characteristics at 80 and 135 psia chamber pressure operation.

(2) Obtain comparative performance (c*) figures at both chamber pres-
sure values.

(3) Conduct vacuum ignition pulse tests using high frequency response
instrumentation.

The 80 psia chamber pressure steel chamber is shown in Figure V-56 and is

representative of both units. The flange attached to the nozzle end of the chamber (Figure

V-57) provides the interface between the thrust unit and the vacuum tank used for high altitude

ignition tests.

c. Hot Wall Columbium Test Chambers

To better correlate heat rejection rates obtained with the water cooled test

chamber to hot wall heat rejection rates and to study in more detail injector effects on the

hot wall and coating, two columbium test chambers were used. Both chambers were of

identical design except for the method of attaching thermocouples. The first columbium

chamber design incorporated weld beads around the periphery of the chamber midway be-

tween the injector end and the convergent nozzle. These weld beads were necessary due to

the thin wall in the chamber section. Thermocouples were attached to this chamber section
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by means of drilling a hole in each weld bead, inserting the thermocouples and peening each

thermocouple in place. Thermocouples at the throat station were attached in a similar fashion

by drilling holes into the thick wall at the throat then peened in place. The second columbium

chamber incorporated three rings around the chamber section giving more versitility to the

location of thermocouples. As with the first chamber, thermocouples were attached by drill-

ing hole in the three rings and at the throat station, inserting the thermocouples and peening

them in place. These chambers, illustrated in Figures V-58 through V-60, were fabricated

from a columbium-l% zirconium alloy. A silicide coating (Sylcor R508C) was applied to both

internal and external surfaces to provide the columbium alloy base metal with high tempera-

ture oxidation resistance. The internal geometry of each chamber is identical to that of the

water-cooled test chamber and the stainless steel chamber.

2. Test Hardware Design - Injectors

Based on the previous and successful experience with the six element triplet in-

jector, variations to this basic design were made during this program. The main objective

of the entire injector study was to develop a means of reducing the gas temperature at the

chamber wall while obtaining high combustion efficiency. The goal was to develop an injector

delivering a characteristic velocity of 5350 ft/sec {equivalent to a specific impulse of 290

seconds at an area ratio of 40:1) and a driving gas temperature below 3000°F. Since the

basic six element triplet injector design met this performance level with an estimated driv-

ing gas temperature of 3500°F, a decrease of 500°F in driving gas temperature was needed.

The state-of-the-art chamber and coating systems are presently limited to approxi-

mately 3000°F for the long term usage of one hour. With an injector generating a driving gas

temperature below 3000°F, a chamber constructed from these materials and coatings can then

be insulated since, in the nearly adiabatic condition, the chamber wall temperature approaches

the driving gas temperature.
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Following is a description of the first four of six injector designs evaluated and the

testing results.

All test injectors were simplified versions of a finally contemplated flight type,

fabricated from stainless steel. However, great care was taken to design all flow passages,

residual volumes, injector valve interface and other hydraulic characteristics as near to the

envisioned final configuration as could be determined.

a. Injectors T-1 through TS-4

(1) Injector Description, T-1 through TS-4

(a) iiij_u_vr T-I

This injector is a balanced eight element design where each element

consists of two symmetrical fuel streams impinging on a central oxidizer stream. Injector

T-1 is a direct derivative of the Bell 100-1b thrust injector Model 8290. The number of

injection elements has been increased from 6 to 8 in order to achieve more uniform circum-

ferential propellant distribution. Injection parameters were chosen to match those where the

Model 8290 injector produced best performance and lowest wall temperatures. Adjustments

in orifice diameters to compensate for the change in propellants from N204 - 50% N2H 4

50% UDMH to N20 4 - MMH and change in design mixture ratio from 2.0 to 1.60 were made.

The injector design is shown in Figures V-61 and V-62.

(b} Injector TF-2

Injector TF-2 represents a triplet type with 8 balanced triplets in

the core, surrounded by eight discrete film cooling orifices, spaced in between the triplet

elements. The film cooling orifices are of a single orifice splash plate type, designed to

inject a narrow fuel fan along the wall. These orifices are sized to inject 10% of the rated

fuel flow along the thrust chamber wall. However on this test injector, these film cooling

orifices are supplied separately from the main fuel orifices such that the film cooling rate

may be changed during test or cut in and out to accurately determine the effects of the film

cooling arrangement on performance and wall temperatures. This design is shown in

Figures V-63 and V-64.
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(c) Injector TU-3

The third variation in triplet element injector design is test injector

TU-3. This type of triplet element again contains two fuel streams impinging on a centrally

located axial oxidizer jet. The element is classified as unbalanced, however, since the design

forces a greater mass flow of fuel through one of the fuel orifices in comparison to the

matching fuel orifice. The unbalanced fuel mass flow condition yields a nonaxial resultant

momentum vector following stream impingment. To compensate for this, it was necessary

to vary the fuel orifice injection angles to again achieve the desired axial resultant momentum

condition. This design is shown in Figure V-65 and V-66.

,, s J _" -1 - _.. A1Tile unbalanced _ripiet injecLoI" de_ig[, i_ au a_L_m_,_ _v wuv,uo a ....

rich, relatively low temperature gas mixture in the vicinity of the thrust chamber wall.

Further, it is an attempt to accomplish this gradation of propellant mixture ratio across each

triplet element of the basic injector thereby eliminating the need for a secondary cooling

mechanism.

Figures V-67 and V-68 illustrate a water flow model of an unbalanced

triplet element. The injector element is operating at an unbalanced flow condition, where there

is approximately one-third more mass flow through one of the fuel orifices. Injection velocities

for this flow condition are 36 and 43 feet per second for the fuel and oxidizer respectively.

This particular water flow model with the flow conditions listed,served as the basis for test

injector TU-3. The design selection was based upon colored water flow tests in which local

mixture ratio conditions across the spray fan were evaluated by color index. This method

serves only as a corase and qualitative screening process. It is, however, a useful tool for

making preliminary design selections in the absence of previous fire test data for a given

injector design.

(d) Injector TS-4

Injector TS-4 is termed a "split triplet" and is pictured in Figures

V-69 and V-70. The split triplet is a further attempt to physically effect a controlled mixture

ratio gradation of propellants within individual injector elements to the extent that a fuel rich

mixture ratio zone is created adjacent to the chamber wall.
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A conventional triplet pattern (fuel-on-oxidizer elements) was divided

into two parts by splitting the oxidizer jet into two streams. As can be seen from the water

flow model pictures (Figures V-71 and V-72), the oxidizer flow remains centrally located in

two axial injection streams. The two impinging fuel streams are paired with the two oxidizer

streams initially forming two doublets. The resultant momentum of each doublet is unbalanced

and as a result, secondary fan impingement takes place, The resultant momentum of this

secondary impingement is predominantly axial thus preserving the desired characteristic of

a triplet design.

By physically splitting the triplet element, the mixture ratio delivered

through eacn natI oi me trlpiet can be controlled and varied, in oLhel" wol"d_, tl,aL i,alf uf _he

split triplet located in the center portion of the injector face can be run oxidizer rich producing

a high performing hot core of combustion gases. Conversely, the outer half of the split triplet

can be operated fuel rich to provide a shroud of cooler gases between the core and the chamber

wall. In addition, the amount of mass flow through each half of the split triplet can be

unbalanced. A greater proportion of the total mass flow can be directed toward the relatively

cool burning (fuel rich) zone along the chamber wall to effect reductions in the driving gas

temperature.

The determination of optimum design parameters for a split triplet

configuration can only be achieved empirically through a logical sequence of design and test

verification. To initiate a design for performance and heat rejection evaluation, it was decided

to drive fifty percent of the propellant flow (per element) through each half of the split triplet.

The outer half of the element was designed for a nominal mixture ratio of 1.4. Te achieve

an overall mixture ratio of 1.6, the inner half of the split triplet was sized for a 1.8 mixture

ratio.

(2) Injector Test Results - Water Cooled Chamber

The four test injector configurations described above were fire tested

in the water cooled thrust chamber for a total of 47 tests. The photograph in Figure V-73

shows a typical example of an injector assembled to this chamber.
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A total of nine tests were completed on injector T-l, 13 tests on injector

TF-2 with film coolant and five tests without film coolant, 10 tests on injector TU-3, and

10 tests on injector TS-4.

A summary of these tests is given in Table V-8. Performance curves for

the various injectors are illustrated in Figure V-74. Injector TS-4 consistently exhibited

the highest performance (94.8% of shifting theoretical c* at a 1.6 mixture ratio) for all mix-

ture ratio conditions. As such, it serves as a performance reference for the other injectors

tested. Test Injector T-1 was originally intended to serve as a performance :s_andard,

however, manufacturing imperfections compromised the impingement spray pattern. As a

result, tl_e perIormance o_ rejector T-± was subs_anua_ly me same a_ _im_ uf inj_uL- TF-Z

employing 13% of the fuel flow for film cooling purposes. Injector TF-2 with 13% film

cooling produced a performance curve which peaked at a mixture ratio between 1.4 and 1.5.

When the same injector was fired without film cooling (total fuel flow injected through the

primary fuel orifices), the peak performance mixture ratio shifted to approximately 1.7.

In general, performance was directly proportional to heat rejection. This

is shown in Figure V-75 where average values for total heat rejection rates are plotted

against measured characteristic velocities for the various injectors. In addition to the

performance levels reported in Figure V-74 for injector TF-2 at 0 and 13% film cooling the

limited testing conducted at film cooling rates of 7, 10, and 22% are also shown in Figure

V-75.

To complete the relationship of heat rejection rates to performance, a

theoretical line was drawn in Figure V-75 based upon the Eckert Enthalpy method. This

theoretical curve serves as an arbitrary reference to the actual data. If a line were drawn

through the data points for injectors TU-3, T-1 and T-4, the slope of such a line would ap-

proximate that of the theoretical reference. This tends to confirm that heat rejection is

highly sensitive to the absolute performance level of a given injector. One way to alter this

condition significantly is to utilize film cooling. In this manner, a positive fuel rich barrier

condition may be established at the thrust chamber wall. The line drawn through the TF-2
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injector data points (Figure V-75) for various film coolant flows illustrates this point. A

significant change in the slope of the line occurred in comparison with the theoretical refer-

ence. Stated another way, the film cooled injector exhibited a greater reduction in heat re-

jection rates for a correspondingly smaller loss in performance by comparison to the other

test injectors or the theoretical reference. The results indicate, however, that the film cool-

ing is not very effective at the throat station.

To achieve adiabatic wail operation at a performance level of 290 seconds"

specific impulse, heat rejection rates must be limited to approximately 0.9 BTU/sec/infi.

This is also shown in Figure V-75 in relation to the test results from the first four injector

designs.

The values of Q/A for injector TF-2 at various percent film coolant flows

are included in the Appendix to this report in the form of a Cartesian and polar coordinate

plots. A sample of the type of data processing used for injector TS-4 tests is also included

in the Appendix.

(3) Injector Test Results - Stainless Steel Chamber

Injector TF-2 (film-cooled) was assembled to a stainless steel start

chamber designed for a nominal chamber pressure of 80 psia. A series of performance runs

were made with a 13 percent film coolant condition and a nominal chamber pressure of 80

psia. The last five seconds of the last test were conducted at zero percent film coolant.

This test sequence was repeated with a stainless steel chamber sized for a 135 psia cham-

A.I_,._A tJA '_,..._,,._L,,m._,,., • _.,L 1,4_.,_,..,VLJ._._L t,._l.,.L .LV_._k._ vvc.._.r,,,_ JL.L.Lf,,4,'r_..,, _.4.1,,.L1J. LA_ L,.L,tL_,,...LL,,L_J.L _,,.*,J.,ILr.,_.L.LJLr_,P_*...L. _I,C,A..L *. '_,.,J.J.C_..LJ.J._

her with the percent of fiLm coolant at 13 and 22 percent.

These runs were made to obtain preliminary information regarding film

cooled injector performance and heat rejection characteristics in a hot wall chamber. Heat

rejection, in this case, could only be qualitatively observed by monitoring wall temperatures

and temperature change rates up to 1900iF. The data obtained from these runs are tabulated

in Table V-9. Performance curves for these runs are illustrated in Figures V-76 and V-77.

Report No. 8374-933004 V-109



BELL AE ROSYSTEA4S COMPANY

TABLE V-9

INJE CTOR TF- 2/STAINLESS STEE L CHAMBER DATA

80 psia Thrust Chamber

(Runs 1982- 1986)

Run

Run Duration Data Pt % Film Pc O/F Measured /_c* Max. Wall

No. in Sec at "t" Sec Coolant psia Ratio c*-Ft/sec % Temp-'F

1982 5.3 4.8 13 78.3 1.53 5323 93.6 1152

1983 6.9 6.4 13 77.7 1.53 5330 93.7 1212

1984 10.4 9.9 13 76.1 1.76 5234 91.8 1319

1985 19.5 19.0 13 78.3 1.62 5268 92.6 1848
lf_O_ lf_ f_ A A 19 _/CI A 1 _Q _9OQ QQ P-- IOA_.

9.5 0 78.3 1.76 5438 95.6

135 psia Thrust Chamber

(Runs 2009- 2016)

2009 5.1 Instrumentation Malfunction - Lost Oxidizer Flow

2010 6.5 Film Coolant Valve Malfunction

2011 5.5 5.0 22 128 1.27 5275 94.3 f;i! :_

2012 7.0 6.5 22 126 1.74 5010 87.8 '774

2013 20.1 19.6 22 130 1.55 5140 90.3 1833

2014 5.7 5.2 13 136 1.35 5310 94.1 1049

2015 6.4 5.9 13 135 1.72 5280 92.7 1065

2016 12.3 11.8 13 134 1.55 5280 92.7 1592

(4) Determination of Combustion Gas Temperature by Reduction of Test Data

The pacing item for classes of materials, both metallic wall and insulation,

has been the combustion temperature of actual propellants adjacent to the wall. Several ways

for determining the gas temperature are possible. The most exact method is the measure-

ment of an adiabatic wall with insulation since the wall temperature is the combustion tempera-

ture. Hot wall insulated tests will be discussed later in this section. Initially, however the

tests results of injector TF-2 in the stainless steel chambers and the water cooled chamber

were analyzed.
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(a) Stainless Steel Thrust Chamber Transient Data

The series of film cooling injector tests were analyzed for estimates

of the driving gas temperature.

Thermocouples at three axial locations sensed the temperatures at

the outside wall with four thermocouples at each station. Their location is shown in Figure

V-78. Run durations of 20 seconds were made due to the material limitations of the stainless

steel, approximately 1900°F.

The measured test data for the outside wall temperature as a function

of time are used to determine the gas temperature at the wall and the heat transfer coefficient

during the transient by establishing a heat balance. At any instant, the heat added to an ele-

ment of the chamber is equated to the time rate of temperature rise of a thermal mass plus

the radiant heat lost by the outer wall to its environment.

The following equation is solved at two instants in one location for

each firing:

where

A2 T 4

= hg Tg - Twg =-_1 E wg + thermal mass d_

= heat flux, B/in. 2 sec

hg = gas film coefficient, B/in.2 sec °F

Tg = gas temperature at wall, °R

Twg = wall temperature, °R

C/" = Stefan-Boltzmann constant

E = outer emissivity

dT

wg = time rate of wall temperature change, °F/see
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The two instants considered were _ _ 4 seconds and near the end

of the firing. Typical transients are shown on Figures V-79 and V-80. These extremities

were selected for the best contrast of temperature rise rates, dTwg/d _ , so as to increase

the accuracy of the technique. An emissivity of 0.6 was assumed, conserv_:tivelyhigh. A

change to an emissivity of 0.3 signifies only a 50°F change in gas temperature. Averaging

of the four thermocouples was used.

For each percent film coolant flow, a variation of gas temperature as

a function of station resulted, typical of which is shown on Figure V-78. It was noted that at

the lower film flow rates, the gas temperature in the chamber nearest the injector was higher

than that at the throat. The reverse was found for higher film flow rates as in Figure V-78.

Higher film flow rates exhibit increasing temperatures as the liquid film disappears with in-

creasing travel distance.

The temperature of the throat station was used for the variation of

temperature as a function of film flow rate tn Figure: V-81. Essentially, a straight line

would represent the variation going through a point of 3500°F at zero percent film flow rate,

which was attained for a radiation cooled thrust chamber tested at the start of the program.

(b) Water Cooled Test Data

The aluminum thrust chamber used for injector evaluation was evalu-

ated for its heat transfer characteristics. Variations in gas temperature affect the heating

rates nearly linearly while avai'iation in chamber pressure reflects itself by the 0.8 power,

a predomir_aut factor iu the heat ba!ar_ce resistance.

A map of these variations for both nozzle and barrel is stiown_ ih,

Figure V-82.

Each test point was identified as to driving temperature and when

plotted versus percent film flow rate, a significantly lower driving temperature'resulted,

500°F less than for a less severely cooled boundary layer.
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A comment is due concerning the two techniques for estimating the

gas temperature at the wall from experimental test firings. One must remember that the

preference is to operate with a wall essentially equal to the gas temperature, that is,

adiabatic.

The rocket combustion gas is not an infinite source of heat and when

heat is extracted by a large capacity cooling system, the total temperature of the gas is re-

duced by an amount equal to the extracted portion of the total available energy. A small unit

of 100-1b thrust with a flat transverse temperature profile (with all the heat extracted uni-

formly from boundary layer to the nozzle axis centerline) will have its gas temperature re-
volume

duced 120°F. For a larger engine, the effect is not as severe as indicated by the .... ,^

ratio. Now, as the heat source is not infinite and the gas has a low thermal conductivity, a

temperature profite can exist outside the formal (one dimensional) thermal boundary layer

which would tend to destroy the previous assumption initially used.

Significant reductions in temperature of the order of 500°F are indi-

cated which will alleviate material requirements for high temperature service. This has

been done at both 80 and 135 psia in heat sink hardware and at 80 psia in water cooled hard-

ware. These tests indicate that the injector does in fact provide the cool effective gas tem-

perature at the wall. These tests also showed that 13 percent fuel film coolant provided

approximately 3000°F effective gas temperature and 22 percent fuel film coolant provided

an effective gas temperature below 2500°F. Data for the water cooled hardware has not been

corrected for the cold wall operation; extrapolation of this data to a hot wall condition would

superimpose the data on the stainless steel line. The accuracy of this method was examined

and shown to be within 100°F for the conditions shown even if a 10°/sec error would have

been made in defining the dTwg/d _ slope from the test data. The slope was determined

from an average of four thermocouples and its maximum deviation using the most divergent

thermocouple was less than five degrees.
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(5) Altitude Pulse Tests

Five pulse test series (Runs 87-91) were conducted in the altitude test

chamber 2E-S at Bell Test Center. All tests were conducted on the Bell designed integrated

thrust and flow measurement test stand pictured in Figure V-83. The hardware used for these

tests consisted of injector TS-4 (split triplet) assembled to a stainless steel start chamber.

The start chamber incorporated a flanged sea level nozzle with a 2.0 area ratio. Figure V-84

shows the thrust chamber assembly installed on the test stand. A Moog bipropellant valve

(Model 50-245A torque-motor operated) completed the thrust chamber assembly.

The initial two tests were conducted at sea level conditions to provide a

system checkout. The subsequent three runs were conducted at a pressure altitude of approx-

imately 100,000 feet. Pulse widths of 45 and 65 milliseconds were fired with "off" times

consistently in the order of 100 milliseconds. The first two vacuum pulse tests were limited

to ten pulses each while the third test was extended to 25 pulses. A portion of a typical oscil-

lograph is shown in Figure V-85.

Chamber pressure was monitored with a water-cooled Kistler pickup and a

close-coupled Taber transducer. The Kistler was employed to determine the severity of dy-

namic vacuum ignition pressure spikes, while the Taber was used to follow steady-state pres-

sure conditions. Pulse mode propellant flows were obtained by displacement measurements of

small bellows tanks employed to supply propellants to the engine.

Thrust and flow measurements were compromised on these tests. The

thPll._t pfln_11] e _,_,rasdamaged (apparently during test stand buildup) and inLernal leakage prob-

lems occurred in the propellant feed system. For these reasons, pulse mode specific impulse

could not be determined.

Start and shutdown transients can only be estimated. The bipropellant valve

current signal was not recorded. Only a control panel switch pip was monitored which lagged

the feed pressure dropoff.
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A few qualitative observations regarding the pulse traces are possible:

(a) Random ignition overpressures did occur and were in the order of two

to three times the rated chamber pressure of 80 psia. They disappeared

after approximately 8 pulses.

(b) The response time (sigrial to 90 percent of chamber pressure) was es-

timated to be approximately 17 milliseconds.

(c) Thrust decay time to 10 percent Pc was approximately 7 milliseconds.

(d) The injector provided stable combustion characteristics during all
tests.

The indicated mixture ratio variation for the 45 millisecond pulses was be-

tween 1.4 to 2.0. The indicated mixture ratio variation for the 65 millisecond pulses was be-

tween 1.3 to 1.8. Rework to the gas bleed system on the bellows tanks is required to improve

mixture ratio control and performance measurement. Modifications to the pulse control elec-

tronic circuitry are alsorequiredto allow greater pulse width variations.

(6) Vacuum Ignition Testing

During the second quarter this program was redirected to incorporate a

more extensive investigation of the vacuum ignition characteristics of low thrust injectors.

More specifically, emphasis was placed upon the design and development test of injector in-

novations which would reduce vacuum ignition lag:and, hopefully, minimize the attendant

ignition detonations or pressure spikes. Toward this end, a company sponsored project to

investigate possible pressure spike suppression devices for low thrust injectors was integrated

into this program.

As a basis for this portion of the hardware development and test program,

a tentative working hypothesis regarding the vacuum ignition process of hypergolic propellants

(of the N204-hydrazine derivative category) was established. The hypothesis is based upon

collective information from various investigations of vacuum ignition phenomena. This

hypothesis, briefly stated, indicates that when the propellants (in this case N204 and MMH)

are injected into a near vacuum pressure environment (less than the triple point pressure of

the oxidizer or fuel), the vapor pressure of each liquid tends to shred the ligaments and larger
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droplets of the injector spray pattern into much smaller droplets. It is assumed that the drop-

"let disruption continues until a droplet size is reached where the surface tension can contain

the internal yapor pressure forces. Simultaneously, the droplets evaporate and ultimately

freeze in the process since no liquid-vapor equilibrium can exist at pressures below the triple

point pressure. The time required for the droplets to freeze is exceedingly short (in the order

of a few microseconds or less) and as a result, partially mixed solid (frozen) phase propellants

accumulate in the thrust chamber. The statistical probability of ignition diminishes as the pro-

pellant temperature decreases. Ignition then, does not take place until the solid-gas phase

equilibrium pressure buildup in the chamber exceeds the triple point pressure of the N204

(,_ 2.7 psia) which is the critical (highest triple point pressure) propellant. At this point,

propellant freezing ceases and liquid and _a._ nh_ _o_+ .........
........ +_. .A._ LLt t,..IL U.LI lll_ty

then occur at some random point which apparently sets off a detonation type of reaction in the

accumulated propellant mixtures. This results in a characteristic pressure spike which pre-

cedes a normal chamber pressure rise.

It is necessary therefore, to adequately mix the propellants before freezing

occurs or pressurize the combustion chamber above the most critical triple point pressure if

the ignition delay and subsequent pressure spike are to be minimized. In context with this

hypothesis, a highly confined vortex mixing tube device (preignitor) was selected as the prim-

ary design approach for investigation. Such a device is pictured schematically in Figure V-86.

The preignitor consists of a very narrow vortex tube in which fuel and

oxidizer are injected tangentially. As the propellants enter this tube, and before they start

reacting, a liquid backpressure of more than i0 psia is built no. This prevents initial freez-

ing in the tube. The swirling mixture in the tube undergoes partial reaction; however, the

tube diameter is in the order of the quenching distance and the stay time is such that full

combustion reaction does not occur in the tube. Therefore, the products of this vortex tube

are largely a mixture of low temperature gases in the order of several hundred °F. The gas

generated from the vortex tube aids in pressurizing the main combustion chamber rapidly

to a level such that freezing of the propellants from the main injector will be minimized.
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.H,ttn

Run Duration Ambient Prop. Temp.
No. in Sec. Oxid. Fuel

The prereacted gas mixture also contains a large number of molecules at higher energy levels

which act as ignition kernels to raise the ignition probability, thus reducing the statistical

scatter of ignition delays. Since the maximum temperature of the device is low, there will be

no heating problems within the injector face due to its operation. In addition, this device is

readily incorporated in the existing Model 8374 injector designs. •

Three stainless steel preignitors were designed and fabricated. The initial

unit was made to conduct water flow tests. Photographs of a typical water flow test are shown

in Figures V-87 and V-88. The photographs show the preignitor flow model in two planes

approximately 90 ° apart, From these pictures, the con'ical spray pattern emanating from the

vortex tube may be observed.

Following the water flow tests, the preignitor was fire tested into the atmos-

phere. A total of four tests was made using N204 and MMH propellants. Figure V-89 is a

photograph of the preignitor firing. The purpose of these tests was only to determine whether

propellant reaction would occur upstream of the vortex tube and thus cause an explosion in

one of the feed tubes. This did not occur. Temperature measurements were monitored on

each of the hypodermic feed tubes and on the vortex tube exterior as illustrated in the photo-

graph of Figure V-89.

A summary of the temperature data from these tests is presented below:

Preiguitor Element

S/N-I

Atmospheric Fire Test Data

Temperatures in °F

Preignitor Temp

Oxid. Line Fuel Line Vortex Tube

2004 2 62 57 57 89 71

2005 10 62 62 62 167 80

2006 5 60 62 71 62 132

2007 5 60 62 62 62 158

was designed and fabricated and subjected to vacuum .ignition starts.

A full sealb:( _Q0÷tb thrust)Jmjector S/N C S-1 with an integral preigr/itor element

The injector, pictured
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in Figure V-90, consisted of a six-element triplet design (Fva c = 100 lb) with one of the triplets

removed and a preignitor substituted in its place. A Moeg Medel 50 bipropellant valve completed

the test assembly.

The test injector was assembled to a stainless steel start chamber as shown

in Figure V-91. The chamber had provisions for a flanged attachment to a vacuum tank. This

tank, equipped with a blow-off cover at the opposite end_ was evacuated by means of a vacuum

pump to pressure altitudes in excess of 150_000 feet. With this test setup_ a series of vacuum

ignition tests was conducted. See Figure V-92.

The results from the preignitor injector tests are tabulated in Table V-10.

As can be seen from this t_.b.l_tinn, th_ nr_icrnlfnr d_io_ ,lea_ _xr_÷h _h_e _,_,_, h,_,-1 .......

ciable effect in either suppressing the ignition spike or reducing vacuum ignition delay. The

preignitor did introduce low frequency instability into the thrust chamber operation. Compara-

tive pulse traces (oscillograph and oscilloscope photographs) are reproduced in Figures V-93

and V-94. In Figure V-93_ sea level and vacuum pulses are shown which represent injector

operation without the preignitor. The pulses in Figure V-94 illustrate the results of operating

the injector with the preignitor. The chamber pressure oscillations are in the order of 300-

400 cps with a double amplitude approaching rated (80 psia} chamber pressure.

Following the above test progr_am, the injector assembly (including the

Moog bipropellant valve) was set up on the water flow stand. A series of water flow pulse tests

was_made (flowing at rated conditions to the atmosphere) and recorded on high speed {approxi-

mately 8000 frames/second) motion picture film to determ£ne ff flow emitting from the pre-

ignitor was leading or lagging that of the main injector. The results of" these tests indicated

that the preignitor was lagging the main injector by about one millisecond.

The second preignitor element with a slightly enlarged vortex mixing tube

bore was tested to evaluate the effect of reduced back pressure (m the mixing tube) on com-

bustion stability. A drawing of the preignitor assembly is sho_ in Figure V-95. Since the

total propellant weight flow through this unit was approximately 0.04 potmd/second, a small

Moog bipropellant valve (Model 50-259) was substituted for the larger Moog valve to complete

the ignitor assembly.
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A series of vacuum ignition tests was conducted with this preignitor

assembly. The low frequency instability experienced with the previous unit persisted with

this preignitor. Testing was suspended and no further single element preiguitors were

tested.

An alternate method of pressurizing the combustion chamber to a pres-

sure level above the critical triple point pressure is the employment of a very small com-

bustion chamber immediately upstream of the main chamber. Termed a "precombustor",

this device acts as a gas generator to supply pressurization gas to the (main) combustion

chamber. The precombustor may be differentiated from the preignitor element by the de-

gree of reaction or combustion of the propellants which takes place. In the preignitor there

,_ a L-_la_veiy low order reaction resulting in low temperature partially reacted gases. The

precombustor, on the other hand, supports a propellant reaction approaching full combustion

with correspondingly high gas temperatures.

A precombustor assembly (see Figure V-96) was designed and fabricated

for vacuum ignition testing. The design of the precombustor was based upon information

furnished by NASA-MSC. The small Moog bipropellant valve was again employed.

The precombustor assembly was bolted to a stainless steel start chamber,

The test stand setup was the same as that used with the preignitor.

The initial testing with this unit was done with feed pressures of 180 and

50 psi on the oxidizer and fuel, respectively. Flows were not measured. Feed pressures

for the rated design conditions were established through water flow tests.

Following an initial sea level checkout firing, five vacuum starts were con-

ducted. The oscillograph trace presented in Figure V-97 is typical of the test results. :_t can

be seen that a pressure rise occurs (in the main chamber) some 20 milliseconds after the valve

signal. This is indicative of some low order propellant reaction and vapor pressure buildup.

At the end of 47 milliseconds, an ignition pressure spike is generated followed by a steady-

state combustion pressure of 7.8 psia. Propellant inlet temperatures for these tests were

approximately 40 °F.
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A second series of vacuum starts was initiated with the precombustor

assembly. This time, the feed pressures for oxidizer and fuel were equalized at 180 psi

creating a highly fuel rich condition.

These tests were conducted to simulate a more reasonable design feed

pressure condition which would be encountered with the Model 8374 engine operation. The

drastic change (increase) in fuel feed pressure produced strong low frequency stability

(300-600 cps) operation. The test series was discontinued.

(7) Injector Test Results - Columbium Chamber

L

Test injectors TF-2, TU-3, and TS-4 were fired in the radiation-cooled

-^' ...... :-':::-= -:'-:j ( .... _ _:........ _,1_. _/._ 1. ln_ purpose oI these tests was to:

(a) Determine injector performance using a "hot wall" test chamber.

(b) Establish resultant steady-state external surface temperatures
under free radiating conditions.

(c) Obtain more complete information for calculating gas driving tem-

peratures adjacent to the combustion chamber wall.

Test injector TF-2 was first fired without (fuel) film coolant flow for a

total of three tests. The individual film coolant splash plates utilized on this injector were

distorted during the course of previous firings. Before testing with this injector was re-

sumed, the damaged film cooling elements were removed and new units installed. The re-

placement film cooling elements were modified to permit direct impingement of the free

flowing fuel streams on the chamber wall. The nominal flow rate of the new design was

unchanged. In summary, the splash plate element design was abandoned because of the heat-

ing loads imposed upon this configuration.

The modified injector, designated as TF-2A (Figure V-98), was again

assembled to the columbium alloy thrust chamber and fire tested. A total of five tests was,

conducted at film cooling flow rates of approximately 12 and 20 percent. The average nozzle

temperature and injector performance (c*) values for all TF-2/TF-2A "hot wall" chamber

tests are presented in Figure V-99 as a function of the film coolant flow.
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For these hot wall cotumbium chamber tests, all the performance data

are corrected for thermal expansion of the throat and location of the chamber pressure

pickup. (Chamber pressure was sensed at the injector face and corrected for total pressure

at the nozzle.) These corrections consist of a throat area increase of 2.0 percent at 2500'F

and a chamber pressure and characteristic velocity decrease of 1.2 percent for a contraction

ratio of 4:1, as shown in Figure V-100.

Injector TU-3 was next assembled to the columbium test chamber. A

series of six firings was conducted at various mixture ratio and chamber pressure condi-

tions. Injector performance was quite low with combustion efficiencies in the order of

85.89 percent of shifting theoretical.

The injector was removed from the test stand and subjected to another

water flow test. It was observed that the direction of the impingement fan pattern was not

axial. When the impinging fuel orifices were water flowed separately, it could be seen that

the resultant fan momentum was unbalanced (_-" 10 to 15 degrees) in the direction of the

chamber wall. This indicated that the mass flow through the inner fuel orifices was greater

than that flowing through the corresponding outer fuel orifice of each triplet element. To

approach a more axial resultant momentum condition of the impinging fuel streams, an orifice

was added immediately downstream of the valve/injector interface in the large hypodermic

tube feeding the inner ring of fuel orifices. In this manner, the flow impedance of the feed

circuit to the inner fuel orifices was increased while the outer fuel feed system impedance

remained unchanged.

The injector thus modified (designated TU-3A) exhibited a somewhat more

axial spray pattern although the unbalanced momentum characteristic was still apparent. Fire

tested in this condition, the TU-3A injector showed a performance improvement of approxi-

mately 1-1/2 percent.

The injector was again disassembled and the flow impedance further in-

creased in the feed circuit to the inner orifices. The result was a more nearly axial resultant

momentum condition although a few degrees of imbalance still existed.
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The injector was redesignated TU-3B and again fire tested. Five runs were

made with no discernible change in performance over the previous TU-3A configuration. The

combustion efficiency of the various TU-3 injector configurations is plotted in Figure V-101 as

a function of mixture ratio. It is important to note that the TU-3 type injector is capable of

reasonably high performance (combustion efficiency} with the increased fuel injection velocities

of fuel rich mixture ratio operation.

At a 1.23 mixture ratio, the combustion efficiency was 91.7 percent of

the shifting theoretical reference. In terms of combustion efficiency this is only 1.8 per-

cent below the required value of 93.5 percent necessary to reach a 290-second specific im-

pulse at a 1.6 mixture ratio. It is significant that this increase in combustion efficiency did

not appreciably affect the low wall temperatures (<_ 2200°F) produced by the TU-3 series

injector. This can be seen graphically in Figure V-102 by comparing the performance (c*)

and stabilized temperature spreads for the TU-3 injector firings.

Injector TS-4 was next fired in the columbium test chamber. This injector

again exhibited the highest performance attaining a combustion efficiency of 96.6 percent of

the shifting theoretical c* reference at a 1.6 mixture ratio. The nozzle temperatures were

correspondingly high reaching approximately 2800°F in fifteen seconds run time. Thermal

equilibrium was not reached prior to shutdown. No further long duration runs were attempted

so as to avoid damaging the columbium chamber. Based upon the rate of rise for various skin

temperatures during the fifteen-second run, a stabilized wall temperature of approximately

3000°F was extrapolated.

Injector performance as a function of mixture ratio for all "hot wall" fir-

ings is shown in Figure V-103. A tabulation of the hot wall data is given in Table V-11.

Thrust chamber skin temperatures were monitored during all firings for

each injector series. Temperatures were measured in the chamber barrel section and at the

nozzle throat using platinum/platinum-rhodium thermocouples. During all steady-state tests,

a conventional heating pattern was observed with the highest temperatures in the vicinity of

the nozzle convergence and throat. The maximum and minimum temperatures recorded at

Report No. 8374-933004 V-123



TABLE V-ll

MODEL 8374 INJECTOR SEA LE_

COLUMBIUM ALLOY THRUST (

Run No.

2119

2120

2121

2128

2129
... -

• 2130

2131

2132

2122

2123

2124

2125

2126

2127

2133

2134

2135

2136

2137

2138

2139

2140

2157

2158

2159

2160

2161

2162

Inj. Dur. Data Pt Pc

S/N Sec. Sec. % FC 1 O/F psia

TF-2 10.5 10.0 0 1.55 78.4

TF-2 14.5 14.0 0 1.55 77.9

TF-2 30.5 30.0 0 1.60 80.9

TF-2A 10.5 10.0 12.0 1.55 78.3

TF-2A 17.5 17.5 11.8 1.56 78.7

TF-2A 29.5 29.0 11.5 1.54 78._

TF-2A 30.5 30.0 19.3 1.55 75.7

TF-2A 30.5 30.0 19.6 1.38 81.0

TU-3 10.5 10.0 - 1.55 78.1

TU-3 45.8 45.3 - 1.54 77.2

TU-3 31.5 31.0 - 1.32 79.9

TU-3 10.5 10.0 - 1.60 96.2

TU-3 10.5 10.0 - 1.64 123.0

TU-3 31.5 31.0 - 1.41 128.1

TU-3A 10.5 10.0 - 1.50 77.2

TU-3A 30.5 30.0 - 1.54 77.7

TU-3A 30.5 30.0 - 1.34 79.9

TU-3B 10.5 10.0 - 1.57 78.1

TU-3B 30.5 30.0 - 1.56 77.7

TU-3B 30.5 30.0 - 1.32 81.5

TU-3B 30.5 30.0 - 1.73 75.5

TU-3B 10.5 10.0 - 1.23 81.5

TS-4 6.0 5.0 - 1.52 74.3

TS-4 10.5 10.0 - 1.56 80.3

TS-4 15.5 15.0 - 1.58 79.9

TS-4 5.5 5.0 - 1.79 76.3

TS-4 5.5 5.0 - 1.36 77.0

TS-4 5.5 5.0 - 1.25 76.3

1. Percent of total fuel flow diverted to film cooling.

2. c* corrected for thermal expansion of the nozzle throat and chamber pressure pickup locatio_
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iEL TEST RESULTS

IHAMBERS/N 1

2
C*

eor

ft/sec

Calc. Driving

Gas Temp. (°F) (Ave.)

Chamber Throat

5325

5330

5315

5290

5330

5310

5100

5225

4905

4880

5020

4900

4790

5010

4990

A CJt_
i ,.iJ u

5095

4970

4970

5125

4810

5125

5470

5510

5520

5430

5370

5385

93.5

93.5

93.4

92.5

93.5

93.2

89.5

92.3

86.0

85.7

89.1

85.8

83.8

88.2

87.5

87.4

90.3

87.0

87.1

90.9

84.3

91.7

96.2

96.5

96.6

95.4

95.0

94.4

Max. Chamber

Temp.

(OF)

Max. Thrust

Temp.

(OF)

3170 3380 2800 2950

2800 3185 240O

1730

2135

2830

2695

2770

1470 1835 1545 1925

1590 1835 1675 1925

1800 2105 1945 2120

1645 1790

1735 1820

1775

1835

1910

1910

1690

1770

1575

1885

1920

2080
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the throat station for each steady-state duration firing are illustrated in Figure V-102.

comparison, these temperature ranges are related to performance. FigureV-104 is a

schematic diagram of the thermocouple locations for the tests described in the previous

paragraphs.

(8) Hot Wall Chamber Analysis-Driving Gas Temperatures

For

The data from the above tests were used to calculate the driving gas

temperatures adjacent to the thrust chamber wall.

Knowing the geometries of the chamber, material properties, and the

temperature time history of the thrust chamber wall it is possible to infer the effective

gas temperature and film coefficients in the chamber and in the nozzle. At any instant, the

heat added to an element of the chamber is equated to the time rate of temperature rise of

a thermal mass plus the radiant heat lost by the outer wall to its environment.

The following equation is examined at two instants during the firing,

once shortly after the heat pulse has penetrated the chamber wall - _-- 4 seconds and again

near the shutdown time.

A2 4 dT
_ wg

hg (Tg Twg ) - C/'E "_1 Twg = Thermal Mass d

The simultaneous solution of these equations then yields the desired Tg hg. An emissivity

of 0.6 was assumed as a rather conservatively high value.

V-106, and V-107.

driving potentials.

These characteristic thermocouple responses are used to predict the

The derived data are included in Table V-11 for an array of injector con-

figurations. It should be noted the calculated driving gas temperatures; indicated in this table

are average gas temperatures, not maximum temperatures.
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b.

(1)

test injector TS-4.

Injector TF-5

Injector Description - TF-5

The fifth injector design established for this program was a variation of

Designated as TF-5, this injector design was an attempt to retain the high

performance level (in excess of 94% of shifting theoretical c*) of injector TS-4 and at the same

time, lower the heat rejection rates to a point compatible with adiabatic wall operation.

The intended purpose of the split triplet design was to effect a mixture ratio

gradation across each element by splitting the central oxidizer flow into two streams. In this

way, the mass flow through the two central oxidizer orifices could be varied so that a different

mixture ratio setting was established with the corresponding inner and outer impinging fuel

streams. The rated design mixture ratio condition for the TS-4 injector was 1.80 and 1.40

respectively for the inner and outer half of each split triplet element. The incoming or

average mixture ratio would be 1.60. The outer half of each triplet, adjacent to the thrust

chamber wall, would provide a shroud of combustion gases burning at a 1.40 mixture ratio

around the hotter burning core.

A close examination of the TS-4 split triplet water spray pattern revealed

a strong secondary impingement of the initial fans from each half of the triplet. It was

theorized, in effect, that the intended mixture ratio distribution or gradation between inner and

outer portions of the elements was destroyed during the secondary mixing phenomena.

As indicated previously, the TF-5 injector design is another attempt to

and forming a fuel rich mixture between the chamber wall and core gases. To eliminate the

secondary fan impingement and, hopefully, preserve the initial mixture ratio distributions, three

significant changes were incorporated in the new design. First, the mixture ratio of the outer

half of the split triplet was designed for a 1.10 condition as compared to the 1.40 ratio of the

previous injector.
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Secondly, film cooling orifices were provided for in the design so that the local mixture ratio

conditions at the wall could be further reduced if necessary. The film cooling orifices were

sized for 11 percent of the total fuel flow at rated conditions. On the test injector, the feed

system to the film cooling orifices is separate from the main injector feed network. In this

manner, the film cooling can be controlled separately and the heat rejection qualities of the

injector can be evaluated either with or without the additional cooling capacity of the film.

And finally, the oxidizer orifices in each element were angled such that the resultant fan

momentum of each half of the split triplet is essentially axial. As a result, heavy secondary

fan impingement will be avoided. Thus, effectively_ the injection element is split in two

parallel doublets. This injector is shown in Figures V-108 and V-109.

An additional feature of injector TF-5 is the incorporation of a revised

spike suppression device. This device is a variation of the original preignitor design which

attempts to eleviate much of the back pressure believed responsible for the unstable operation

of the first test unit. In addition, a physical propellant lead to the preignitor was incorporated

by employing direct feed capillary tubes to the injection orifices. The propellants destined

for the main or primary injector are first routed through manifolds which in turn feed individ-

ual capillary tubes leading to the respective oxidizer and fuel orifices. This feed network

is also shown in the schematic of Figure V-109. The designed propellant distribution for the

TF-5 injector is as follows:

TF-5 Injector Propellant Distribution

Fuel Oxidizer
T4-_ 11. / _• _,,, ,u/_ec ib/sec O/F

Film Cooling 0.0140 - -

Preignitor 0.0144 0.0230 1.60

Split Triplet

Outer Half 0.0687 0.0756 1.10

Inner Half 0.0339 0.1104 3.26

Total 0.1310 0.2090

% of Total Flow

4.0 (10.7% of Fuel Flow)

11.0

42.5

42.5

lOO.O%
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(2) Injector Test Results

Columbium chamber injector TF-5 was fire tested in the radiation cooled

columbium chamber S/N 1.

The injector was initially tested in the radiation cooled columbium chamber

with the preignitor in operation and without fuel film coolant flow. A total of nine tests were

completed in the series with a maximum duration of 15 seconds and with variations in mixture

ratio and chamber pressure. No instability was noted during this series. A tabulation of the

data are given in Table V-12. Although the chamber skin temperatures did not reach equilibrium

conditions, the average stabilized temperature is projected to be between 2800 and 2900°F with

a characteristic velocity of approximately 5330 ft/sec (93.3% combustion efficiency).

Just prior to shutdown of the last test, which was conducted at a chamber

pressure of approximately 91 psia, slight sparking was noted at the nozzle exit. Post run in-

spection revealed erosion in the convergent nozzle to throat section at approximately the 4

o'clock position. A water flow was performed on the injector revealing misimpingement of one

triplet element which was nearly in line with the eroded section of the nozzle. Backflush and

re,lowing of the injector revealed additional misimpingement problems attributed to contamina-

tion of the injector fuel system. The injector was steam cleaned and reflowed revealing desirable

impingement characteristics.

(3) Injector Test Results - Stainless Steel Chamber

Although the damage to the columbium chamber was not severe, further

testing in the columbium chamber could result in questionable performance data. For that

reason the test series was completed with the stainless steel chamber and run durations were

generally limited to 5 seconds. This test series consisted of 13 tests; four tests with the preig-

nitor plugged and without film coolant flow; five tests with the preignitor plugged and with

approximately 15% film coolant flow; two tests with the preignitor in operation and with approxi-

mately 13% film coolant flow; and two tests with the preignitor in operation and without film

coolant flow. These data are also tabulated in Table V-12. The data for this injector is also

given in Figure V-110.
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TABLE V-12

INJECTOR TF-5 DATA SUMMARY

Columbium Chamber Tests

Run No. Duration Condition O/F

(see)

2166 5

2167 10

2168 3

2169 15

2170 15

2171 15

2172 15

2173 15

2174 15

W/P-I 0% F.C

W/P-I 0% F,C

W/P-I 0% F.C

W/P-I 0% F.C

W/P-I 0% F.C

W/P-I 0% F.C

W/P-i 0% F.C

W/P-I 0% F.C.

W/P-I 0% F.C.

1.50

1.68

1.67

1.62

1.32

1.47

1.80

1.65

1.59

e*

oorr

(ft/sec)

5330

5315

5285

5325

5305

5310

5235

5205

5310

P
C

(psia)

75.8

81.1

81.2

80.9

80.9

80.5

78.8

66.0

91.0

2175 3

2176 5

2177 5

2178 5

2179 5

2180 1

2181 5

2182 5

2183 10

2184 5

2185 1

2186 5

2187 1

Stainless. Steel Chamber Tests

W/O P.I. 0% F.C. 1.57

W/O P.I. 0% F.C. 1.60
TTT /f_ A(_

UIO J.' ,%J, _I.,_,,._

W/O P.I. 0% F.C. 1.82

W/O P.I. 14.6% 1.60

W/O P.I. 14.6% 1.60

W/O P.I. 14.7% 1.35

W/O P.I. 14.7% 1.83

W/O P.I. 14.7% 1.60

W/P.I. 13% 1.61

W/P.I. - 1.60

W/P.I. 0% 1.63

W/P.I. 0% 1.62

5200

5230

5190

5125

5100

5185

5080

5135

5175

5210

5280

5360

77.7

81.2

81.0

80.7

80.1

79.3

81.8

80.0

79.0

81.2

81.0

83.2

83.5
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The data obtained in the columbium chamber and in the stainless steel

chamber (with the preignitor in operation and without film coolant) agree within 1%. The per-

formance decreased approximately 1.9% when the injector was tested with the preignitor plugged

and without film coolant. Chamber surface temperature effects could not be accurately deter-

mined with the stainless steel chamber.

(4) Spike Suppression Tests

Injector TF-5 was subjected to a series of 100 millisecond pulses at a

simulated pressure altitude of 200,000 feet (minimum) both with and without the preignitor in

operation. These tests were conducted with the stainless steel chamber.

As previously discussed, the preignitor incorporated in this injector is a

variation of the original preignitor design and attempts to reduce the back pressure believed

responsible for the unstable operation of the initial preignitor. Also, a physical propellant lead

to the preignitor is assured by use of direct feed capillary tubes to the preignitor injection

orifices and by routing the propellants destined for the primary injector first through manifolds

which in turn feed the individual capillary tubes leading to the oxidizer and fuel orifices.

A total of fifteen 100 millisecond pulses were made during this Bell sponsored

test series. During these tests the propellants were conditioned to +32 °F. The initial tests

were conducted with the preignitor in operation and consisted of one sea level pulse, four altitude

pulses with the hardware at ambient temperature, and four altitude pulses with the injector at

approximately 0°F and the chamber at approximately -65 °F. The remaining tests were conducted

_ttlU IJUtl_.;._bt_U UI Uilt_ _=_Ct I_V_.;. IJUI_ a, tlU .LUtlJ. a_.t,J.t, ttu_ lout.to_o _._,WILII bllt_ _Jl'(cl_illt, uJ." - 1 .... i _..1.J,.Jl U_::_,t2 U .......... ,,..,1v ..... 14-_ _-...-_ .... 1 ...... -;4-I-,

ambient hardware, and one altitude pulse with the injector at approximately 0°F and the chamber

at approximately -85 °F. The start transient bf this last pulse is not representative of the con-

ditions due to leakage at an oxidizer capillary tube feeding one of the primary injector orifices.

No overpressure or spike was evident during this pulse. Although no definite cause was found

to explain the tube leakage, some of the capillary tubes showed external scoring and damage

due to assembly techniques, resulting in probable reduction of the cross section of the thin wall

tubes (0.010 inch wall thickness).
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The results of this test series are shown in Table V-13 and reproductions

of the oscillograph traces are given in Figures V-lll through V-125.

Comparison of the tests conducted with and without the preignitor in opera-

tion and with ambient hardware reveals that the preignitor successfully suppresses the spike

by approximately 50%. Unfortunately, a comparison cannot be made with and without the pre-

ignitor with the hardware at low temperatures due to the lack of test results with the preignitor

plugged. The first three pulses conducted with the preignitor and with low temperature hard-

ware reveal spikes less than 100% chamber pressure while the fourth and last pulse reveals a

spike with an estimated peak of 290 psia. It is possible the variation in these start transients

may be attributed to partial freezing of the oxidizer due to low injector temperatures. There

is no evidence of low frequency instability during any of the pulse tests as originally encountered

in the initial design.

During these tests chamber pressure was recorded using a water cooled,

flush mounted Kistler transducer and a close coupled Alinco transducer. Oscilloscope photo-

graphs were also taken of the start transients and were used to determine the values of the

indi_i:_d _nd _,q_-irn_i-od n,_Ic nv'pm_11vo_ Rpn_'nrllloflnnm nf fhp.qp nhnfocr_nh_ _rp _1,qo in_lnd_d

in Figures V-111 through V-125.

Following this series this injector TF-5 was refurbished by replacing all the

capillary tubes with heavier wall tubing. Checkout tests were made at a simulated altitude of

approximately 200,000 feet prior to shipment of this injector to NASA-MSC, Houston for evalu-

ation at that facility. The results of these checkout tests showed overpressu_es of the same

magnitude as described above. The evaluation of this injector at NASA-Houston will be per-

formed after the reporting period of this contract.

c. Injector TU-6

(1) Injector Description - TU-6

This sixth injector is based upon an iteration of the unbalanced triplet design

of test injector TU-3. As described earlier, the unbalanced triplet design yielded exceptionally
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TABLE

MODE I

VACUUM START'

Injector TF-5

Run

No.

2195

2196

2197

2198

2199

2200

2201

2202

2203

2205

2206

2207

2208

2209

2210

Steady State (1)

P (psia)
C

74.1

76.7

77.8

78.7

78.7

78.7

79.2

79.2

79.7

75.6

83.9

81.3

80.8

80.8

68.4

Indicated

Peak {2)
Press

psia

211

152

225

132

45

59

56

361

98

496

434

372

256

Estimated

Peak (2)
Press

psia

166

130

194

124

39

51

51

290

98

456

338
c}o_

223

Shutdown

Start Response Transient

Milliseconds Milliseconds

A B C D

13.8 21.4 25.0 5.7

20.0 25.2 30.2 5.6

19.9 23.9 29.7 5.7

19.1 24.6 30.0 5.7

21.1 23.4 29.6 5.8

17.6 20.9 29.8 5.7

- 19.6 34.2 5.6

18.3 20.6 30.7 5.7

17.9 24.5 29.4 6.0

16.2 19.6 23.0 4.9

22.0 27.6 31.9 5.2

20.6 24.9 29.1 5.5

19.7 24.5 29.3 5.3

20.1 24.2 28.4 5.4

- 19.3 35.8 4.9

(1)

(2)

(3)

Mi(

Values obtained from Alinco trace on

speed oscillograph trace. !
]

Values obtained from oscilloscope p_

of Kistler trace. /4

Injector temperature approximately

Valve Signal

PressuI

Peak

Report No. 8374-933004
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Altitude

rons Feet

/L

.)

)

5

5

3

I

/L

3

D

D

D

D

high

otographs

)o to -5 °F.

S/L

246 000

227 000

223 000

227 000

243 000

227 000

229,000

229,000

S/L

250,000

229,000

229,000

229,000

238,000

Run Prop Thrust

Duration Temp Chamb.

Milliseconds ° F Temp. o F

100 32 Ambient

100 32 Ambient

i00 32 Ambient

100 32 Ambient

100 32 Ambient

100 32 -65(3)

100 32 -65( 3)

100 32 -65( 3 )

100 32 -65( 3 )

100 32 Ambient

100 32 Ambient

100 32 Ambient

100 32 Ambient

100 32 Ambient

100 32 -85( 3 )

Remarks

Injector

Injector

Injector

Injector

Injector

Injector

Injector

Injector

Injector

Injector

Injector

Injector

TF-5 with Preignitor

TF-5 with Preignitor

TF-5 with Preignitor

TF-5 with Preignitor

TF-5 with Preignitor

TF-5 with Preignitor

TF-5 with Preignitor

TF-5 with Preignitor

TF-5 with Preignitor

TF-5, Preignitor Plugged

TF-5, Preignitor Plugged

TF-5, Preignitor Plugged

Iniector TF-5. Prplgn.Jfor D).....n

Injector TF-5, Preignitor Plugged

Injector TF-5, Preignitor Plugged

Indicated peak represents highest overshootvalue of Kistler. Estimated peak represents

mean of three highest amplitudes of Kistler.
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low wall temperatures over'a wide range of mixture ratio operation. Further, the combustion

efficiency improved considerably (refer to Figure V-101) at the fuel rich operating conditions

reaching 91.7% at a 1.23 mixture ratio. For these reasons, a modification of this design was

desirable.

The tendency of the unbalanced fuel-on-oxidizer triplet to produce higher

combustion efficiencies at more fuel rich mixture ratios is attributed to the increased fuel injec-

tion velocities imposed at these conditions. The TU--3B configuration (see the description of

this injector in the previous section) was selected to serve as the basis for the sixth injector

design. The TU-3B injector exhibited the highest performance (approximately 91.7% at O/F =

1.23) while maintaining the low wall temperatures characteristic of all TU-3 injector configura-

tions.

The impedence of the inner fuel orifice feed system on injector TU-3B had

been increased to obtain a more nearly axial resultant momentum condition on the propellant

spray pattern. Because of this modification, a water flow distribution test was conducted to

determine the fuel flow distribution between the inner and outer ring of fuel orifices. The

original injector (TU-3) configuration possessed a design fuel flow distribution ratio of 1.3
We

'outer between the outer and inner fuel orfflc_s of each individual element. With the

Wfinner

modified inner fuel orifice feed system, the water flow tests indicated a distribution ratio of

1.57 now existed.

To achieve an, engine specific impulse of 290 seconds, the injector must

achieve a combustion efficiency of 93.5% (shifting) at a 1.6 mixture ratio with a 40 area ratio

nozzle. For this reason, the combustion efficiency curve developed for injector TU-3B was

extrapolated (on a straight line basis) to a 93.5% value, some 1.8 percent beyond the last test

point. This extrapolated combustion efficiency value corresponded to a mixture ratio of

approximately 1.1. Using this information_ a new total weight flow was calculated. Injection

velocities (fuel and oxidizer) were determined based upon a 1.1 mixture ratio with the fuel

distribution ratio set at 1.57 as determined by water flow test.
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The injection velocities thus determined were translated into orifice diam-

eters at a 1.6 mixture ratio condition while maintaining the 1.57 fuel flow distribution. The

resulting injector design is pictured in Figure V-126. This injector has been designated as

TU-6. Design details of this injector and the previous injectors.are given in Appendix C.

(2) Injector Test Results - Columbium Chamber

Injector TU-6 was fire tested in the second radiation cooled columbium

chamber S/N 2.

The test series on injector TU-6 consisted of 27 tests and was conducted
i

to determine injector performance and chamber surface temperatures. Of these 27 tests, 22

:".were conducted in the modified configuration with the injector identified as TU-6A. This modi-

fication consisted of orificing the central fuel tube feeding the inner ring of fuel orifices. This

resulted in a more axial spray pattern by increasing the flow impedance to the inner fuel

orifices.

The performance of this injector is shown in Figure V-127 with an average

c* of 5,_,0 ft/sec at a mixture ratio of 1.6. The combustion efficiency is 94.5% of the shifting

,,_ ..... _,,_ to a I = ° ............ at a 40:1 area ratio. The average c*
sp

at a mixture ratio of 1.4 is 5460 ft/sec or 96.5% combustion efficiency and an I = 296 seconds.
sp

Each data point is plotted as an ellipse to indicate maximum data error, allowing for a mixture

ratio error of+ 1.03% and a c* error of 1.28%. The maximum temperature obtained during a

stabilized 30 second duration test was 2340°F at the throat and 2360°F at the convergent nozzle

section. The average throat temperature was 2220°F with a minimum temperature of 2050°F.

The comparison of the performance-temperature characteristics of this injector with the

previous injectors is shown in Figure V-128. The temperature stability characteristics of the

throat station is shown in Figure V-129, and the temperature profile of the entire chamber at

four different stations along the chamber and at six positions around the circumference is

shown in Figure V-130.

All performance data were corrected for throat expansion and location of the

chamber pressure pickup. (Chamber pressure was sensed at the injector face and corrected

for total pressure at the nozzle).
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A tabulation of the test data for injector TU-6A is shown in Table V-14.

The results of testing the TU-6 injector in the "as fabricated" configuration

resulted in temperatures similar to those obtained when modified with performance approxi-

mately 1% lower.

This injector design definitely meets the original objective to obtain perfor-

mance in excess of 5350 ft/sec characteristic velocity (290 second specific impulse at an area

ratio of 40:1) with low wall temperatures. The average calculated driving gas temperatures

for this injector is approximately 2700°F, derived from the average temperature measurements

of 2300°F in the radiation cooled condition. Further definition of this driving gas temperature

will be made later in this section during demonstration testing of the insulated chamber.

3. Adiabatic (Insulated) Wall Demonstration

a. Injector TU-3B - Columbium Chamber

To initially demonstrate the feasibility of running a refractory metal thrust

chamber at essentially adiabatic wall conditions, injector TU-3B was installed in the columbium

test chamber S/N 1. This chamber was then installed into an insulated shell assembly. The

shell assembly was filled with alumina bubbles to provide an insulated barrier between the

thrust chamber wall and the external surface of the assembly. The thrust chamber/shell assem-

bly is shown schematically in Figure V-131. The shell assembly was fabricated in segments to

permit satisfactory installation of thermocouple leads to the barrel and nozzle sections of the

thrust chamber. A photograph of this assembly installed on-the test stand is shown in Figure

"T7 190
V -- .I.t.P C.a.

During the test firings, temperatures were monitored on the chamber, nozzle,

injector plate, shell assembly (internal wall) and the insulation at the external wall. The thermo-

couple locations are shown in Figure V-131. To supplement the thermocouple temperature

measurements on the thrust chamber, a viewing port (see Figure V-131) was provided through

the shell assembly to permit the use of an optical pyrometer.
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To preclude any forced convective cooling cf the chamber during firings,both

ends of the shell assembly were sealed in a manner such that only a small gap existed between

the shell end plates and the chamber. The narrow annulus (gap) was required to allow thermal

expansion of the columbium chamber during firings.

Injector TU-3B was selected for use in the adiabatic wall demonstration test

series. The exceedingly low heat rejection characteristics (approximately 0.9 BTU/sec/in. 2)

of this injector together with improved "hot wall" performance made this injector the most

likelycandidate for the first adiabatic wall tests. Three firings were made, the firstbeing a

5-second duration performance check run. The second firingwas a 60-second duration run at

a 1.55 mixture ratio with an average nozzle temperature below 2000°F. The third test was a

120-second duration firingat a 1.32 mixture ratio. The mixture ratio was shifted to a more

fuel rich condition since previous tests indicated TU-3 injector tended to yield higher perfor-

mance at lower mixture ratio operation. The testproduced a c* increase of 2 percent while the

average nozzle temperature remained slightlybelow 2000_'F. Average temperature profiles

for the third (120-second) test are presented in Figure V-133. Itwill be seen that the chamber

and nozzle temperatures stabilizedduring the duration of the test while the temperature of the

shell and the injector did not. There was also a very gradual rise in the insulation temperature.

In other words, the system had not reached a thermal equilibrium condition. The range of

temperatures measured at the 120-second point of the run for each of the assembly components

is shown in Figure V-134. A summary of the performance data from each of the three firings

is presented in Table V-15. A post-fire examination of the columbium chamber revealed that

the chamber internal oxidation resistant coating remained in excellent condition.

b. Injector TU-6A - Columbium Chamber

This injector was tested in the columbium chamber S/N 2 using the same insu-

lated shell assembly filled with alumina bubbles as described above.

Three test firings were conducted in this "buried" configuration consisting of a

5 second, 30 second and 240 second duration test. The same chamber thermocouple installation

was used as during the radiation cooled fire tests (24 thermocouples) with four thermocouples
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/

TABLE V-15

MODE L 8374

TEST DATA SUMMARY

ADIABATIC WALL THRUST CHAMBER TESTS

Injector TU-3 Test Assy 8374-470060

Columbium Chamber S/N 1

Run L.O.R.

No. sec

2141 10.5

2142 61.0

2143 .121.0

iData Pt.

see

i0.0

10.0

30.0

60.0

10 •0

30.0

60.0

90.0

120.0

WF

lb/sec

0.140

0.140

0•140

0.139

0.147

0.147

0.147

0.147

0.147

W
ox

lb/sec

0.216

0.218

0.217

0.218

0.197 •

0.195

0.194

0.193

0.194

Wtotal

lb/sec

0.356

0.358

0.357

0.357

0.344

0.342

0.341

0.340

0.341

O/F

Ratio

1.54

1.55

1.55

1.56

1.33

1.32

1.32

1.31

1.32

P
C

psia

c*
cor

ft/sec

5025

4960

4940

4950

79.8

79.3

78.7

78.5

77.7

76.9

76.8

76.4

76.3

vv_v

5060

5065

5050

5040

Avg Nozzle

Temp. °F

1643

1569

1917

1944

1607

1901

1922

1915

1919
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inserted in the alumina bubbles at 1-1/4 in. from the chamber wall. A water-cooled coil was

attached to the injector flange to cool the chamber-injector velbestos gasket. The temperature

profile for the 4 minute "buried" test is shown in Figure V-135 with three views of the test

setup shown in Figures V-136, V-137, and V-138.

A tabulation of the test results is given in Table V-16. The throat temperature

was stabilized at a maximum of 2701°F with an average temperature of 2644°F.

The results of these tests show the feasibility of the insulated concept and the

resultant low driving gas temperature and high performance of this unbalanced injector.

Run No.

(Cell B-2)

TABLE V-16

INJECTOR TU-6A - COLUMBIUM CHAMBER

"BURIED" TESTS

(Data corrected for throat expansion and contraction ratio)

Run Dur. Data Pt c* PcC

(sec) (sec) (ft/sec) (psia) O/F

2239 5

2240 30

2241 240

5.0 5432 79.9 1.59

5.0 5418 79.9 1.60

15.0 5438 79.9 1.61

30.0 5411 79.6 1.62

30.0 5395 79.2 1.63

60.0 5388 79.1 1.63

120.0 5367 78.9 1.64

180.0 5352 78.8 1.64

240.0 5350 78.6 1.64

Nozzle Temp. (OF)
Min. Ave. Max.

2132 2313 2482

1992 2310 2470

2330 2514 2636

2550 2610 2678

2582 2636 2694

2592 2644 2701
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Figure V-50. Water Cooled Start Chamber
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Figure V-54. H20 Cooled Start Chamber
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Figure V-58. Columbium Start Chamber
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Figure V-59, Model 8374 Start Chamber 
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Figure V-60. Columbium Start Chamber S/N 2 
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Figure V-61. T-1 Injector 
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Figure V-63. TF-2 Injector 
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Figure V-65. TU-3 Injector 
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Figure V-69 TS-4 Injector 
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F i e r e  v-73. Typical Installation of Injector in Yater Cooled Chamber 
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MATERIALS AND COATING EVALUATION

1. Thrust Chamber Materials

Alloys of columbium, tantalum, and molybdenum were considered for this application.

The molybdenum alloys were not chosen because the operating temperature, 2800-3500°F, is

above their recrystallization temperature. Recrystallization of molybdenum raises the ductile-

to-brittle transition temperature, which is an undesirable condition for cyclic conditions. In

addition, its welding characteristics are poor, especially when compared to the columbium and

tantalum alloys. Since welding is the main method of joining to be used in the fabrication of

this engine, reliability would be questionable with molybdenum welds.

A columbium alloy, Cb 291 (10% Ta, 10% W) is desirable for temperatures up to

3000°F. Short-time creep tests at Bell Aerosystems have shown that, based on a strength-to-

weight ratio, the Cb 291 alloy has an advantage over Ta-10W up to approximately 3100°F. Cb

291 was chosen instead of other columbium alloys for the same reason. Above 2500°F, other

high strength alloys such as Cb 752, have lower short-time creep properties.

2. State-of-the-Art Coatings

The coating which can be utilized for Cb 291 is a modified siHcide type developed by

GT&E. This coating system has been tested in actual engine firings at Bell Aerosystems in

two engines at 2800-2900°F for durations of 15 minutes under various mixture ratio conditions

and under a classified Air Force contract to temperatures in excess of 3200°F for short periods.

The expected life under actual service conditions can only be determined by actual

firings, but a degree of success can be estimated. Torch tests on silicide coated Cb alloys

show that the life increases at a parabolic rate as the difference between the test temperature

and the melting point of the coating increases.

Temperature °F

Approximate
Hours to Failure

3200 1

3100 8

2900 50

2700 80

2500 100
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These values are based on tests conducted at GT&E. Based on the firing experience at Bell,

which has yet to show a failure with this coating on radiation cooled chambers at 2800_F, an(I

torch tests which show one hour to failure at 3200°F, it is reasonable to expect at least oae

hour service life at 2800-3000°F.

The stability of the silicide coating under vacuum conditions has been studied and no

problem is foreseen. The coating on the combustion side of the chamber is at temperature

under reduced pressures only upon shutdown. The time at which the temperature is in excess

of 2500°F is approximately 20 seconds after even steady state firing. Moreover, pulsing will

not result in temperatures above 2500°F under most duty cycles.

3. Advanced Coatings

Early in the program a survey was made of major coating vendors to investigate

advanced state-of-the-art coating systems for possible application to the prototype engine design.

The present coating systems provide oxidation resistance to a temperature value of approxi-

mately 3000°F for long term usage. Coatings capable of withstanding temperatures in excess

of 3500°F would assure a thermal margin for earth storable propellants and possible applica-

tion to higher energy propellants.

Initially, no new coating processes appeared attractive for direct application on

refractory metal chambers.

a. Hafnium-Tantalum Clad Coating (IITRI)

During the second quarter of this program, IIT Research Institute, Chicago,

Illinois was contacted in regard to the hafnium-tantalum clad alloy material they were evalu-

ating under a NASA contract. This coating system incorporated a hafnium-tantalum alloy

coating clad to a 90% tantalum - 10% tungsten alloy and showed promise of providing oxidation

protection above 3500°F. Techniques had been developed by IIT Research Institute to fabricate

hafnium-tantalum clad nozzle inserts by hot spinning. An order was placed for one chamber

for fire test and evaluation. This chamber incorporated a hafnium-tantalum coating clad to

both the external and internal surfaces of the 90% tantalum - 10% tungsten substrate.
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Since the chamber was spun to an existing set of vendor tools, some adaptation

was necessary to permit one of the existing test injectors to be assembled to the experimental

thrust chamber. As a consequence, a water-cooled adapter section was fabricated to make the

transition between the injector and the hafnium-tantalum clad chamber. The drawing in Figure

V-139 illustrates the manner in which this transition was accomplished. In addition, this

figure also indicates the type and location of the thermocouples used during the subsequent

test firings. The photograph in Figure V-140 shows the assembled thrust chamber on the test

stand prior to firing.

The injector selected for use with the hafnium-tantalum clad chamber was serial

number TF-2 without film cooling flow. An adequate test history had been established for this

injector during previous test firings in the water-cooled and columbium thrust chambers. In

addition, the injector had been fired without film cooling flow in the columbium chamber for a

sufficient duration (including a 30-second test) to achieve thermal equilibrium conditions with-

out damage to the chamber coating. Steady-state temperatures for this run were in the order

of 2800 to 3000°F. For these reasons, TF-2 injector was selected to provide a relatively uni-

form high temperature combustion atmosphere for the hafnium-tantalum clad chamber.

Three firings were made with the chamber in a free radiating condition. The

initial firing was a 5-second duration performance check to establish mixture ratio and total

flow conditions. The throat area on the test chamber was slightly smaller than that on the

columbium (80 psia chamber pressure) thrust chamber. It was decided to maintain the rated

total flow of the injector (at a 1.6 mixture ratio) and accept a somewhat higher chamber pres-

sure in the hafnium-tantalum alloy coated chamber. In this manner, the atomization and mixing

of the TF-2 injector would be relatively unchanged assuming that the increased back pressure

(approximately 20 psi additional chamber pressure) would have only a secondary effect on

these characteristics. It was further reasoned that the injector performance and heating rates

would not be drastically altered.

A second firing was made for 10 seconds duration to observe the heating patterns

prior to subjecting the chamber to a long duration run. The chamber and coating were closely

examined at the end of each of these two test runs. No damage to the coating was observed.
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The third and final run was made at a mixture ratio of approximately 1.6 and a chamber pres-

sure of slightly more than 100 psia. The run was terminated at the end of thirty-four seconds,

at which time the thrust chamber skin temperatures appeared to have stabilized. Examination

of the nozzle throat following this run indicated internal coating damage slightly upstream of

the nozzle throat station. Further test plans were terminated. Figure V-141 shows the thrust

chamber on the test stand following this test series.

A tabulated summary of the test data for the three hafnium-tantalum clad cham-

ber firings is presented in Table V-17. Temperature profiles for the nozzle and chamber

barrel appear in Figures V-142 and V-143. It can be seen that the barrel section of the thrust

chamber stabilized between 2800 to 2900°F. Temperatures in the nozzle appear to have stabi-

lized in a range slightly higher. Temperature measurement became more erratic at the throat

station due to the apparently higher temperatures; however, the general range of temperatures

would seem to be between 2800 and 3150°F. The results from the optical pyrometer are higher,

with a maximum temperature of nearly 3300°F indicated. It should be noted that a surface

emissivity of 0.825 was assumed in determining optical pyrometer temperature data.

A review was held at IIT Research Institute to discuss the test results on the

hafnium-tantalum clad chamber and to determine the cause of damage to the internal coating

during this test series. A photograph of the two halved sections revealing the defect areas is

shown in Figure V-144.

External damage to the hafnium-tantalum clad was also noted in regions where

the thermocouples were resistance welded. The type of reaction encountered between the

thermocouples and the chamber surface is shown in Figure V-145.

Various metallographic specimens wexe prepared to aid in determining the cause

of the defects. A photomicrograph of the large defect area is shown in Figure V-146, revealing

the oxidation of the base metal Ta-10W and some undermining of the Hf-Ta alloy on the down-

stream edge of the defect. The effect of the thermocouple reaction on the outside surface of

the chamber is also shown. Further analysis of this section showed the thermocouple reaction

zone extended into the base metal Ta-10W to a maximum depth of approximately 0.009 inch
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or less than 1/5 the thickness of the base metal. The small defect area was also examined,

revealing the presence of a loose piece of Hf-Ta alloy with the indication of some cracking in

the diffusion zone between the Hf-Ta alloy and the pure Ta barrier. Photomicrographs of this

area are shown in Figure V-147.

Although a definite cause of the defects could not be determined at this time it is

more likely that they were attributed to either the formation of cracks along the diffusion zone

and thereby allowing separation of the Hf-Ta alloy; or by the effect of the thermocouple reaction

from the exterior surface of the chamber.

Two additional hafnium-tantalum clad chambers were ordered from IIT Research

Institute. During the spinning of each blank, cracking was encountered in the nozzle section

resulting in unusable chamber sections. Since minor revisions were made in the fabrication

cycle of these two chamber sections, two replacement chamber sections were fabricated

following the original procedure. Both replacement chamber sections were spun satisfactorily

and were received at Bell on August 26, 1965. Both chambers were preoxidized after the

spinning cycle and showed no evidence of undesirable surface checking. One chamber is ap-

proximately one quarter inch longer than the other, as shown in Figure V-148. Figure V-149

reveals the finish on the inside surface of the chamber and convergent nozzle sections. The

longest chamber will be fire tested; the second chamber will serve as a spare.

The chamber was assembled to the aluminum water-cooled adapter section and

fire tested, using the 8-element, balanced injector TF-2A. This same adapter section and

injector was used during the evaluation of the first hafnium-tantalum clad chamber.

Five firings were made with the chamber in a free radiating condition at sea

level conditions. No thermocouples were used due to the possibility of contaminaticn, but one

optical pyrometer was positioned to measure the surface temperature at the throat station (at

3:00). The test series consisted of the following firings: two 3-second tests, one 10-second

test, one 30-second test, and one 36-second test. A tabulation of the test data is given in Table

V-18. The chamber was visually inspected following each firing with very slight throat erosion

noted after the 30-second test. The last test was shut down at 36 seconds due to indications of
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throat erosion. Postrun inspection revealed severe erosion at three locations in the throat

region with a small "burn through" at the 3:00 position. The condition of the chamber following

this test series is shown in Figures V-150 through V-152.

No additional testing of this type of chamber is planned during this program.

b. Hafnium-Tantalum Coating (Slurry Process - GT&E)

The Sylcor Division of GT&E evaluated a slurry-applied hafnium-tantalum

coating on a tantalum-10% tungsten substrate and on a columbium substrateo Results of oxy-

acetylene torch tests on various test coupons showed very satisfactory results with good

adherence and high density indicated.

A columbium chamber was fabricated including grooved thermocouple rings

coated by GT&E and tested at Bell under Bell sponsorship.

Two test series were performed on this chamber at sea level conditions. The

first series was conducted using the unbalanced injector TU-6A with the chamber insulated with

a columbium shell and alumina bubbles. The expected chamber temperature under these con-

ditions is approximately 2700°F. This series consisted of one 5-second_ one 10-second, one

30-second, and one 240-second test accumulating a total of 285 seconds° One optical pyro-

meter was used to measure the throat station temperature at the 3:00 position. No thermo-

couples were attached to the chamber but eight thermocouples were used for monitoring the

columbium insulation shell temperature and the insulation, chamber flange_ and injector temp-

erature. A summary of the test data from this series is shown in Table V-19. The installation

of the chamber in the test cell following this series is given in Figure V-153. Three views of

the chamber after removal from the test stand are shown in Figures V-154 through V-156.

A postrun inspection revealed no internal erosion. Oxidation of the exterior surface occurred

near the convergent nozzle section at the thermocouple rings at the 9:00 position. These rings

were provided for the possible installation of thermocouples for future tests. It appears that

adherence of the coating was not completely satisfactory at the sharp corners of these rings,

resulting in apparent oxidation of the substrate.
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The second test series was conducted under free radiation conditions using

injector S/N TF-2A° This allowed visual observation of the exterior surface of the chamber

while subjecting the chamber to temperatures near 3000°F. This series consisted of five tests

accumulating 139 seconds. The total accumulated time on the chamber is 424 seconds° The

duration of each test was as follows: 5, 10, 30, 45, and 49. The chamber was visually inspected

after each test_ with slight erosion of the throat noted after the 45-second test. The last test

was shut down at 49 seconds due to erosion in the throat region° Postrun inspection revealed

severe internal erosion at the throat at the 3"00 position, and erosion in the chamber section

at the 1:00 and 5:00_. External oxidation is extreme at the 1:00 and 5:00 lp___als_o

Two views of this chamber following the test series are shown in Figures V-157

and V-158. No further testing is planned at this time.
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Figure V-145. hafnium - Tantalum Chamber - Exterior f hermocouple 
fieaction After Fire Test 
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Figure V-148. Liafnium - '2ar;taluin Chambers After Epiming 
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Figure V-149. hafnium - Tantalum Chambers After Spinning 
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Figure V-151. i5afnium - Tantalum Clad Chambers After Fire Test 
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r'igure V-152. Bafnium - Tantalum Clad Chambers After Fire Zest 
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Figure V-154. hzfniuin - Tantalum Coated Chamber (Columbium) Sylcor Slurry Process 
Accumulated Fire Test Time of 285 See 
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HAFNIUM-TANTALUM COATED CI-IAIVfBER 

SYLCOR SLURRY PROCESS 
(COLUMBIUM) 

Figure V-155. Hafnium - Tantalum Coated Chamber (Columbium) Sylcor Slurry Process 
Accumulated Fire Test Time of 285 Sec 
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Figure V-156. Hafnium - Tantalum Caated Chamber (Coluinbium) Sylcor Slurry Process 

- 
Accumulated Fire Test Time of 285 Sec - 
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Figure V-157, Xafnium - Tantalum Coated Chamber (Columbium) Lylcor Slurry Process 
Accumulated Fire Test Time of 424 9ec 
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Figure V-158. 4afnium - Tantalum Coated Chamber (Columbium) Sylcor Slurry Process 
Accumulated Fire Test Time of 424 Sec 
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F. INSULATION EVALUATION

High temperature insulation systems were investigated for applications to the prototype

engine design. Tables V-20 and V-21 list the various insulation materials that were studied : _: : l:

initially. Of these insulation materials three were selected based on their high temperature

capability, thermal conductivity properties, density, predicted compatibility with the coating

systems, and packaging characteristics. A thermal analysis discussed previously showed the

feasibility of a composite insulation system. Alumina bubbles {aluminum oxide spheres) and

graphite fibers were selected as the high temperature (3500°F) materials and Dyna-Quartz

(modified Quartz Felt) as the lower temperature and lower thermal conductivity material.

1. Temperature Capability

Laboratory evaluation tests were conducted on graphite fibers (H.I. Thompson

Company) and alumina bubbles (Carborundum) to determine the stability and integrity at

anticipated temperature-pressure environments. Each material was evaluated at 10_._ 100_£

and 3500 _£ pressure at approximately 3500°F for one hour.

a. Results

The graphite fibers experienced no observable deterioration during the test

exposures. After testing, the fibers were soft and flexible and showed no powdering. T_ere

was very little compacting of the fibers. There were no visual differences Jn the fibers exposed

at the three different pressures. However, weight loss data indicates that some oxidation may

have occurred, and that this o_dation increased with the increase in test pressure.

The hollow alumina bubbles experienced a small degree of melting at the inter-

face with the hot heater rod. This indicates a melting point for the bubbles of approximately

3500°F. The bubbles immedia_ly adjacent to the zone of melting did not melt. There were

no observable differences in the bubbles exposed to different pressure levels. Some clumping

of bubbles occurred near the hot zone; however_ this was limited in scope and should present

no serious problems during possible service use.
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Both insulation materials performed satisfactorily. An alumina bubble system

offers an advantage _n being oxidation resistant at high temperatures. However_ the graphite

fibers offer lower thermal conductivity and density and are easier to handle, and are service-

able at higher temperatures.

b° Test Procedure

The insulation materials were placed in a quartz tube_ 3 inches long x 25/32

inch diameter. A solid tungsten or solid graphite heater rod, 1-1/8 inch long x 3/8 inch

diameter, was centered in the tube with the insulation around it. A graphite rod was used for

the graphite fiber test while tungsten was used for the alumina bubbles. A foamed zir:aonia

block supported the heater rod and insulation at the bottom. The top of the rod was left ex-

posed with the insulation leveled off at that point. The insulat!on_ the heater rod, and the quartz

tube and zirconia foam blocks were weighed before and after testing°

The heater rod was heated by a high frequency tube generator {Model T-25-3,

Lepel High Frequency Laboratories). The quartz tube with the rod and insulation were in-

stalled in a water cooled vacuum chamber, The induction work coil was placed around the

quartz tube. The pressure inthe chamber was reduced and held at the req_red level.

The heater tube was then heated to the req_red temperature. The temperature

was measured with a Leeds and Northrup optical brightness pyrometer (Model 8622)o Emissivity

corrections were made to insure an accurate test temperature. An exposure period of one hour

was used for each test.

2. _ Compatibility Tests

Preliminary laboratory tests were performed with graphite fibers and alumina bubbles

to determine their compatibility with hafnium-tantalum, tantalum-tungsten_ tantalum, and

columbium. The tests were conducted at 1 _£pressure and at 3200°F for 1/2 hour. A sample

of each of the four refractory metals was installed in two ceramic crucibles and covered

entirely with either graphite fibers or alumina bubbles. The results of the above evaluation are

as follows:
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Graphite Fiber Alumina Bubbles

Hafnium -tantalum Fair Fair

Tantalum-tungsten Fair : Good

Tantalum Poor Poor

C olumbium Poor Good

Poor - oxidation or decomposition of the refractory metal noted.

Fair - slight discoloration of refractory metal.

Further evaluation of the compatibility of carbon fibers, alumina bubbles_ and

Dyna-Quartz with the columbium alloys and Hf-Ta clad on a Ta-10%W substrate was con-

tinued. Although silicide coated SCb 291 columbium alloy was preferred, all silicide coated

specimens were 752 columbium, due to availability. The chemical composition of the 508-C

silicide coating is very similar, whether applied to 752 Cb or SCb 291.

These alloys were exposed to temperatures of 2600, 3000 and 3200°F with and with-

out the three insulation materials. Bend tests were also performed.

The test conditions and observations of these compatibility tests are shown in Table

V-22. The results of the bend tests are given in Table V-23.

Based on the metallurgical examination and bend tests of the exposed specimens,

the following conclusions were reached:

(a) The columbium alloy when coated with the 508-C silicide coating is more

compatible with the insulation materials than when uncoated.

(b) The Dyna-Quartz and alumina bubbles are more compatible with the coated

columbium alloy than are the carbon fibers. Dyna-Quartz appears to be slightly

more compatible than the alumina bubbIes°

(c) The compatibili oty of the Hf-Ta clad material with the insulation materials is

somewhat questionabie_ possibly due to the effect of the uncoated edges.

(d) In some cases, where the external surfaces appeared unattacked and shiny_

the material had still become embrittled, as indicated by the bend tests.

(e) The columbium alloy when uncoated became more embrittled than when coated.
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TABLE V-23

BEND TEST RESULTS

6

Sample

SCb-291

As received

SCb-291 Heated 1/2 hour in vacuum -

no insulation

SCb-291 Heated 1/2 hour with A1203
bubbles in vacuum

Coated Cb-752 GT & E modified

silicide coating (as received)

Coated Cb-752 (GT & E modified

silicide coating). Heated 1/2 hour

in Argon with no insulation

SCb-291 - 1 hour in 8 mm insulated

with A1203 bubbles

Coated Cb-752 (GT & E modified [:/:_

silicide coating) 1 hour in 8 mm air

insulated with A1203 bubbles

Cb-752 alloy
as received

Cb-752 Coated with GT & E modified

silicide, insulated with Dyna-Quartz,
in 8 mm air.

Results

Bent to form a "U"

Brittle - broke without noticeable

deflection

Brittle - broke without noticeable

deflection

Bent to 90 ° without fracture

Crack after slight deflection

Very brittle - shattered when cutting

Crack after slight deflection

Bent to "U" shape

Bent to better than 90 ° without cracking
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G. PROPELLANT VALVE DESIGN

1. Vendor Survey

Design requirements were prepared as follows and issued to Moog, Parker,

National Water Lift, Sterer, and Hydraulic Research as proposal requests:

o

1

Bipropellant Valve

Design Attribute

Operating Pressure

Proof Pressure

Burst Pressure

Operating Fluids

Fuel

Oxidizer

3. Energized Time

o Response Time

Open

Closed

5. Cycle Life

o Rated Flows

Fuel

Oxidizer

7. Pressure Drop

8. Operating Voltage

9. Power Requirements

Bell Aerosystems

Requirements

300 psig

450 psig

6OO p_ig

MMH

N204

3600 seconds of continuous

operation at 30 VDC

0.005 second maximum

at 18 VDC

0.005 second maximum

at 18 VDC

50,000 cycles minimum over

period of one year

0.14 pound/second

0.20 pound/second

50 psi each side (assumed to

be maximum)

18 - 30 VDC

Keep to minimum
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Bipropellant Valve

Design Attribute

10. Downstream Volume

11, Weight

12. Internal Leakage

13. a. Valve Position

b. Simultaneous

Operation

14. Operating Temperature

Range

15. Mounting Interface

16. Redundant Features

Coil

Seats

Bell Aerosystems

Requirements

Low as possible

Low as possible

5 cubic centimeters/hour

N2 gas mixture each side

over entire cycle life

Normally closed

Within 0.001 second

-40°F to +160°F

Required

Desirable

Proposals were received from Moog, Inc., Parker Aircraft Co. and National Water

Lift Co. In addition, in conjunction with the work being done on another engine proposal for

NASA-MSFC, two other proposals were received, one from National Water Lift and one from

Vickers Incorporated. Drawings of all five valves are shown in Figures V-159 through

V-163. Cutaway sketches of the Moog and Parker valves are given in Figures V-164 and

V-165, respectively. It should be noted that the sketch of the Moog valve does not reflect

the most current design.

2. Propellant Valve Rating

A complete rating of all five valve designs has been made. The rating system has

a maximum score of 485 points and is shown in Figures V-166 and V-167, which also include

the scoring breakdown of each valve design.
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Using the rating system, the following scores were established:

Moog, Inc._ ._i._ :

Parker Aircraft

Vickers

National Water Lift (Biprop.)

National Water Lift (Dual Sol.)

436

414

360

351

340

It is obvious that, the Moog and Parker valves are very comparable.

3. Propellant Valve Selaction

The Moog birpropeUant valve was selected for use on the prototype engines, based

on corot ¢0_tdelmtlons and results of tests by NASA-Houston on similar propellant valves.

The design requirements eltablished for 100 pound thrust Moog bipropellant

valve are as foUowsz

(1) Nominal Working Pressure:

Rated Operating Pressure_
Proof Pressure:

Burst Pressure:

(2) Operating Media:

Fuel:

Oxidizer:

(3) Flow Rates:

Fuel:

Oxidizer:

(4) Voltage_

18.0 to 30.5 VDC

350 psig

500 psig

750 psig

1,000 psig

iM_et_Plh_ri_ (S,G, = 0.87 at +70°F)

Nitrogen Tetroxide (S.G. = 1.445 at +70_F)

0.14 lb/sec MMH atAP = 45 + 4 psi

0.20 lb/sec N204 atAP = 45 ± 4 psi

(5) Current: The maximum allowable current drain shall be 2.5 amperes.

(6) Excitation Circuits: The valve shall not contain or require the use of

electronic driving or switching circuits to meet the performance require-

merits he rein.
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(7) Insulation Resistance: I00 megohms minimum at 500 ± 50 VDC.

(8) Response: Maximum of 0.005 second to open or close at ambient atmos-

spheric conditions w_th 350 psig inlet pressure and 28 VDC applied voltage.

The valve shall operate with 500 psig inlet pressure and 18{0 to 30.5 VDC

applied voltage.

(9) Simultaniety: The fuel and oxidizer sides of the valve shall actuate simul-

taneously or within +0.001 second of each other.

(1D) Maximum "On" Time: 3600 seconds without any damage to the valve while

flowing propellants per Item 3.

(11) Leakage:

External:

(12)

(13)

(_4)

Zero when checked with nitrogen gas to five minutes

(minimum) at the proof pressure (750 psig).

Internal: The leakage rate from either propellant section shall

not exceed 5.0 scc/hr of nitrogen gas when checked for
a minimum duration of 12 minutes with inlet pressures

from 0 to 350 psig. The leakage rate with inlet pressures

from 350 to 500 psig shall not exceed 8.0 scc/hr of nitro-

gen gas.

Cycle Life: 50,000 cycles over a one (1) year period.

Ambient Operating Temperature Range: -40°F to +160°F

Soakbaek Temperature: The estimated sDakback temperature at the valve

outlet, due to engine firing, is +260°F (after shutdown).

Filtration: Each propellant section shall contain an integral stainless steel

filter located between the inlet port and the shutoff point. The filters shall

have ratings no higher than 20 microns nominal and 35 microns absolute..

The total filter area shall be greater than 1.0 square inch.

(15)

(16) Vibration:

Sinusoidal:

5 - 47 cps at 0.052 in, double amplitude

47 - 200 cps at 6.0 gpeak

200 - 260 cps at 0.0029 in. double amplitude

260 - 2,000 cps at 10.0 g:peak

The frequency range shall be scanned logarithmically at a rate of 1.0

octave per minute from 5 cps to 2,000 cps and back to 5 cps in each of

three mutually perpendicular axes.
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Random:

20 - 85 cps at 0.065 g21/cps

85 - 280 cps at 6.3 db/o_tave

280 - 1,000 eps at 0.8 g2/cps

1.000 - 2,000 cps at -12.0 db/octave

2,000 cps at 0.05 g2Jcps

Random excitation shall be for a duration of 12 minutes in each of three

mutually perpendicular axes.

(17) Shock: 20 g peak of half sine wave form for a 10 millisecond duration in

each of three mutually perpendicular axes. In addition,the valve shall re-

main intactupon receiving a shock of 78 g applied in terminal sawtoot,h_

wave for an 11 i 1 millisecond duration.

(18) Acceleration; The valve shall operate during and after a sustained accelera-

tion environment of _20 g for a 120 second duration applied in any of three

mutually perpendicular axes.

(19) Construction: The valve shall utilizewelded jointsas much as practical.

(20) Porting: Each inletport shall be a 1/4-inch tube size port similar to MS-

24385, and shall be capable of accepting a Lee Jet orifice insert. The outlet

porting shall consist of a flat faced, bolt-on manifold type connection.: _ :

(21) Residual Volume: The residual propellant volume downstream of the valve

seats shall be kept to a minimum consistent with the requirements herein.

(22) Materials. Materials of metal parts which are in contact with the propellants

shall be 304, 304L, 316, 17-4, 17-7 or stellite 25 corrosion resistant steel.

(23) Fastening: All screw fasteners shall be locked by safety wire or other mutu-

ally approved methods.

(24) Identification: Identification of the fuei and oxidizer sides of the valve shall

be clearly and permanently marked on the valve.

4. Evaluation of a Welded Propellant Valve - Injector Interface

A review was made of welding the Moog bipropellant valve to the injector assembly.

The Hamilton Standard Co., who design and manufacture electron beam welding equipment,

and the Electron Standard Co., who do a considerable amount of electron beam welding, were

contacted concerning several "novel" welding approaches. As a result, a highly simplified

valve/injector joint has been generated. The joint, shown in Figure V-168, is produced with
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only one weld pass or setup. In this concept, the electron beam, directed perpendicular

to the two barrel sections in View A-A, is set up to pass through the barrels. This pro-

duces a weld joint completely surrounding each flow passage. Allowance for weld splatter

in the flow passage is provided by locally enlarging the passage.

Figure V-168 also shows a method of complete welding of the Moog bipropellant

valve. This is a highly practical method since it provides the capability- of holding and re-

moving the valve seat before welding. This is provided by an assembly plate which is not

a part of the final valve assembly, when the seat fabrication and assembly is satisfactory

(primary leakage considerations), the seat retainers are tack welded to the valve body

through holes in the assembly plate. The plate is then removed and the complete weld is

made.

5. Propellant Valves - 5 to 1000-Pound Thrust Range

The performance characteristics of bipropellant valves over a 5 to 1000-pound

thrust range were studied and a list of some pertinent parameters is shown in Figure V-169.

The last item in Figure V-169 lists a throttle valve made by the Fox Valve De-

velopment Co. A detailed description of this valve is given in the subsequent section.
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Figure V-159. Moog Bipropellant Valve
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Figure V-165. Parker Bipropellant Valve 
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Vendor

Design Item

General Design:

1. Type Actuation

2. E nve lope

3. Weight

4. Reliability

5. Contamination

Sensitivity

Detail Design:

6. Valve Operation

7. Design Simplicity

8. Response

9. Power Require-
ments

10. Pressure Drop

11. Seat Leakage

Max.

Possible

Rating

10

2O

25

30

25

30

3O

25

2O

2O

25

National Water Lift (Biprop)

Comments

Conventional solenoid. Rock-

ing yoke connection to poppets.

3.0 x 1.3 x 1.9 plus 1.0 dia x

2.25 for solenoid.

1.0 lb (estimated)

Unknown - valve not yet built.

Uses metal seats. Thus highly

sensitive. No protection
filters.

Not pressure balanced. Metal

diaphragm seal. Helical

spring keeps valve closed.
Sliding piston in actuator as-

sembly not too good. Dry op-
eration possible.

2 stroke adjust points. Indirect
operation. 18 main valve and

actuator parts.

0.005 sec to open or to close.

_80 watts (28 vdc) primary.

_28 watts (28 vdc) secondary.

Not important since a drop of

50-75 psi is required.

Flexible Ball Poppet. Claim

"<5 scch GN 2 but is doubted.

Rating

25

15

25

24

24

18

18

18

Report No. 8374-9330004

National Water Lift (Dual Solenoids)

Comments

Two solenoids individually

operated. Coaxial approach.

4.6 x 5.0 x 2.0

3.0 lb (estimated)

Unknown - valve not yet built.

Uses metal seats. Thus highly

sensitive. No protection
filters.

Not pressure balanced. Sep-

arate solenoid for each

side. Not tied together mech-

anically - simultaneous opera-

tion not insured. Coil springs

keep valve closed. Dry opera-

tion possible.

No adjustment points. Direct

operation. 16 main valve and

actuator parts.

_0.005 see to open or to

close.

112 watts (28 vdc) primary.

56 watts (28 vdc) secondary.

Not important.

Flexible ]3all Poppet. Claim

< 5 scch GN 2 but is doubted.

15

15



_ELL AE ROSYSTEMS COMPANY

MOOG Servocontrols [

..... ! i
_ j
I ,

Comments IRating!

I

iorque motor - specialized
_aterials Direct angular

_ovement. Requires use of

urrent limiter.

I0 x x plus

3.7 2.9 outlet

anifold.
5 lb {estimated)

,000,000 cycles on flexure
leeves. 700,000 cycleson

i'alve.

lTairlv small seat with 0.022

Stroke. Salts can be collected

by sleeve. Not as bad as

_'bellows.

iNot pressure balanced. Flex-
iure sleeve isolation. Perman-

ient magnet and flexure spring

irate keep valve closed. Dry

Ioperation possible.

2 stroke adjustment points.

Direct operation. 15 main

vah'e and actuator parts.

<0.005 sec to open.

<0.005 sec to close.

28 watts (28 vdc) primary.

28 watts (28 vdc) secondary.

Not important - However drop

within _:3 psi can be easily ad-

justed during assembly.

Fixed poppet and seat. 0 scch I

i

GN 2 Demonstrated. Never I_2.0 scchGN 2. ,- "

18

22

30

25

3O

30 •

24

2O

2O

25

Parker Aircr'tlt

Comnlellts

Solenoid - specialized ma-

terials - large area. Direct

linear motion. Several poppet

adjustments.

2.0 dia x 2.88 long plus out-

let manifold and inlet tubes.

1.2 lb {estimated)

750,000 cycles on bellows.

100,000 cycles on valve.

Large seat with 0.012 stroke

not sensitive to contamination.

Folds in bellows collect oxidi-

zer salts producing large

particles.

Pressure balanced bellows

assembly. Requires pressure

to open fully. Positive dry

checkout such as on "pad" can-

not be done. Always need

pressure.

5 stroke adjustment points.

Bellows assembly is critical

dimensionally. 20 main

valve and actuator parts.

Direct operation.

<0.0O5 see to open.

< 0.003 see to close.

70 watts (28 vdc) primary.

28 watts (28 vdc) secondary.

Not important.

Slightly flexible poppet.

2.8 scch GN 2 demonstrated.

Vi(.kers

Rating Comments Rating

10

20

24

25

22

Z_

26

25

19

18

23

Conventional solenoid. 6

Rocking yoke connection to

poppets. Can have bad toler-

ance build-ups.

4.0 dia x 2.4 long 15

4.0 lb (estimated)

Unknown - Vahe not yet

built. Another bellows type

valve tested to 250,000 cycles.

Bellows can collect salts

making large particles.

Large seat with 0.010 stroke

is good.

Double pressure balancing

bellows. Relies on pressure !

and bellows rate to clOse, i

Bellows critical for balancing.

Dry operation possible.
q

No adjustment points.

Indirect operation. 16 main

valve and actuator parts.

_.0.005 sec to open.
_0.005 sec to close.

_80 watts @ 28 vdc,primary.

_28 watts @_28 vdc,secondary.

htot important.

Flexible poppet. <5.0 sech

GN 2 estimated.

10

20

2O

,_J

25

24

18

18

2O

Figure V-166. Propellant Valve Rating"
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Vendor

Design Item

12. Residual Volume

13. Ma[erial Campati-

bility

14. Dynamic Sealing

15. External Sealing

16. FiRration

17. Structural Aspects

18. Environmental

Resistance

Rating

19. Repair and Main-
tenance

20. Miscellaneous

21. Vendor's

Experience

22. Bell Confidence

in Vendor

Total R_ting
I

Max.

Possible

Rating

3O

3O

25

15

2O

2O

15

2O

3O

National Water Lift (Biprop)

Comments IRating

3
Oxid. Side: 0.005 in. 28

Fuel Side: 0.004 in.3

Materials not yet selected. 25

Diaphragm material could be

problem area.

Metal diaphragm welded to 17

body.

Only 2 joints i.e. at diaphragm. 15

Excellent approach.

Filter not incorporated.

Fair - Actuating yoke may

yield vibration problems.

15

Assumed to be good. 15

Coils easily replaceable.

Poppet repair difficult.

No comment. 5

485

No experience in this type

valve. General valve experi-

ence very good.

Good Confidence. Several

projects completed for Bell.

2O

22

351

Natiom, l Water Lift (Dual Solenoids)

Comments Ratin_

3
Oxid. Side: 0.022 in. 23

Fuel Side: 0.022 in.3

Wetted parts 300 SST, 17-7 25

and K-601. 17-7 may produce

problems in Nitric Acid.

None due to coaxial design 25

approach.

Welded and plastic seals. 12

6 joints.

Filter not incorporated.

Appears tu be very good. 18

Might have problem with
solenoid shell material.

12

Poppet repair easy. Coils

welded shut.

No comment.

Considerable experience

in coaxial solenoid valves.

Good Confidence. Several

projects completed for Bell.
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T ................
MOOG Servocontrol

Comments

3
Oxid. Side: 0.0079 in.

Fuel Side: 0.0032 in. 3

Anticipate problems with 17-7

Flexure sleeve in Nitric Acid.

Body also 17-7.

Flexure sleeves pressed into

body.

Welded and metallic seals.

10 joints.

Filters not incorporated.

Appears to be excellent.

No problems anticipated.

Coils easily replaceable.

Poppet repair easy by unbolt-

ing outlet manifold.

Coil hermetically sealed.

Motor case is not. However,

will be done by welding motor

case to body.

Excellent experience. Almost

identical valve built and test-

ed. Also hot fired.

Very high confidence. Has

completed several develop-

ment projects in excelelnt

order for BAC.

Parker Aircralt

! I
Rating Comments i Rating{

- -- f t --

27

25

15

12

0

2O

15

5

4

I 3O

3O

436

Oxid. Side: 0.0026 in. 3

Fuel Side: 0.0025 in. 3

Anticipate problems with

AM355 bellows in Nitric Acid.

Remainder of valve good.

Welded bellows. Welded to

body.

All welded. 8 joints

Filters not incorporated

Many adjustment points

could cause vibration pro-

blems - otherwise good.

Proprietary external material

might have to be protected by

some means to prevent rust-

ing.

1 weldment cut to replace

either coil. Poppet repair

very difficult.

Coil temperature compen-
sated.

Excellent experience. Almost
idential valve built and tested.

High confidence based on

NASA information. No actual

work contract.

Vic.k(,rc¢

T..... ;.........

23

18

14

15

12

2

5

28

27

414

Con_ lll(}l'll, s

Oxid. Side: 0.034 in. 3

Fuel Side: 0.033 in.:;

Valve mad_ entirely of AM35(J
and 17-7. Will have problems

with Nitric Acid.

Formed bellows. Welded to

body.

All welded. 12 joints

Filters incorporated 20

nominal, 35 absolute, sst

cloth - plain tube.

Appears marginal with

flexible poppet assy.

Assumed to be good.

Solenoid easily replaceable,

poppet repair extremely
difficult.

No comment.

Has built small valves of

this type but not this par-

ticular design. Good

experience.

Have not previosuly worked

with them.

[

Rating i

23

17

13

18

15

22

360

Figure V-167. Propellant Valve Rating
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H. PROTOTYPE ENGINE DESIGN SELECTION

Design efforts were initiated to integrate, into a prototype, demonstration engine design,

the results of the various concept analyses, materials investigations, insulation stu_es and

tests, injector evaluations, and valve configuration studies.

1. Design Selection

As a result of the foregoing investigations, the adiabatic wall (insulated) design con-

cept was selected. This concept is most attractive to meet the universal requirements of the

program.

The unbalanced in_ector design has demonstrated the ability to provide a considerable

decrease in gas temperature along the chamber wall while maintaining performance in excess of

290 seconds specific impulse. The feasibility of this insulated design concept has been demon-

strated in preprototype hardware, revealing driving gas temperature less than 2800°F, there-

by being completely compatible with the present state-of-the-art coating systems.

Satisfactory insulation evaluations revealed compatibility between the insulation

materials and the chamber material and coating system at expected operating temperatures

and above.

The design of the prototype engine consists of a columbium chamber (SCb-291)

and nozzle (Cb-1% zirconium) coated internally and externally with the oxidation resistant

modified silicide coating (508-C supplied by Sylcor Division of General Telephone and Elec-

tronics Co.); a columbium (Cb-l% zirconium) injector of the unbalanced 8 element triplet

(TU-6A) type; a composite insulation system consisting of alumina bubbles around the cham-

ber (contained in a columbium (Cb-l% zirconium) shell) also coated internally and externally

with the 508-C silicide coating and Dyna-Quartz around the columbium shell; a fiberglass

overwrap and a Moog bipropellant valve.

A cutaway drawing of this prototype engine is shown in Figure V-17_(_.

: A cross-section of this engine is given in Figure V-17i.
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2. Design Review

The design review of the prototype engine was held at NASA-JPL on 4 May 1965

with NASA representatives from Washington Headquarters, JPL, MSC and MSFC in attendance.

NASA concurred with the insulated columbium chamber design incorporating the unbalanced

type injector TU-6A. The fabrication of two engines will commence upon completion of final

checking of the drawings.

The drawings for the two prototype engines were completed by June 1, 1965 and

a list of these drawings is given below"

Drawing No.

8374-470001

8374-470002

8274-470003

8374-47OOO4

8374-470005

8374-470006

8374-470007

8374-470008

8374-470010

8374-470011

8374-470012

8374-470013

8374-470014

8374-473100

8374-473101

8374-473102

8374-473103

8374-473104

8374-473105

8374-473106

8374-473107

8374-473108

8374-473110

Model 52 x 125

Title

Thrust Chamber Assembly

Chamber, Assembly of
Chamber

Insulation Jacket

Nozzle

Support Strap

End Strap, Assembly of
Shel!

Bolt, Valve, Special

Flange, Mounting
Seal Retainer

Ring, Seal Spacer

Plug

Injector, Assembly of

Orifice Plate, Assembly of
Orifice Plate

Injector Blank
Inserts

Insulator

Adapter Plate

Valve Support

Tubes, Propellant Feed

Support Cone

Moog Propellant Valve

Thermal and structural analyses

are described in the following paragraphs.

for this engine were as: follows:

were performed to fully evaluate this design and

The basic installation conditions agreed upon
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(a)

(b)

(e)

The engine shall radiate to un enclosure held at +120:'F.

The heat conducted from the injector mounting flange to the simulated vehicle

shall be 550 BTU/hour with the vehicle support at +400 ° F.

The engine shall be supported at the injector end and the nozzle end in the

insulated configuration and at the injector end only in the radiation free

configuration.

3. Thermal Analyses

Rather extensive thermal analyses were conducted on this design to determine

temperature distributions for both steady state and transient heatup and shutdown conditions.

A brief description of the computer programs used for these analyses is given in

Appendix II.

The prototype design was subdivided into 67 nodal points, as illustrated in Figure

V-172, which represents the mathematical model that was used. The boundary conditions

imposed on the thermal model were as follows:

Effective gas temperature = 2600°F.

Throat Heat Transfer Coefficient = 0.000836
BTU

in.2sec°F

Divergent Nozzle Heat Transfer

Coefficient

h
g*

A

A*

h
g

h
g*

-_4

1.515

-i .2

A

A
_ _'4

i _ -.

Chamber Heat Transfer

Coefficient __g_= A

hg,

-0.8

Radiation out'exit plane -- _ = 0.7

(Geometric view factors are governed by configuration-exhaust gases
transparent to infrared.)
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Pulse mode is achieved by throttling; i.e., on times are extremely short unless

otherwise stated. The heat flux through the structural support was that required to maintain

it at approximately 400 ° for steady state. For the transient runs, no heat was given off

while the support was below 400°F. Heat is drained away and recorded to maintain the sup-

port at 400°F when the support is potentially above 400 ° F. _

Representative steady state temperatures for duty cycles of 1.0, 0.1. and 0.01 are

shown on the mathematical model in Figures V-173, V-174, and V-175, respectively.

Tables V-24, V-25, and V-26 are printed out steady state results for duty cycles

of 1.0, 0.1, and 0.01, respectively. The node temperatures are presented from 1 to 10 from

left to right, and ascending numbers going down; i.e., second row ll to 20, etc., and the num-

bets are keyed to the mathematical model. The heat flux out through the head end flange

support is given at the upper left of these tables; 550 BTU/hr for duty cycle of 1.0, 390 and

120 for the other two duty cycles. These were not the exact amounts of heat loss to maintain

400°F at element 57, but they were close approximations.

In addition to the temperatures shown in these tables, there are heat flux data

shown in the lower part of the table.

For nodes 67, 68, and 69 which represent the valve, the valve cover and the valve

drive mechanism, respectively, the net heat flux by conduction to the node is given in the

first column. Positive denotes net heat input, negative denotes net heat output. The next

column indicates net internal radiation from each node. The next 3 columns have no signifi-

cance. The "Control Rad (Y)" column indicates the amount of radiation the valve and the

valve cover are receiving from the 120°F environment which is very small because the

temperature of the valve is not greatly different from 120°F. The "Control Conv (Z)" column

indicates the amount of cooling that the propellant provides the valve and the amount of heat

dissipated by the valve actuation. All of these heat fluxes are presented in BTU/hr. It can

be noted that the overall net heat flux to each element is zero, a rather necessary condition

to achieve a heat balance.
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Finally, the last three rows are the amounts of heat accepted (positive) and rejected

(negative) by each of the control nodes. It can be seen that for the duty cycle of unity, the

radiated heat from the outside surface of the engine to the 120°F environment was nearly

1000 BTU/hr; the heat flux to the structure was 550 as stated previously; and the heat input

to the chamber from the combustion process was large by comparison, 21,600 BTU/hr. The

heat that is rejected to the propellant in the valve and injector is 8200, and the heat added to

the system by the valve actuation is 175 BTU/hr. There is an imbalance among these

elements because of the radiation off the inner surface of the nozzle out the exit plane. The

net radiation out the nozzle exit is 12,000 BTU/hr, or 3.3 BTU/sec, which means a flux of

0.116 BTU/in2sec at the exit plane.

Several transient temperatures were computed, and a summary of these results

are presented in Figures V-176 through V-179. Again transient temperatures were obtained

for all 67 nodal points, with those of particular interest being plotted.

Figure V-176 illustrates a cool-down transient from a steady state duty cycle of

unity condition. It can be seen that the chamber wall "4" cools monotonically at an ever-

decreasing rate. The injector "62" heats up rapidly on shutdown because of the hot chamber

wall, and then decays along with the chamber wall temperature. The valve temperature "67"

rises slowly with time because it is by design loosely coupled to the thrust chamber. For

this analysis the valve was insulated at the propellant inlets so that an actual installation of

the unit would be less critical, thermally.

Figures V-177, V-178, and V-179 illustrate representative start transient

temperature time histories for the chamber "4", the columbium insulator retainer "28," the

injector "62," and the exterior surface "56" for duty cycles of 1.0, 0.1, and 0.01. The cham-

ber heats more slowly for the lower duty cycle, as one would expect, as do the insulator

and back face. The injector heats up more quickly for the lower duty cycles because of less

cooling being provided by the propellants.

Finally, an actual pulse mode duty cycle for the throat station is shown in Figure

V-180 fdr 0.1 second "on", 0.9 second "off", and this saw tooth curve is super.imposed on
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the actual throttle type transient for that same station and it tends to illustrate the appropriate-

ness of using the throttle-type duty, thus saving computer time over the actual inputting of

on-off cycles.

To further define the characteristics of the prototype engine design, two modifi-

cations were made to the original model. The first modification consisted of replacing the

alumina bubble insulation with Dyna Quartz insulation, resulting in a complete insulation

system of Dyna Quartz. The columbium shell that contained the alumina bubbles was there-

fore eliminated. For convenience in the modification of this thermal model, the nodes for the

columbium shell were not used (nodes 24 through 32).

The second modification to the thermal model consisted of refining the injector

analysis. In the original thermal model one node (node 62) represented the average injector

temperature. In the modified model the injector was divided into 15 nodal points including

12 elements for the injector face and 3 elements for the capillary tubes. Details of the

injector thermal model are shown in Figure V-181.

The face of the injector is divided into two wedge-shaped segments. Segment "A"

represents the mass surrounding the injector orifices, and segment "B" represents the mass

between the injector orifices. Each segment is divided into a front section and a rear sec-

tion. The following tabulation identifies the injector nodal points:

Location Node No.

Segment "A" front

Segment "A" rear

Segment "B" front

Segment "B" rear

Center fuel tube

Oxidizer tube

Outboard fuel tube

70, 74, 78

71, 75, 79

72, 76, 80

73, 77, 81

62

82

83

Note that node 62, which was the single element for the injector in the original

thermal model, is now repositioned at the center fuel tube.

The identification and location of the other nodal points on the injector assembly

and propellant valve remain the same. They are as follows:
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Location Node No.

Support Cone 59

Injector-Chamber Joint 60

Support Web 61, 63

Valve Flange 64

Valve Body 67

Valve C over 68

Valve Driving Mechanism 69

Equilibrium temperatures during continuous firing and quasi-steady temperatures

during pulse mode operation were determined for each of the nodal points on the modified

mathematical model.

Tables V-27 through V-31 are printed out steady state results for duty cycles of

1.0, 0.1, 0.01, 0.001, and 0.0001, respectively. As previously mentioned, the temperature

values indicated for nodes 24 through 32 have no significance. Table V-32 provides a sum-

mary of the injector temperature profile for the various steady state duty cycles. Transient

temperatures during the shutdown following these steady and quasi-steady state conditions

were also computed to obtain the maximum valve and injector temperatures which occur

during the heat soakb_ek period. For these analyses the propellant valve was insulated at

the propellant inlets. In an actual installation the unit would be less critical, thermally.

During the shutdown period, when the injector is uncooled, the temperature gradient

across the injector rapidly diminishes. For all the transient analyses the 12 nodal points for

the injector were replaced with a single weighted average nodal point, therefore requiring

considerably less digital computer time.

The transient shutdown temperatures for representative nodal points for the

chamber, the injector and the propellant valve, are presented in Figures V-182 through V-185.

Figure V-182 illustrates the temperature time histories for these nodal points

following a steady state firing (duty cycle = 1.0). Although the propellant valve had not

reached its peak temperature by the end of 1500 seconds, a quadratic curve was used to

obtain the maximum temperature of 237°F. Figures V-183, V-184, and V-185 similarly

illustrate the shutdown transients for these nodes following duty cycles of 0.1, 0.01, and

0.001, respectively.
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TABLE V-32

INJECTOR TEMPERATURE PROFILE STEADY-STATE EQUILIBRIUM CONDITION

Temperature (°F)

Nodal Duty Cycle

Point 0.0001Location 1.0 0.1

59 Support C one 890 753

60 Joint 1234 1003

61 Support Web 458 404

70 Injector Face 372 715

71 Injector Face 356 719

72 Injector Face 393 720

73 Injector Face 360 720

74 Injector Face 390 735

75 Injector Face 348 729

76 Injector Face 490 756

77 Injector Face 431 748

78 Injector Face 627 832

79 Injector Face 559 811

80 Injector Face 780 855

81 Injector Face 697 834

Weighted Average

of Injector Face 482 790

Temperature

62 Center Fuel Tube 62 101

82 Oxidizer Tube 60 71

83 Outboard Fuel Tube 61 73

0.01 0.001

553 264

665 271

343 216

630 269

629

630

629

633

631

635

633

645

641

647

644

98

640 269 98

250 209 100

142 183 99

149 186 99

Report No. 8374-933004 ' V-303



(_ BELL AEROSYSTEMS CO/VIPANY

TABLE V-33

THE RMA L ANA LYSIS SUMMARY

Temperature (° F)

.

Duty Cycle

,

C onditions 1.0 0.10 0.01 0.001 0.0001

483 802 669

1418

62 65 105

252

276

482 790 640 269 98

1308 1058 651 269 98

62 65 104 154 105

223 211 194 167 105

237 227 215 167 105

With Alumina Bubbles and

Dyna Quartz

a. Injector Average Temp.

During Operation

b. Max. Injector Temp.

During Coast

c. Valve Temp. During

Operation

d. Valve Temp. 1500 sec
after Shutdown

e. Max. Valve Temp.

During Coast

(Extrapolated)

With Dyna Quartz Only

a. Injector Average Temp.

During Operation

b. Max. Injector Temp.

During Coast

c. Valve Temp During

Operation

d. Valve Temp 1500 sec

After Shutdown

e. Max. Valve Temp

During C oast

(Extrapolated)
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Figure V-186 shows the injector temperature as a function of the duty cycle for

both types of insulation systems. Both the operating temperature and the maximum expected

temperature during shutdown are presented. The operating temperature for the various duty

cycles is approximately the same for either the alumina bubble and Dyna Quartz insulation

system, or the Dyna Quartz system only. Figure V-187 illustrates the same type information

for the propellant valve.

Results of these analyses indicate that when both firing and shutdown are con-

sidered, a duty cycle of 1.0 is worse than any pulse mode operation. The maximum valve and

injector temperatures following the steady state firing are higher than those of lower duty

cycles. Figure V-187 also indicates that the maximum valve temperature is not greatly

dependent upon the duty cycle.

A summary of the injector and propellant valve temperatures for the various

conditions is given in Table V-33.

4. Structural Analyses

The prototype engine design has been analyzed for structural inputs similar to

the Apollo requirements. The structuraldesign considerations are as follows:

Pres sure Operating Proof Burst

Max. Ch. Operating (psi)

Max. Valve Operating (psi)

Max. Chamber Temp. °F

Max. Chamber Stress (psi)

Allow stress at 0.2% creep for one hour (psi)

Max. burst pressure of ch. at room temp (psi)

(60,000 psi min. tensile strength)

90

300

3000

965

1600

5200

135 225

450 600

Vibration

Calc. nat. freq. = 424 cps

Calc. static g:iload- 305 g ! _

Long. vibration can be reacted by injector end mount

Lateral vibration reacted by mount at injector end and nozzle end
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Thermal

Insulation retainer designed to avoid thermal restraint on chamber

Nozzle and support designed to snub vibrational amplitudes without thermal restraint in

long. axis.

The calculated chamber stress for one hour operation is 965 psi. This stress

level is well below the allowable stress of 2200 psi for 0.2% creep for one hour at 2800°F,

as shown in Figure V-188.

.

below:

Weight Analysis

The estimated weight for the prototype engine and an optimized version is given

Prototype P
C

ENGINE WEIGHT SUMMARY (POUNDS)

= 80, 100% Bell

Propellant Valve

Injector

Supports (Injector and Valve)

Chamber (Less Extension)

Nozzle Extension

Insulation.

Total

Alumina

Bubbles

and Dyna Dyna Radiation

Quartz Quartz Version

1.25 1.25 1.25

0.34 0.34 0.34

1.20 1.20 1.20

1.82 1.82 1.82

2.21 2.21 2.21

7.26 4.48 -

14.08 11.30 6.82

Optimized Version

P = 100 psia, RAO Nozzle
c

Actual Weight 15.0

8.80 5.20
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, 8374-470010-1 Bolt 2 Reqd

/ • _ P-504-1S-2-1 Omega Seal

P-630-1S-2-1 / O // _ _ -_

8374-470013-1 __ O O _ _i
Ring, Seal Spacer_ _ -_ _-_

Omega Seal ___ 8374-470012-1 Seal Retainer

Typical End View

Showing Seal Retainer, Seals, Bolts &

" Spacer Ring With Valve Remove
0+0.08

8374-470011-1 Flange Miunting _
8374-470014-1

I
8374-470012-1

Seal Retainer (Re0

Oxidizer Inlet

Model 52 x 125

Bi-propellant Valve

6Z2A832-6 Screw

NAS 620C8L Washer

4 Each Reqd
MS 20995 C32 Lockwire

2 Places
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19.0

reed Alumina Bubbles

0+0.15

16.0

)008-1

Shell

Chamber, Assy of

0.03

0.20-1.0

8374-470004-1

Jacket Half,

Insulation

(2 Reqd)

(REF) Aft

Mounting Ring

Vibration

Test Requirement

!
I

I

I

I

• I 8374-470007-1

Strap

Lockwire as Shown

4-473100-1 Injector, Assy of

I

8374-470006-1 Support Strap (2 Reqd)

Lockwire as Shown

Figure V-171. 8374 Thrust Chamber Assembly
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/

I

|
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o41
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Figure V-172. Thermal Analysis Model - Prototype
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Equilibrium

Temperature

2400

2000 /
_v

4

Chamber

Temperature

2550°F

I

1600

1200

I

800
Cb Shell

/ ector

J/ Tempera ut-ur_

400 /_-- / 62

f L- -__ I Outer Shell

I
o I

0 100 200 300 400 500

Time - Sec

2020°F

485_F

395°F

Figure V-177. Temperature Time History (On Time/Total Time = 1.0)
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Figure V-178.
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Figure V-180. Temperature Time History (On Time/Total Time = 0.1)

Report No. 8374-933004 V-317



II

I
I
I
I

I

I
I

I
I
1
1
I
I
I

I
i
I



BEL BELL AE ROSYSTE/vIS COMPANY

5

3
o

I

(D

Repc

1800

1600

1400 /

1200 /

Temperature

(OF)

1000

8OO

600

400

200

ff

/
t*

Chamber

Temperature

4

J

Injector

Temperature

Cb Shell /

/

Outer Shell

....28

Equilibrium

Temperature

2000°F

62 800°F

1525°F

-56 290°F

0 100 200 300 400

Time - Seconds

Figure V-178. Temperature Time History(on Time/Total Time = 0.1)

Report No. 8374-933004 V-315



@

/

/

62

"" _'" _-- Propellant

Valve

Report No. 8374-933004



ELL AEROSYSTEMS CO/VIPANY

7 7

76

_( •

Segment Ye --2
Segmen_ A --, /

', /

• _o 60 -/

, I' /
"\

++,+

7z_, 7_70, 71__8°' 81

\
"x

72, 73

Figure V-181. Thermal Analysis Model - Prototype Injector

V-318



,%
I

BELL AEROSYSTE/_IS COMPANY

J
c_

o

C::I_ l

°_

0
0

0

, /

C_l C_lI i.=4

0

r_
0

°

_>_

/
//

Q

0.)

I

f
b-

0 E_

C_

E_
c)
_>

cd

u_ c_

H -I_ •

oo I

(i)

o

§ °(D°_.-_

k-(

oo

I

o I>

Report No. 8374-933004 V-319



I0

I

o

0

BELL AEROSYSTE_¢IS CO/VlPANY

LI

0

0

'0

_8

r_ ,._
o_,-i

0 v

0
0
0

/

J
J

J
f

O _ O O O
O O O O

/

l-J

 i/0°
0

,_I ¢)
0 °_

!

/

0

0

r_

¢.)

0

O
O

O
O

0

0

O

0

O "--'
O 0
_--I r.0 m.

o I_ _.
0 0

r_ _1 ""

0

£

o _

(10

I

,, g

0
0
¢Xl

0

0
0

Report No. 8374-933004 V-320



IO

I
BELL AEROSYSTEMS COMPANY

o

I

o

0 o

o

o

o

11

o

o

0
0
o

o o

00 _D

0

0

0

._..%

/
/

o
o

o

0

o
o
O,l

o

o

1

o
o

o
o

0

°o
c_

0

o

o

o >

0

0 •

r/l

•,-. I=I_,

o_
o_

o No
0

o 4

!

o
o

o

o

Report No. 8374-933004 V-321



IO
@

I

)

BELL AEROSYSTEMS COMPANY

0

0

0

.o

o

o

II

o

0

._ C)4

_8
_s

°° /
O

O
O

o //
% o

o

o

O

o o o o

o
o

o
o

o

oi

o
o
o

o
o

o
o

o
o

o

r_

0
0

!

°_,-I

O

c_

0

O
%

m

_N
a
o

0_,_

N

_2

o

!

o _,,,I

Report No. 8374-933004 V-322



IO
(_ BELLI

AE ROSYSTEMS COMPANY

1.0

0.1

°_-_

0.01

._
°p-I

0.001

0.0001

0 100 200

Temperature - °F

Figure V-186. Injector Temperature versus Duty Cycle

300

Report No. 8374-933004 V-323



IO

: i._ '

BELL

1.0

0.1"

_1_oo_
_l_
r_l_

0.001

0.0001

AE ROSYSTE/VIS COMPANY

Maximum Tempe rature ..... __L_._:_.: :._L::___/
After Shutdown (With NJ_'_

Dyna Quartz Only)

Operating Temperature

(With Alumina Bubbles

and Dyna Quartz or

Dyna Quartz Only)

/
/

/
!

/
/
/

/
/

. /

i " //

"X/ //

/

Temperature After
Shutdown (WithAlumina Bubbles

// " and Dyna QuartzV

0 200 400 600 800 i000 1200 1400

Temperature - °F

Figure V-187. Propellant Valve Temperature vermus IY_ty

Cycle

Report No, 8374-933004 V-824



i:

P
P
!1

@ BELL

/
/

AE ROSYSTEMS COMPANY

0 0

L /
_: /

/ //
/

0 0 _

L /
-../

/
f

0

O:, _'_ r,D -

oo _ oO

I

°I..4

P-4 •

r,D

,.Q

I

O

, ;>
,ca

_o _ _.

rj

oO

,,,,.4

_q

Report No. 8374-933004 V-325



I
I i_ BELL AEROSYSTEMS COMPANY

I. THROTTLING INVESTIGATIONS

I 1. Throttleable Maneuvering Engine

A company-sponsored development of a throttleable maneuvering engine was

I initiated during 1964 in support of a Lunar Flying Vehicle (LFV) Study contract with
NASA-MSFC.

I The objective of this development was a simple and reliable 100-pound maneuvering
engine capable of efficient throttling and pulsing operation on N204-0.5 N2H4/0.5 UDMH

propellants. Optimization studies indicated that radiation cooled engines designed for

80 to 100 psia chamber pressure and the minimum possible propellant feed pressures

I result in minimum weight/maximum performance maneuvering propulsion systems. There-

fore, this engine was designed for 200 psia feed pressures and incorporated a columbium

radiation cooled thrust chamber operating at 85 psia chamber pressure to provide a close

practical approach to the optimum. The engine incorporates a cavitating venturi type

I bipropellant throttling valve to provide a thrust range of 5 to 1. A close coupled, fast

response bipropellant valve, in combination with the !ow L* combustion chamber, provides

I efficient pulse operation capability. The nozzle expansion ratio was 40 to 1. The engine

i design is shown in Figure V-189.

This development was based on an existing fixed thrust 100-pound engine {Model

I 8290} designed for pulsing operation to NASA specifications. The close coupled bipropel-
lant valve, six triplet injector, and columbium radiation cooled thrust chamber design

I was retained intact. Only injector modification was required to accommodate the design
mixture ratio of 1.6 and to provide increased injection pressure drop for efficient and

stable throttling. The incorporation of a cavitating venturi type bipropellant throttling

valve in tandem with the bipropellant valve completed the maneuvering engine assembly.

One engine was built and tested on a breadboard configuration. The 14-run test

program totaled 403 sec running time on the engine. This included 341 sec operation at

approximately 125,000 ft altitude during a 3-run test series in an altitude cell. The

engine throttling performance obtained at this altitude over a 5 to 1 throttling range is

shown in Figure V-190. This figure gives the measured specific impulse, corrected to

infinite altitude, ver§us thrust level. The chamber pressure range corresponding to the

thrust range shown in this figure was 16 to 85 psia. Over the total thrust range, the

throttle valve demonstrated a mixture ratio control tolerance of ±3% about the mean.
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Engine operation throughout these tests,in stepped and continuous throttling,was smooth,

stable,and reproducible.

This prototype engine demonstrated the primary design objective of stable and

controllable throttlingwithout resort to gas assist or variable injector geometry. Pre-

dicted performance was obtained from fullthrust to 2/3 thrust. However, performance

in the low thrust range fellshort of the design goal of 275 sec specific impulse at 1/3

thrust. This was attributed in part to the low 15 L* combustion chamber retained to

maximize response in pulse mode operation, and partly to a fabrication variation that

resulted in injectionpressure drops lower than design values. Itwas concluded that this

performance goal could be attained with further development in these areas.

2. Fox Throttle Valve

The throttle valve employed on this engine is a bipropellant variable area

cavitating venturi valve procured from the Fox Valve Development Company. A drawing

and schematic of the valve are presented in Figure V-191. A photograph of this valve is

shown in Figure V-192.

The valve design employs two cavitating venturies in which a needle-shaped

pintle is inserted into the venturi throat. Axial movement of the pintle in the throat

varies the throat area, producing the means of flow modulation. The fuel and oxidizer

venturi pintles are connected to a common yoke and are selectively matched and contoured

to provide a 1.6 mixture ratio. The pintles, through the yoke, are positioned by a double

acting hydraulic piston utilizing fuel as the control fluid. This piston is piloted by two

high response, normally closed solenoid valves. When the actuation circuit is primed

with fuel, the valve is liquid locked in any preset position. Energization of the "open"

solenoid allows fuel pressure to enter the bottom side of the actuator piston. The actuator

then drives the valve open, due to the differential area. Energization of the "close" sole-

noid vents the fuel pressure in the bottom side of the actuator and allows the source

pressure to drive the valve closed. Thus, the throttle position is dependent upon the

number and/or duration of energization pulses, and also upon the restriction of the actuator

feed lines. A needle-type shutoff valve is incorporated into the actuator feed line for

opening the valve. Adjustment of this valve effects the orfficing of the actuator feed line

and thereby provides a means of setting pulse resolution or response regulation for the
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valve opening cycle. A similar type valve may be attached to the actuator vent port for

controlling the valve closing cycle.

3. Test Program

The objective of the test program was to experimentally evaluate the throttling

characteristics and performance of the Model 8414 maneuvering engine. The pulse

operation capability of this design was evaluated on the fixed thrust predecessor Model

8290 engine.

The test program was carried out in the low thrust altitude cell (2ES) at Bell

Test Center. The 125,000 ft altitude capability of this test cell was required to maintain

full flow (no separation) of the 40/1 nozzle to obtain full flow thrust measurements over

the design chamber pressure range of 16 to 85 psia. Figure V-193 shows the test engine

installed in the altitude chambers.

Thrust was measured by a load cell to a 3 C-error of +1% of rated. Chamber

pressure was measured by double transducers to a 3 O'error of + 0.5% of rated. Fuel

and oxidizer flow rates were measured by single flowmeters each to a 3 O-error of +0.7%

of rated flows. The thrust load cell calibrations before the test series and with propel-

lants after the test series were in close agreement.

The testing began with a 5 run series at sea level totaling 32 sec run time

to establish calibration data and trimming requirements. The injector pressure drops

(fuel and oxidizer) were lower than expected. Orifices of 0.088 and 0.089 inches dia-

meter, respectively, were then installed in the fuel and oxidizer sides of the injector

adapter inlet to provide a pressure drop equivalent to the Moog valve (replaced here by

a 5 psi/k p bipropellant valve) and to balance the total injection/k P on the fuel and

oxidizer sides of the engine.

Testing for performance data then proceeded with a 6 run sea level test series,

of 5 sec each, to evaluate performance and stability through a range of fixed throttle

settings down to the lowest chamber pressure (e.g., 36 psia) for which sonic flows could

be expected in an engine exhausting to ambient pressure.
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The program was concluded with 3 runs_ at approximately 125,000 ft altitude,

of 43, 63, and 235 seconds duration, respectively. These tests included stepped and

continuous throttling, starts at 100% thrust and 38% thrust, and shutdown at 100% and

20% thrust to span the spectrum of throttled operating conditions.

4. Test Results

The results of the fixed throttle setting tests at sea level are shown in Figure

V-194. Throttled operation was smooth and stable with the exception of the 5th run

(2ES 1662) which toned audibly at a Pc of 44 psia. Since this did not occur at chamber

pressures above or below this value or at this value in the subsequent altitude tests, it

was attributed to unstable flow separation in the nozzle.

The first altitude throttling test results are shown in Figure V-195. The engine

was continuously throttled down to 28 lb thrust, stabilized, and then throttled at a faster

rate back to 98 lb thrust. Comparison of Pc and thrust with throttle valve position shows

the full open "deadband" of this prototype valve between 0.46 and 0.56 inch open. A

production valve would be "stopped" at 0.46 inch to eliminate this deadband. The low

ambient temperature prevailing at the time of the test resulted in a cold test of the engine

with a fuel temperature 8°F above the freezing point. Specific impulse was within the

range expected of the design and throttling was smooth and stable.

The results of the second altitude test are shown in Figure V-196. The engine

was started at 38 lb thrust, step throttled up to 92 lb, and continuously throttled back to

20 lb thrust. Throttling was smooth and stable in both the stepped and continuous modes.

Propellants were conditioned to near room temperatures for the third altitude

test. The objective of this test was to obtain performance and durability data during

stabilized operation at all points in the design thrust spectrum. The results of this 235

sec altitude test are given in Figure V-197. The engine was started at 97 lb thrust,

stabilized for 63 sec to allow the radiation cooled thrust chamber to come to thermal

equilibrium, then step throttled down to 18 lb thrust and back to 98 lb thrust where it was

operated for an additional 79 sec to demonstrate durability. Total test time on a single

run was limited by steam capacity for the steam ejectors of the altitude cell. Throttling

was smooth and stable throughout the test.
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5. Throttling Demonstration - TU-6A and TU-3B Injector

a. T_-6A Injector

The unbalanced triplet injector TU-6A was fire-tested in a radiation-cooled

columbium chamber at sea level conditions with propellant combinations of N204/50% N2H 4 -

50% UDMH (50-50 blend) and N204/MMH.

This test series was conducted with Company-sponsored funding to investigate

the throttling capability of the unbalanced injector using both propellant combinations, and to

determine the injector performance and chamber surface temperatures using 50-50 blend as

the fuel. The Fox variable area, cavitating venturi bipropellant valve was used for the entire

series.

This series consisted of a total of seven t_sts, four tests being conducted with

the propellant combination N204/50-50 blend, and three tests with the propellant combination

N204/MMH. The test series using 50-50 blend as the fuel consisted of one 5-second and one

10-second duration check run at rated chamber pressure of 80 psia, one 48-second duratio_

test at rated chamber pressure with chamber temperatures stabilized, and one 25-second

duration test where the injector was throttled from 80 psia chamber pressure to 50.9 psia

chamber pressure.

The steady state performance of this injector, using 50-50 blend as the fuel, was

approximately 3% higher at rated mixture of 1.6 than that obtained using MMH as the fuel. The

comparison of c* is approximately 5585 ft/sec using 50-50 blend, and approximately 5400 ft/

sec using MMH. The chamber wall temperatures were approximately 400°F higher with the

50-50 blend than that obtained with MMH.

Past experience using balanced triplet injectors with 50-50 blend has not

revealed this considerable temperature increase since the difference in theoretical gas temp-

eratures is relatively small for 50-50 blend and MMH at nominal mixture ratios (1.6 to 2.0).

The theoretical combustion temperature for N204/MMH propellants at a mixture ratio of 0.8

is 400°F lower than the temperature obtained at the same mixture ratio with N204/50-50 blend,
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as shown in Figure V-198; therefore, a significant temperature difference can be expected

when using an injector with a fuel-rich barrier mixture ratio such as TU-6A. As indicated

from the theoretical values presented in Figure V-199, a corresponding increase in performance

is also expected.

It is most probable that an iteration can be made to the TU-6A injector design

that would result in a s.imilar temperature-performance level with N204/50-50 blend as

presently experienced with N204/MMH. This iteration would consist of additional unbalance of

the injector to reduce the barrier mixture ratio, thereby reducing the temperature.

Throughout the throttling range of 80 psia to 50.9 psia, no instability was noticed

either audibly or with instrumentation. Close-coupled, high frequency response instrumentation

could not be used since chamber pressure was measured at the injector face.

A tabulation of the test data for this series is shown in Table V-34.

The test series using MMH as the fuel consisted of one 5-second and one 15-

second duration check run, and one 102-second duration test. The first 60 seconds of this test

was at rated chamber pressure of 80 psia; the remaining 42 seconds consisted of throttling to

17.8 psia. Again, performance was stable throughout the throttling range. The performance

level and chamber temperature level compared well with that obtained during previous testing

of this injector with MMH.

A tabulation of the test data for this series is also shown in Table V-34.

b. TU-3B Injector

The unbalanced triplet injector TU-3B was fire-tested in the radiation-cooled,

columbium chamber at sea level conditions with the propellant combinations of N204/50%

N2H 4 - 50% UDMH.

This test series consisted of three tests, and was conducted with Company-

sponsored funding, to investigate the throttling capability and performance and temperature

profile of this lower performing injector using 50-50 blend as the fuel. The Fox throttle valve

was also used for this series.
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This test series was comprised of one 5-second, one 25-second duration, and

one 80-second duration test. The first 40 seconds of the last test was conducted at approxi_ _,_

mately 75 psia chamber pressure; the remaining 40 seconds consisted of throttling to 21.5 psia

chamber pressure. The steady state performance using 50-50 blend as the fuel was approxi-

mately 2% higher than with MMH (c* of approximately 5100 ft/sec versus 4975 ft/sec, respec-

tively). No instability was noted throughout the thr_tling range.

A summary of these test data is given also in Table V-34.

6. Performance Evaluation (With Other Propellants) - TU-6A Injector

Additional testing was also conducted on the TU-6A injector with Company-sponsored

funding, using N204/50-50 blend, and N204/MMH as the propellant combinations to investigate

the performance and temperature level at a mixture ratio of 2.0.

This series consisted of two tests with 50-50 blend, and three tests with MMH. A

summary of these test data is given in Table V-35.

A comparison of the performance of TU-6A and TU-3B l_e_s:,_r the various pro-

pellant combinations is given in Figure V-200.

7. Active Cooling Tests (With Other Propellants)

To provide early experimental inputs into the thermal analysis of engine concepts,

total heat rejection rates of the existing 100-1b columbium thrust chamber were determined in

fire tests. The entire thrust chamber, including the 40:1 area ratio nozzle was enclosed in a

water cooled, copper coil shroud in altitude facility 2ES. The thrust chamber and test installa-

tion are shown in Figures V-201, V-202, and V-203. The chamber was fired for a duration of

90 seconds, where stabilization of surface temperature and water outlet temperature was

obtained.

Two tests were run with propellants N204 - 50% N2H 4 + 50% UDMH at mixture ratios

1.56 and 1.85. To aid in the propellant selection and to test the performance of this chamber

with another propellant combination, one firing was conducted with MON-UDMH at a mixture

ratio 1.77. Results of these tests are tabulated below.
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ACTIVE COOLING TESTS

Mixture Coolant Max Wall Total Heat

Ratio Pc c*' Flow H20 Temp Rejection

Run No. O/F (psia) (ftfsec) (lb/sec) Throat (°F) (BTU/sec)

Prop. N20 4 + 5070 N2H 4 - 5070 UDMH

2ES 1647 1.56 83.8 5552 0.188 2650 13.1

2ES 1648 1.85 78.2 5313 0.158 2580 11.2

Prop. MON 107o NO + UDMH

2ES 1651 1.77 81.4 4485 0.182 1840 3.8

With the propellant combination MON-UDMH a reduction in combustion efficiency

from 9470 to 80% was observed with corresponding reduction in wall temperatures and total

heat rejection. Indications are that the injector design is not optimized for this propellant

combination but a check firing with N20 4 50/50 blend Was performed later., in the program.

The results of these tests are being used to confirm and adjust as necessary the

present detailed analysis for s_ady state operation.

Report No. 8374-933004 V-336



Oxidizer Inlet

Fuel Inlet +__ ,_

", !

,2o°<T+,

B1propellant Valve

Structural Heat Bsrrler
Valve Support

(Tltanlum)

Report No. 8374-933004



BELL AEROSYSTE/VIS COMPANY

16.25
v

Throttle Valve

I

7.34 L
r

¢= 4(

1.900 Dia

i_
Injector

(Columbium)

E-B Weld

Heat Barrier

.-opellant Feed Tube:

(Stainless Steel)

E-B Weld

• Combustion Chamber

(Columbit, m) Nozzle Extension

(Columbium)

5.810 .ha

Figure V-189. Prototype Maneuvering Engine

V-337



BELL

30o

290

280

¢9
O
0_

I

8

m 270

09

_ 260

C_

250

240

AE ROSYSTEMS CO_,IPaNY

t

, I i

I

'/
/

/

/
/

_--- Test

Data

I v

1

J
f

e=40

230
0 20 40 60 80 100

Figure V-190.

Thrust (F¢0) - !b

Throttling Performance

Report No. 8374-933004 v-338



Outlet

3.130

1_2.00

i

1.00

2.725

Inlet

I
0.500

I

0.435 Valve Closed

1.060 Valve Open

Need)e Valve

1.15(

Fuel Outlet
Fuel Inlet

I

I g ' Fuel Vent

O'iO0

Report No. 8374-933004



_BELL AEROSYSTE/VIS COMPANY

m

_-- 1.450

!C I

i

Fuel

Yoke

Solenoid

- Close Solenoid .

"_ Vent

T Installed

._ L byBAC

Spot Self

l -ffi a-Center SwitchNeedle Valve

(2 Places)

Operational Schematic

Figure V-191. Bipropellant Valve (Fox Part No. 610646)

V-339



@ BELL AEROSYSTEMS COMPANY 
I. 
I 

I 

204157 
Figure V-192. Cavitating Ventur i  Bipropellant Valve 

v-340 Report  No. 8374-933004 

- ~ _ _ _ _ _ ~  



I. 
1 
I I 
c 

@ BELL AEROSYSTEMS COMPANY 

203984 

Figure V-193. Model 8414 Engine Test Installation - Thrust Chamber 

V-341 Xeport No. 8374-9330004 



COMPANY

Test Time-sec

Throttle Tests at Sea Level

V-342



@ BELL

Throttle

Position

in.Open

Chamber

Pressure

Pc
Psia

Mixture

Ratio

R

Thrust

Fo0
lbs

Specific

Impulse

Ispo 0

sec

AE ROSYSTEMS COMPANY

100

80

6O

40

280

260

240

Test Time•-sec

Figure V-195. Throttle Test at Pressure Altitude of 0.064 psia

Report No. 8374-933004 "V-343



C BELL

Throttle

Position

in. Open

Chamber

Pressure

Pc
Psia

Mixture

Ratio

R

Thrust

FeD
lbs

Specific

Impulse
I

sp CD
sec

AE ROSYSTE/VlS CO/%4 PANY

0.4 [ . ---_- ; i ; ! , . Run No. 2ES-1665

[ ' : :[-! :: _'.._ i ] i Fuel Temp. = 43°F
0.2[ . .. i. ff,-- i , -___ ..... ; Oxid Temp. : 38 F

0 -:"--L-_--4---!--.._J___L_.t_____.__..L__,L___'. __j:-__L._L__.__].._ : ', : : t :.
..... ' _ " I' ' -_--/ .... f"'- ! . I .,7""'7T--'_! ....... t ! , , _I_. , , , I ::,..:,.:

I ,.I - J[i" r--'T I."......... =--7-'=_--: T--_'I' ' ..... _--_---. [--, --F--,
!-k--t ........ _ ;-.I- !-.. ....._ !=: _-:!---:- '-i :-,-::, ....:?_-i::.-_

i "': : T ' ' i '' ," ,' i - l • , .'.

60

40

20

0

1.7

1,6

100

8O

60

40

20

0

300

280

260

240

Figure V-196.
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Figure V-197, Throttle Test at Pressure Altitude of 0.051 psia
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Figure V-201. 100-1b Thrust Chamber Model 8290-470001-1 
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J. TEST CELL BUILDUP AND TEST STAND MODIFICATION

1. Sea Level Test Cell B-2

During the first quarter of this program, this sea level test cell was modified to

allow testing of the various injection in the water cooled chamber, the stainless steeF

chambers, and the columbium alloy chambers.

This cell modification consisted mainly of providing additional instrumentation

capability for the measurement of the test chamber temperatures.

2. Altitude Test Cell 2E-S

During the first and second quarter of this program the cell modification effort

consisted of reworking the available integrated dynamic thrust and flow measurement test

stand from the 5 pound thrust level to the 100 pound and providing additional instrumentation

capability in the altitude test cell 2E-S.

This pulse mode thrust stand rework included redesign and fabrication of the follow-

ing: the bellows tank assemblies, fast response propellant supply valves, the thrust calibra-

tion assembly, and the pulse control electronic circuitry. Two views of this test stand were

shown in Section V-D. A propellant system assembly drawing of the stand is shown in

Figure V-204.

Test firings were conducted on this modified test stand during the third quarter.

Results of these tests showed rework to the gas _leed system on the bellows tanks was

required to improve mixture ratio control and performance measurement. Modifications

to the pulse control electronic circuitry was also necessary to allow greater pulse width

variation.

Further modification to this test stand was not made due to cost.

During the last quarter of this program a simplified flexure type test stand was

fabricated to measure thrust during the steady state and pulse mode series on the two demon-

stration engines.
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