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Summa ry

Experimental tests were made on a small reverse-f{low
rocket engiue utilizing gaseous hydrogen and oxygen as pro-
peliants, The engine was operated at chamber pressures from
50 to 150 psia and developed thrusts from 40 to 150 pounds,
The majority of tests were conducted at chamber pressures of
60 and 100 psia. Results indicated that the same maximum
value of C* (7960 fps) and combustion efficiency (97%) were
obtained for both these chamber pressures. However, with
increasing chamber pressure the optimum mixture ratio in-
creased, [(n addition, it was found that the best combustion

chamber shape was spherical.
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Preface

This report is one of a series of expe: = .:ial studies
by AFIT students on a reverse-flow rocket engine, The
majority of my tests were made at chamber pressures of 60
and 100 psia where the effects of mixture ratio and engine
size upon the characteristic exhaust velocity were investi-
gated, The engine opereted successfully during all tests
and gave combustion efficiencies up to 97%. I hope that the
results of this stucdy will be of assistance to future in-
vestigators, I feel that many aspects of this type of engine
are left to be examined,

I wish to acknowledge my indebtedness to Mr. John Parks
for the many hours he willingly spent to assist me in the
experimental -vork; to Lt, Tsongas, my advisor, for his
support and ; idance throughout this study; to Mr, Anderson,
for his assistance in the digital computer work; and finally,
a special thanks to my wife Patt for her help in editing and
for her understanding and encouragenent during the past
eight months,

John C, Vaughan III
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I. List of Symbels

Area, in2

Venturi diameter ratio (Throat diameter/Inlet diameter)
Characteristic exhaust velocity, ft/sec

Discharge coefficient

Nozzle thrust coefficient

Diameter, in

Modulus of elasticity, psi

Thrust, 1b

Gravitational conversion factor, 32.2 l1tm £t/1bf sec2
Specific impulse, 1bf sec/1lbm

Thermal conductivity, BTU in/hr ft2 F

Specific heat ratio (Cp/bv)

Characteristic length (V./A¢), in

Wall thickness, in

Mass flow rate, lbm/sec

Static pressure, psia

specific rate of heat flow, BTU/sec in2

Mixture ratio, mg/ my

Specific gas constant (Universal gas constant/llolecular
weight), ft Lbf/lm R

Tensile strength, psi

Temperature, F or R

Vclume, ind

Coapressibility correction factor
Coefficient of thermal expansion, in/in F
Vifferential

vi
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€ Nozzle expunsion area ratio, A,/A,
Characte;istlc velocity quality factor, C;/C;,
(Combustion efficiency/100;

A Thrust coefficient quality factor, CFx/CFT

M Gas law deviation factor

Y Poisson's ratio

§ Specific impulse quality factor, Ig /Igp

@ Density, 1bm/i,n3

a Thermal stress, psi

Subscripts:

c Combustion chamber

e Nozzle exit

H Hydrogen

0 Oxygen

p Total propellants

s Stagnation

T Theoretical

t Thraat

x Experimental

vii
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II. Introduction

Reverse=-Flow Fiim Coolinrc

This study will consider the effect of chamber pressure
on the perforinance of a small gaseous propellant ~ocket engine
using reverse-flow film cooling, In this unique cooling
system, a gaseous film of pronellant travels at a relatively
high speed alung the coumbustion chamber irner wall toward the
front of the cuamber, It could be considered similar to re-
cenerative cooling except that the propellant is in gaseous
foam and travels on the inside of the combustion chamber as
it picks up heat,

The only known experimental work done with this type of
cooling bhas been at the Air Force Institute of Technology.

In the usual configuration, hydrogen gas is injected toward
the frent of the chamber from just upstream of the converging
nozzle section, The coolant gas picks up heat from the com-
bustion process as it proceeds to the rront of the chamber,
The relatively cool hydrogen gas film reduces the boundary-
layer temperature, the heat transfer to the walls, and thus
decreases the wall temperatures, At the chamber front the
hydrogen converges on the gasecgus oxygen injector where it
mixes with the oxygen, and the combustion process begins, A

cross section of the assembled engiue is shown in Figure 1,

Applications

Frobably the main disadvantage of such a cooling system

is that one of the propellants must be injected in a gaseous
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state and, therefore, requires large and heavy tankage for its
storage [(Ref 1:181), If the propellant wzre not stored in the
gaseous state, but had to be vaporized just prior to injection,
control problems would arise. Nonetheless, combustion of the
nropellant combination of gaseous oxygen/gaseous hydrogen can
result in slightly higher specific impulse than the same liquid
combination; thus, its high performanrce might offset the dis-
advantages associated with its use. Of course, only the pro-
rellant used for the reverse-~flow film need be injected in a
gaseous state; and, in fact, performance approaching that of
theoretical has been achicved in a small uncooled engine

using zaseous hydrogen and liquid oxyszen (Ref 2).

Zven though it is not the purpose of this study to pro-
pose applications for a swall thrust engine utilizing reverse-
flow filnm cooling, it is useful to briefly consider one such
example., A report titled "Closed Ecology" (Ref 3:4) shows
that a completely closed respiratory system as might be used
in extendecd, manned, space flights develops apn excess of 0.2
1b/day of oxygen and 0.1 1b/day of hydrogen per man, These
excesscs could be used as the propellants for occasional veloc~
ity corrections, It is possible that the duration of firing
might be long enough to make an uncooled engine inapplicable,
In addition, the required propellant flow might be too low for
application of liquid regenerative cooling. Further, trans-
piration and normal film coolinz usually result in & loss of
specific impulse--the amount of loss depending on the cooling
requirements. Therefore, in such a situation, reverse-flow
film cooling could have application,

2
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Backeround Information

A complete survey was made of all work previously done
with reverse=-flow film cooled engines, The conclusions drawn
from this survey, and presented below, were used in determin-
ing what ranges of chamber pressure, mixture ratio, character-
istic length, and rum time should be used in this study.
Further, an attempt was made to take advantage of these pre-
vious results when considering what engine modifications would
be necessary to prevent engine damage or would be helpful in
increasing engine performance,

The original idea of utilizing a reverse-flow film to
cool! a small rocket enginc was conceived by the personnel of
the Fluid Dynamics Branch, Aeronautical Research Laboratory,
Wrizht-Patterson A.F,B., A preliminary investigation as to
the feasability of this idea was conducted by Guarino in 1958
(Ref 4). This was the first of twelve theses on topics deal-
ing with reverse-flow film cooled engines, Guarino made test
rumms on a two dimensional, nine inch diameter circular chamber,
Air was injected along the inside of the walls towarxd the
front of the chamber at velocities up to 480 fps and at a flow
rate of 0,5 1b/sec., A flow deflector was placed at the front
of the chamber to turn the two air streams together and towards
the exit, Results showed that the flow remained strongly
attached to the wall until meeting the flow deflector, In
addition, some of the flow appeared to recirculate in two
vortices before leaving the chamber,

The following year, :(lorton (Ref 5) desigzned and operated
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the initial reverse-flow engine, His basic design of a four
inch diameter spherical combustion chamber of % inch stainless
steel walls has not beer changed in subsequent studies, Gase-
ous hydreogzen fuel was used for the film cooling and oxygen gas
was the oxidizer., Both propellants were injected at sonic
velocity .o prevent possible chugging, The hydrogen was in-
jected in a reverse-flow continuous annular stream and the
oxygen injected in impinging streams that flowed directly
rearward from a front injector, Six test runs were made at a
chamber pressure of approximately 30 psia; the results showed
that a reverse-flow film cooled small rocket engine could be
successfully operated.

In 1960, Noland (Ref 6) verified Guarino's two=-
dimensicnal cold air flow results with the use of an inter-
ferometer, Injection velocities up to sonic were used,
Chamber length was varied, and resvits showed that a circular
configuration produced the strongest vortices, while a longer
configuration produced the most stable flow pattern,

Additionally in 1960, a duplicate of Morton's engine was
made so that experimental study could progress more rapidly.
As of 1963, four studies were completed with tle original
engine and three with the other, All of these studies used
hydrogen gas for the reverse-flow film (fuel) and oxygen gas
for the oxidizer, Although the studies completed on the two
engines were not independent of one another, they can be swum-
marized as such,

With one of the engines, James (Ref 7) conducted a com-

prehensive performance study including mauy temperauiure

4




L .\/Lﬂ':/64-5

measurements, Sixty-nine test runs were made at chamber
pressures from A0 to 70 psia and mixture ratios firom one to
eight. Temperature results indicated the reverse-flow film
to be an effective cooling scheme for runs of 35 seconds in
which both inside and outside wall temperatures reached
stable values, It was also shown that C* varied slightly
with chamber pressure for the one engine configuration tested,

In 1961 the construction and instrumentation of the AFIT
Rocket Engine Test Facility was completed by Macko, Keller,
and Pickitt, The facility was uuyed for all subsequeut rocket
engine tests, A complete description of the facilitv and its
instrumentation is given in an operation manual (Ref S),

Macko (Ref 9) then continued the work of James in the
newly completed test facility. Engine sealing methods were
imoroved, several components were redesigned, and water cool-
ing was added to the nozzle divergent secvion, Two chamber
extensions were made to give four different 1+# configurations,
However, only ten test runs were made by Macko due to time
limitations,

In 1963 Johnston (Ref 10) extended the work of Macko and
James t¢ investigate the effect of chamber length and oxygen
injector type on engine performance, One hundred and seventy=-
five test runs were made at a nominal chamber pressure of 60
psia and mixture ratios of 1.3 to 4.4. Three different oxygen
injectors were tested, and L¥ was varied in configurations of
41.6, 56.7, 71.8, and 86.9 inches, Test results indicated

experimental values of C¥% well below theoretical C*, The engine
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with an L* of 56,7 inches gave the best performance for all
injcctors and was tiac only coafiguration in which maximum C#
did not occur at the lowest mixture ratio tested, The reason
postulated for the low values of C# was that the hydrogen was
incnrrectly injected,

The series of stucies using the duplicate engine was
started in 1960 by Krumpe {(Ref 11). He used an impinging
stream oxygen injector and investigated the effect of inject-
ine the hydrocen with a component of swirl. The hydrogen in-
jectors used gave 0, 15, and 30 degrees of swirl, Fifty-one
test runs were made at a chamber pressure of 6% psia and
mixture ratios of one to three, Th:s results showed that the
swirl injection gave higher C* but lower I, values, TFor all
runs it was found that C# and I increased as the mixture
ratio decreased. It was believed that the exhaust gases still
had a component of swirl which decreased the axial component
of exhaust velocity, thus lowering the specific impulse,

The following year Keller (Ref 12) continued XKrumpe's
work on swirl injection, Several important design changes
were incorporated; thcse included an improved hydrogen mani-
fold, a swirl oxyzen injector, new swirl hydrogen injectors,
and a new exhaust nczzle, To aid in cooling the exhaust
nozzle, a hydrogen baffle was made to channel the inccming
hydrogen gas along the exterior of the nozzle, KXciler only
made two test runs with the engine due to time limitations,

In 1902 Kineer (Ref 13) continued the study of swirl in-

jection; one hundred test runs were made at a chamber pressure
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of (5 nsia and mixture ratios ranging from 1.2 to 2.5, 1e

used the swirl oxygen injector designed by Keller and a modi-

2

fication of Keller's hydrorgen injectors with 0, 17, ané 35
degrees of swirl, Characteristic lengths of A0 inches
(spherical) and 55 inches (1 inch chamber extension) were
used during his tests; rum results for both engines showed
that C%* increased slightly as the hydrogen swirl angle in-
creased, but tiat I, decreased with the increased swirl,
Values of nozzle thrust coefficient unexplainably decreased
ror éach injection angle when L¥ was increased from 40 to 55
inches, It was found that for mixture ratios less than 1.2
~the oxygen irnjcctor face burned, and for mixture ratios
higher than 2.5 the nozzle burned.

One year later Cumningham (Ref 14) extended the swirl
injection studies to a comparison between swirl and shower-
head oxygen injection, Characteristic length configurations
of 44, 59, 74, and 90 inches were used, Sixty-six tec¢ rums
were made at a chamber pressure of 060 psia and mixture ratios
from one to three. The results showed that use of the shower-
head injector gave higher values of C*% and I and lower wall
temperatures than use of swirl injection, The vest perform-
ancce occurred with L# of 59 and 74 inches, For all L# con=-
ficurations, C#* and Ig varied inversely with mixture ratio.
The reverse-flow film cooled the chamber walls cffectively,
but the convergent portion of the nozzle was erosively burned
at a aixture of 5.3,

In addition to the hydrogen-oxygeu reversc=flow studies
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Just discussed, two reverse-flow studies were made using JP-4
and air as propellants. In 1960 Heye (Ref 15) conducted hot
runs with a two-dimensional engine. Results showed that the
reverse-flow film of air was effective in cooling the walls,
In 1961 Agosta (Ref 16) tested a cylindrical engine., Chamber
wall burning occurred, however, due to the fact that th2 in-
jected fuel disrupted the reverse~flow air film and thus
eliminated the local cooling effect.

One last grcup of studies by AFIT students is worth
mentioning here. In 1950 Ow (Ref 17) designed and tested a
gaseous oxygen-gaseous hydrogen, film cocled, rocket engine
developing 100 pounds thrust at a nominal chamber bressure of
300 psia. The hydrogen was injected perpendicular to the
chamber axis and hence reverse-flow film cooling was never
utilized. This work was continued in 1961 by Pickitt (Ref 18)
and in 1963 by Alser (Ref 19). The results of these studies
showed that performance close to theorectical C¥* could be
achieved in a small gaseous oxygen-hydrogen rocket engine and
that the experimental C* varied with mixture ratio in a manner
similar to the theoretical C# variation, Alser's study showed
that adequate nozzle cooling could also be achieved by using
normal film cooling, but with a resultant drop in C#,

In summary, it can be seen that a considerable amount of
work hias been done on a hydrogen-oxygen reverse-~flow engine,
The following results were coupiled from these studies and
were used in the planning and couwponent design for this investi-

cation:
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1. Noticeably different flow patterns resulted when a
spherical chamber was extended into a more cylindrical one,

2. The showerhead oxygen injector gave better perform=-
ance and its use resulted in better chamber cooling than that
obtained by swirl injection,

3. Except for James' study in which the effects of
varying the chamber pressure between 40 and 70 psia were ex-
amined, all previous studies were conducted with 2 nominal
chamber pressure of 00 psia.

4. With one exception, in all studies the mixture ratio
was varied from one to three, At higher mixture ratios the
convergent section of the nczzle suffered damage, James
varied mixture ratioc up to eight without burning, but at those
mixture ratios above three his C¥% was less than 5000 fps.
Previous studies had indicated that C# was approximately (200
fps at mixture ratios of three, and therefore involved greater
heat release,

5. All studies except Johnston's showed that C3 dc-
creased as mixture ratio increased, His study indicated that
the configuration that gave the best pcrformance had a C¥#
versus mixture ratio curve which was similar in form to that
found theoretically.

6. Although previous performance was low in comparison
to theorctical C#, several studies showed that the performance
was greacly affected by the tyvpe of oxygen injector, It was

also sbown that chamber length affected performance,

O
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Problem Statement

The primary purpose of this thesis was to investigate
the effect of chamber pressure ou the performance of a small
reverse-flow rocket engine, In order to limit the investiga-
tion, it was necessary to hold some factors constant, The
first decision was to use the same hydrdgen injecter, oxygen
injector, and exhaust nozzle throughout all performance tests.
The second factor to consider was injection velocity of the
propellants, Sonic injection was decided upon for two reasons.
First, with one exception, a’l previous work had used this
velocity and comparison could be made, Secondly, by using
sonic injection, mass flow rates were independent of chamber
pressure, thus allowing for easier control of mixture ratio
and chamber pressure,

By fixing the injectors, nozzle, and injection velocities,
the problem was reduced to three hasic variables: chamber
pressure, mixture ratio, and characteristic iength, By hold~-
ing any two of these constant, a relationship exists between
the third variable and C#, Changing cither of the first two
variables would affect the relationship of the third to C#,

The variable of primary importance was P., It seemed
that its range would be limited Ly the effectiveness of the
cooling scheme, Although previously the engine had been
tested at rressures up to 70 psia, for thils study it was
declded to investizate chamber pressure effects up to 300 psia,

The second variable was mixture ratio, which, it was felt,

should be kept beiween one and three to nrevent possible engine

10
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damaze, A possible exception would be to locate the peak of
a U* versus r curve sheuld it lie outside of this range,

The taird variable to be considered was L%, Two chamber
cxtensions were available, They, combined with the basic
encine, allowed characteristic chanber lensths of 44, 60, 76,
aad 22 incues, providing the same At was used as in previous
studies, Since Cunningham's results showed ihe optimwma L¥# to
ne in the niddle of this range, it was decided to use the
same Ay and all the L¥ configurations available,

The final consideration in limitiny the scope of investi-
gation was the length of each run, It was found in previous
studies that the chaaber oressure, flow rates, and thrust
would stabilize witihin two to three seconds, The only data
which could not he determined with a run of three seconds
duration were the steady state temperatures, Therefore, to
conscrve pronellant, test rums would be limitcd to three or
four seconds, excent for a few long duration runs to determine

heat flux and steady state wall temneratures,

11
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II1. Apparatus

Iest racility

The Rocket Engine Test Facility of the .lechanical En-
gineering Department was used for this study. Briefly, the
maln sections of the facility were the gas supply, the test
cell, and the control room, The gas supply consisted of
eight nitrocen, ten oxygen, and twenty hydrogen bottles, The
test cell contained the engine and its test stand (Fig S),
propellant feedlines, flow control valves, and data pickups,
The control rooum itself contained the data recorder and the
control console (¥Fig 9). A complete description of the test

facility is ziven in the Operations Manual (Ref S).

nocket ingzine

Basic Encine Features., The basic combustion chamber con-

sisted of two 4-inch diarotey hemispheres with £ inch walls,
The chamber shape and veiume could be varied vy inserting a
one- aud/or two=-inch cylindrical extension between the hemi-
spheres, A simplified stress analysis of this combustion
chamber is given in Appendix A,

The cotaer main engine parts were the nozzle, baffle, and
injectors (Fiz 1, 2). The exhaust neczzle had a throat dia-
acter of 1,0v7 inches and an exit diameter of 1,179 inches,
The resulting arca ratio gave optiwmum expansion at a chamber
pressure of approximately 0 pceia, The brass Laffle was the
ouly main ercine component which was not made of stainless

steel, The baffle fit around the exhaust nozzle and allowed
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g

3 narrow channel between the baffle and nozzle for the in-
coming hydrogen flow; this provided regenerative cooling for
the nozzle, The engire was bolted together in such a way as
to allow removal of the injectors, nozzle, and baffle without
requiring disassembly of the combustion chamber, Modifica-
tions of the combustion chamber seals (Fig 3) and bolts are
discussed in Appendix B,

Exhaust Nozzle. Past studies showed that the nozzle was

the most critical component with regard to cooling, It be-
came obvious that measures had to be taken to prevent nozzle
damage during the proposed high pressure runs, as the heat
flux is almost proportional to the chamber pressure (Ref 20:
93).

A frequently successful method to protect parts in con-
tact with combustion gases is to coat the exposed areas with
a iefractory liner (Ref 21:444). Such a coating was provided
and applied by the University of Dayton Research Institute
(Fig 4). 1he lining consisted of a flashing of nichrome and
then 2 5 to 10 mil overcoat of Mullite., Mullile consists of
70% Al0- and 30% S10, and has an orthorhombic crystal structure.
It has a density of 3.2 grams/cm3 and a melting temperature of
7310 F, The thermal conductivity is very low--approximately
2 BTU/hr £t I, The coating was tested by subjecting it to a
2600 F plasma arc for five seconds; noc cracks had occurred
after six such tests,

The thickest portion of the coating was applied to the

l1ip of the converging nozzle section where previous damage had




occurred and the thinest was applied at the throat section,
This was done for two reasons: first, the throat section is
cooled by the incoming hydrogen gas which is at its lowest
temperature; and second, as testing progressed, any flaking
of a thick coating at the throat would appreciably change the
throat area, which would complicate C# calculations,

Oxycen Injector. On the basis of Cunningham's compara-

tive study of swirl and showerhead injectors (Ref 14:50), it
was decided to use a modification of the latter, Previously
it had been found that C* increased as the mixture ratio was
reduced to one, whereas theoretical C#* decreases, Such a
simificant variation from theoretical C%* was possibly due to
the center portion of the injected oxygen stream leaving the
combustion chamber without mixing and taking part in the com-
bustion., To correct this phenomenon, the center injection
holes were eliminated (the new injector is shown in Figures 5
and 6). The calculations used to determine the number and
size of injector holes which would keep the injection sonic
are contained in Appendix C,

Hydrogen Injector. Good results were achieved in the

past by injecting the hydrogen gas at Mach one and in a direc-
tion tangential to the chamber walls. Thcrefore, only two
modifications were made, First, it was decided to increase
the injection area because the previously used injector would
have required excessive line pressures to achieve higher flow
rates (Ref 14:31), It was found that the injection area

could be increased and still maintain sonic injection fer all

14
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the flow rates to be used. The calculations to determine the
new injection hole size are included in Appendix C.

Secondly, it was decided to use a stainless steel in-
jector so that it would have the same coefficient of thermal
expansion as the nozzle, Having the same coefficient might
eliminate the "necking down" of the exhaust nozzle (Ref 13:14),
wvhich was believed due to the expansion of the brass bhydrogen
injector, It should be noted that the final injector was a
modification of that used by Krumpe in that the hydrogen
flowed only through the new injector's outer ring of holes
(Fig 7). The old inner ring of holes was purposely blocked
by the baffle,.

Enrine Thermocouples. Each chamber extension and hemi-
sphere had three iron-constantan thermocouples already in-
stalled, The thermocouples were circumferentially spaced at
120 degree intervals and measured the inside wall temperature,
Additional ircn-constantan thermocouples were installed to
measure the corresponding outside wall temperature for use in
temperature stabilization runs,

In addition, an unsuccessful attempt was made to measure
the nozzle throat temperature with an alumel-chromel thermo-
couple, After a few test runs, the thermocouple was removed
due to excessive hydrogen leakage from around it, No satis-
factory sealing method could be achieved that would allow for
the frequent rer.ovals necessary for engine inspection, There-

forc, only chamber wall temperatures were recorded,

15
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rropellant eed Svstem

Gasecous nydrogcen and oxyvegen were used as propellants,
while nitrosen gas was usea for purze and for control pressure
to thethrec flow regulating dome valves, These dome valves
were designed o produce an engine ‘ecdline pressure equal to
their resmective control pressures, Loader valves on the
control console regulated thesc control pressures and reduced
the nitrogen supply pressure to the value desired at the re-
spcetive dome valves, Thus, the hydrogen and oxygen propell=-
ant flows and the nitrogen purge flow could be regulated f;om
the control console with only nitrogen lines being brought
into the control room, 7The flow control system schematic is

shown in Fizure 10,

Instrumentation

All experimental run data was obtained from the output
(Fig 11) of an eichteen channel Consolidated Electronics Cor-
poration recorder, Thermocouples provided the electrical
signal representing temperature changes, while bridge circuits
were used to produce the thrust and pressure signals, Three
types of galvonometers were used, FEach type had a different
sensitivity and required damping resistance, The sensitivities
werc hisch ennugh as not to require amplification of the input
data signals,

The thrust signal input to the recorder came from a
bridge of four active strain gauges mounted on a constant
stress cantilever beam, Calibration was performed by hanging

a known weight to the thrust beam and noting the trace
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deflection at the recorder, Even though the calibration
factor for any enginc configuration was & constant for the
rances of thrust used, it was found that for any change of
engine configuration the thrust beam hid to e recalibrated,
Turther, for chamber pressures above 120 wvsia (high thrust),

a less sensitive galvonometer had to be used to keep the de-
flection on the recorder paper. This method proved to consume
less time than changing the fixec damping resistors.

The chamber pressure was measurzd with a transducer
which was calibrated sevcral tiaes by applying a known pres-
sure, The calibration factor was found to he a constant fcr
the range of chawuber pressures investigated and remained con-
stant for the duratior of the study,

Two Herschel tube venturi meters were usea in obtaining
the hydrogen and cxygen mass flows, The necessary pressures
were obtained using static and differential pressure trans-
ducers, These transducers were calibrated in the same manner
as the chamber presstire transducer,

The instrumentation system just described contained two
improvements over the one used previously, First, in order
to eliminate variation of supply voltage to the pressure trans-
ducer and thrust beam bridge circuits, a large aircraft battery
was used for the power source., The battery voltage, 12 volts,
was reduced to 10 volts with a variable resistor. This volt-
age was continually measured by a voltmeter located near the
recorder, Second, the fixed damping resistors used in the
thrust and pressurc channels gave improved system reliability

over the auplificrs used before,
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All the engine wall temperatures and the two propellant
venturi temperatures were measured with iron-constantan thermo-
couples, Zach elcctrical circuit to the recorder consisted of
a data junction, a cold junction ice water bath, and a series
variable resistor, The variable resistor was used to adjust
the calibration factor for the circuit while approx‘mately
giving the external damping resistance required by the galvono-

meter of that channel,
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IV, Test Program

iest schedule

thase I. The first of two phases of testing, consisting
of 4= rums, was mainly conducted to compare the new oxygen
and hydroger injectors to the ones used previously. All
possible engine-injector combinations were *“ested., Mixtuve
ratios were varield froa one to two and chamber pressures from
54 to 132 psia., These first tests were also used to check
the fuactioning of the instrumentation and the propellant feed
system and the soundness of other engine modifications,

Phase II. The last phase of testing consisted of rums
44 to 119, The same oxyzen injector, hydrogen injector, and
exhaust nozzle were uscd for all of these tests (see Fig 5, 7,
and 4 respectively)., The four engine configurations were
tested with mixture ratios from 0.94 to 3.5 and chamber pres-
sures from 55 to 150 psia, However, the majority of tests
were conducted at nominal chamber pressures of 60 and 100 psia.
sue to insufficient supnly pressure, stable hydrogen flows
above 0,2 lbm/sec were hard to achieve; therefore, only a
limited number of runs were made at chamber pressures ahove

120 psia.

Run l'rocedure

The same nrocedure was used in conducting all test rums,
A suall hydrozen flow was started and then electrically
iznited outside the combustion chamber, Oxygen flow was then

started and increased until the flame would prozress into the

19




GA,/MNE/HA=8

chamber and give a distinctive "pop". At this time the preset
run contrel pressures were applied to the hydrogen and oxygen
dome valves, The propellant flow would reach a steady value
in approximately two seconds. Unless a temperature stabiliza-
tion run were being made, engine purge and shut dewn would be
initiated after three seccnds of run time, The run checklist

used for all rums is included in Appendix D,
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V. Data Reduction

Engine Performance Parameters

The main parameter used to evaluate the performance of
the rocket engine was the characteristic exhaust wvelocity, C¥*,
The experimentelly determined valwe, C¥, was calculated for

each run from the equation

C$ = Pohye/my (1)

In addition to C;, the other performance parameters were

computed by use of the following equations:

Cpy = F/P Ay (2)
Iox = Cp O3/ (3)
N = cxCH (4)
N = Cpy/Cpr (5)
§ =N A= Ig,/Igp (6)

Computer Program

A digital computer was used to calculate the performance
parameters for all test runs., The complete details of the
computer program are given in Reference 22,

For each test run the computer used three sets of infor-
mation, The first set consisted of eight calibration factors
and the exbhaust nozzle throat diameter, The calibration
factors were given i{n 1lbf, psi, or F per inch of deflection,

The second set of information consisted of the run number,
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eight measured deflections, the mercury barometer reading, and
the mercury temperature reading, The eight measured deflec-
tions were taken from the following recorder channels: thrust,
chamber pressure, hydrogen feedlire pressure, hydrogen venturi
differential pressure, oxygen feedl ine pressure, oxygzen ven-
turi differential pressure, hydrogen feedline temperature, and
oxygen feedline temperature,

The machine then computed and typed ocut the following
data results: run number, ¥, P., r, C}, Cpy, I, -, P, AP,
Py, APy, Ty Ty ﬁa, and &0. At this time the computer was
given the third set of information which consisted of C; and
Cpr values obtained from Figures 12 and 19, These curves of
thecretical performance were plotted from the results of a
digital computer program (Ref 22) using t e following assump-
tions: frozen equilibrium, ambient pressure of 14.7 psia,
expansion area ratio of 1.%707, and a conical nozzle with a
15 degree divergence half angle. The machine then calculated
N, A, and § and punched a sumrary card. The listings of all
the Phase [I test run performance summaries are given {n

Tables I to IV,

Kass Flowy
The mass flow rates were computed by using the standard

equation

t

B = o.szsvncdnf(P AP)i/(leBA) (7)
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where:
B =0.575
D, = 0.370
Cq = 0.984
Yo = (1-0.644 aP/P)

The discharge coefficient was obtained by calibrating
the venturi meters against three standard square-edged orifices,
using standard A.S.M.E. procedures (Ref 8:38). The accuracy
of the calibration data is within 2% for Reynolds numbers
above 80,000. Since this Reynolds number corresponds to a
iy of 0,021 lbm/sec and a my of 0,046 lbm/sec, all test rums
were above an 80,000 Reynolds number, and the constant Cy4
value was valid.

The curve of Y, versus the throat to upstream static
pressure ratio is almost a straight iine for the metexs used
and can be approximated as shown above, This arproximation
introduces less than 0,2% error for throat to upstream static
pressure ratios greater than 0,85, This pressure ratio was
higher than 0,90 for all runs of this study.

By using a rcference temperature of 100F, the flow equa-

tion can be reduced to the final form:

AP ¢
. H 560
mg = 0.001419( -0.644 -—pi-)(l’u APbg g ) (S)

(9)

and m = 0, 00565( 1-0. 644%1_) (Po APOQ.?.%
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Temperatures

In order to achieve a fairly common basis for comparison,
the temperatures for all short runs were measured after 3,0
seconds of run time, Since these temperatures were usually
not steady state values, only very general conclusions could
be drawn from them. Apy possible trends were further dic-
guised since the engine temperatures at run start varied from
ambient temperature for the first run of the day toc almost
steady state temperature for a normal run immediately follow=-
ing an extremely hot run. For vhese reasons the most conclu-
sive temperature data was obtained from temperature stabiliza-
tion runs of fifteen or more scconds; by this time all inside
vall temperatures and most cutside temperatures had achieved
a steady value,

By knowing tne steady state inside and outside wall tem-
peratures at some location, the heat flux was determined from

the equation
q = -KaT/L (19)

where K is the conductivity of the stainless steel wall a!

the mean wall temperatuxe,
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VI. Results and Discussion

General

A total of one hundred nineteen test runs were made with
mixture ratios varying from 0,91 to 3,57, and chamber pressures
ranging from 55.2 to 150.8 psia. Ten runs (14, 20, 36, 44, 54,
55, 58, 60, 70, and 85) were not useful because the flame was
blouwn out of the chamber when the full run pressures were
started, Ten other rums (18, 51, 59, 81, and 114 to 119) were
inconclusive because the hydrogen flow did not attain a steady
value, This was due either to insufficient supply pressure or
to leakage around a loose hydrogen injector, Further, in-
accurate Pq results were obtained for runs 1 through 43 and,
therefore, the data from these runs were not used, Thus, a
total of sixty valid runs were made for which complete test

results could be obtained (Tables I, II, III, and IV),.

Characterjstic Exhaust Velocity
lheory. 4 digital ccmputer was used to calculate the

theoretical C* and CF’ The complete details of the computer
program are given in Reference 22, The results of the calcu-
lations for theoretical C* as a function of mixture ratio
and chamber pressure (Fig 12) showed C* to be relatively in-
dependent of Pe. This was the case for mixture ratios from
one to three and chamber pressures from 60 to 120 psia., In
fact, for mixture ratios from one to two and when the chamber
pressure was increased from 60 to 120 psia, C* increased less

than 0,02%, and at a mixture ratio of three it increased only
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0.4%. Thc maximum C* was found to be at a mixture ratio of

approximately 2.7 for both 60 and 120 psia.

Experimental results. The experimental results of C¥ vs
mixture ratio, r, for the spherical combustion chamber (L¥44)
were plotted as two curves--one for P of 60 psia and one for
£, of 100 psia (Fig 13). In addition, the theoretical C¥
curve and the results ootained by Cunningham (Ref 14) with a
“full” showerhead oxygen injector are shown,

It was found that for this spherical engine the maximum
C# at 00 psia was slightly higher than that at 100 psia, The
mixture ratio at which maximum C¥ occurred for these {wo
chamber pressures, however, was noticeably different, }Maximum
C% for 00 psia occurred at a mixture ratio of approximately
1.6, while for 100 psia the highest C* was obtained at a mix-
ture ratio of anproximately 2.0. A similar difference also
existed in the other three engine configurations tested (Fig
14, 15, and 10),

Althougnh the performance of the spherical chamber was
quite good, the engine still exhibited, to a slight degree, a
decreasing conbustion efficiency with increasing mixture rafio.
Values of combustion efficiency for both 60 and 100 psia varied
from approximately 97% at a mixture ratio of oue to 94% at a
mixture ratio of about 2,2 (Table I),

The results of tests (Fig 14) on the engine with a one
inch chamber extension (L¥ 60) showed essentially the same
maximum C¥% at both 00 and 100 psia, with optimum performance

for 100 psia again occurring at a higher mixture ratio.
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Combustion efficiency was approximately 95% and decreased
only slightly when the mixture ratio was increased from 1.1
to 1.9 (Table II),

Yhen the two inch chamber extension (L#76) was used for
P, of 60 and 100 psia (Fig 15), the C$# versus r curves were
noticeably flatter than those of the other engine configura-
tions tested, Runs at a P, of 100 psia gave an optimum C#
approximately 1.2% higher than at 60 psia. In addition, com-
bustion efficiency at 100 psia decreased from 96% at a mixture
ratio of one to 93% at a mixture ratio of 2.0 (Table III).
Combustion efficiency at 60 psia dropped off even more rapidly
at the higher mixture ratios,

The C#% versus r curves for the most cylindrical combus=
tion chamber (L*92) showed that the performance at 100 psis
was noticeably higher than at 60 psia (Fig 16), Combustion
efficiency at 100 psia varied from 97% at a mixture ratio of
1.2 to 95% at a mixture ratio of about 2.2 (Table IV)., Further,
performance for all runs was considerably hircher (about 14%)
than Cunningham's test results,

Lffect of Engine Configuration, The curves for maximum

C* at 00 and 100 psia for each engine confiruration (Fig 17)
wcre found to differ significantly from those usually obtained
for cylindrical coinbustion chambers using liquid propellants
(Ref 21:401). For liquid engines, as chamber length is re-
duced from optimum toward zero, cylindrical combustion chambers
do not exhibit any resions of increase in performance, It must

be noted, however, that L# is a somewhat abstract concept and

)o]
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cannot be as freely used in this situation as it might be
with strictly cylindrical combustion chambers, Characteristic
length, L¥, represents the "length" of time that injected and
burning propellants are inside the combustion chamber, pro-~
vided several factors are the same (Ref 1:79). Two of these
factors are: the entire volume of tae combustion chamber bhe
used for the complete combustion of all oxidizer and fuel,
and that there be a c¢lose similarity in all design features
of the assemblies being compared, These factors were not the
same in this case, The shapes varied from spherical (L¥44)
to practically cylindrical (L#92)., Further, Nolan (Ref 6)
showed that the basic flow patterns changed when the chamber
was extended from the basic spherical shape. Therefore,
Figure 17 is not so much a comparison of different character-
istic chamber lengths as it is a comparison of different flow
pafterns.

In light of this, it could be concluded that with the
reverse-flow engine the spherical combustion chamber offers a
considerable weight advantage over the cylindrical chamber,
That is, the same high level of performance was achieved in
the spherical engine as in the cylindrical ewugine of more than
twice the chamber volume., This good performance with the
small chamber was probably due to the nature of the flow pat-
tern, since the spherical shape produces the strongest vortex
and also keeps the hydrogen film more intact until it reaches
the front of the chamber--thus producing good mixing.

Effect of Chamber Pressure., The majority of tests were
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condvcted at the nominal chamber nressures of 60 and 100 psia.
Three conclusions can be drawn from a comparison of the C#
results of these runms.

First, the same maximum value of C¥* (7960 fps) and com=-
bustion efficiency (97%) were obtained for both 60 and -100
psia chamber pressures, Therefore, although these maximums
occurred at different values of mixture ratio and engine con-
figuration, it appears that maximum C# is essentially inde-
pendent of chamber pressure--as predicted by theory (Fig 12),.

Secondly, for the larger more cylindrical chamber config-
urations, the same C# performance required less volume at
higher pressures (Fig 17). This effect can be explained by
the results obtained from measurements of the burning veloci-
ties of gaseous hydrogen-oxygen mixtures (Ref 23:6), The
burning velocity was determined for various combinations of
clhamber pressure and mixture ratio (see Figure 18 for these
results). One of the most significant relationships apparent
from these results was that the burning velocity increased as
the pressure increased. Therefore, due to the fact that the
burning velocity should be higher at 100 psia, less stay time
(characteristic length) would be required to achieve the same
C* at 100 nsia as at 00 psia, sSince the slightly higher per=-
formancc at 00 psia over that at 100 psia for the spherical
engine cannot be exvlained by the burning velocity effect, it
can be possibly concluded that the strony vortex believed to
exist with the spherical engine results in better mixing at

the lower chamber pressures,

n
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The run results (see Fig 17) further indicated that the
spherical engine, which was the lightest and most compact,
achieved essentially the same maximum C# performance as obe
tained with any other configuration. Furthermore, increasing
the chamber pressure had the effect of only slightly reducing
the C# performance for the spherical engine, Possibly for
much higher chamber pressures the spherical engine would not
of fer these performance advantages,

Lastly, at the 60 psia chamber pressure the highest C#
occurred at a mixture ratio of 1.6, while at 100 psia the
highest C¥ occurred at a mixture ratic of 2,0 (Figures 13 to
16). This effect can possibly also be explained by the re-
sults of the burning velocity measurements discussed above,
These results (Fig 18) indicated that when the pressure was
increased from one to 14.6 atmospheres, the mixture ratio
which gives maximum burning velocity increased from approxi-
mately 6.8 (70% F,) to S.95 (64% Hz); in addition, when the
mixture ratio was increased from 1,77 (90% Hy) to 6.8, the
increase in burning velocity was greater at the higher chamber
pressures, Therefore, the dif{erence in the mixture ratio re-
quired to give maximum C* at 60 and 100 psia caa possibly be
explained by this difference in increase of ourning velocity
with mixture ratifo, It must be noted that for all chamber
pressures the advantage of the increase in burning velocity
at increased mixture ratios is countered by the disadvantage
at those higher mixture ratios that the combustion efficiency

decreases due to less efficient mixing of the additional oxygen.
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Therefore, for a given chamber pressure and engine configura-
tion, an optimum mixture ratio exists-~-below which the propel-
larts require additional stay time due to the decrease in
burning velocity, and above which the additional oxygen flow
does not mix well with the hydrogen, Vhen the mixture ratio
is changed from 1.6 to 2.0 at 60 psia the effect of the in-
crease in burning velocity 1s not as great as the effect at
100 psia (Fig 18). Therefore, it can be expected that the
optimum mixture ratio will increase with ircreasing chamber

pressure,

hrust Coefficient

S ——

heory. The theoretical thrust coefficient was calcu-
iated using the following assumptions: frozen equilibrium,
ambient pressure of 14,5 psia, expansion area ratio of 11,3707,
and a fiftcen degree nozzle cone divergence half angle, The
results showed that Cp was strongly affected by chamber pres-
sure and only slightly dependent on mixture ratio for the
range of one to three,

In fact, the plot of Cp versus P, for a mixture ratio of‘
1.5 (Fig 1Y) gives the value of Cp to within ¥ 0,0020 for all
other mixture ratios from one 1o three, That (s, at r = 1.0
the Cp values are approximately 0.0020 higher than those for
r = 1.5, while at r = 3,0 the Cp values are approximately
0.0020 lower than those for r = 1,5 (all at the same pressure),
[t was also fouru that as chamber pressure increased, its

effect on Up decreased due to the highly underexpanded flow,
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Experincntal Results., The most meaningful way to present

the experimental results (Fig 20) was in terms of the thrust
coefficient quality factor, Cp,/Cpp, thereby combining both
the effects of mixture ratio and chamber pressure into one
term, In order to accomplish this, some interpolation between
the computed theoretical Cyp values was necessary.

The values found for thrust coefficient quality factor
varied from 0.95 to 1,016, but the variation for any particu-
lar engine confisuration was much less, For the engines with
L¥* of 44, 60, and 92 inches, the quality factor variation from
maximum to minimwwn value was only 0.014, 0.017, and 0.015 re-
spectively, Considering the errors in interpolating for the
CFT values, this variation seems reasonable for experimental
work,

The L#70 engine was the only engine that appeared to
show a dependence of quality factor on chamber pressvre, The
averare value for the 60 psia runs was 0.957 while for the
100 psia runs it was 0,970, No engine configuration tested
showed any dependence of quality facior on mixture ratio,
However, there appeared to be a dependence of thrust coeffic-
ient on encine configuration, The average values of thrust
coefficient quality factors were as follows: 1,007 for the
L*00 engzinc, 1,001 for the L*44 engine, 0.979 for the L#76
ehglne, and 0.95S for the L#92 engine,

The L*u0 engine gave quality factors from 0.999 to 1.016.
Although this means that Cpp was lower than Cpy, Cpp is for

frozen flow and also for a fifteen degree exhaust cone half
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angle, while the actual nozzle has a twelve degree half angle
arc, Correcting Cpp to a twelve degree half angle cone would
recduce all quality factors by approximately 0,000,

Thrust Misalignment., A slight misalignment of thrust
stand components was found, This caused a variation of thrust
coefficient quality factor with L* and was probably apother
reason why some quality factors were above one, This misalign-
ment occurred because the engine support bars had to be slanted
at different angles for various chamber extensions, This re-
sulted in a change in engine height (the largest change was
0.2 inches and occurred between the L#60 and L%92 configura=-
tions), Thus there was a differeace between the moment arm
for the engine thrust and that for the calibration cable,

Since the calibration procedure assumned they were the same, an
error resulted. By correcting for this error, the quality
factors for L#00 would be reduced approximately three per cent
and all the engine average nquality factors would be between

approximately 0.97 and 9.95.

Engine Modificatjions

Oxyzen Injector. The oxygzen injector used in this study
gave the best performance yet achicved with a reverse-flow
engine, Combustion efficiencies up to 97.4% were obtained,
In addition, even when the mixture ratio reached the extrenme
values of 0.94 (Run 7) and 3.5 (Run 119), no injector face
burning or discoloratisan occurred,

Hydrogen Injector. While the fhase [ test runs could not

be used for quanitative comparison, they ncanetheless did
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indicate performance trends. Thus, from these results it
appeared that the hydrogen injector which was chosen for use
in Phase II of this study gave no increase in performance

over the injector used by Cunningham, In fact, increasing

the injector hole diameter from 0,041 to 0.0645 inches resulted
in overheating of the chamber wall next tc the hydrogen in-
jector, Forty triangular areas of discoloration about % inch
long occurred on the chamber wall between the forty incoming
streams of hydrogen, Although this overheating did not cause
any visible damage, it can be concluded that tl  hydrogen in-
jector area should have been increased by using more injection
holes rather than enlarging their diameters,

Exhaust Nozzle. The insulating coating applied to the
nozzle proved satisfactory sirce there was no burning of the
converging nozzle lip, Further, the heat flux to the nozzle
was reduced which result: 2 in iess heat being picked un by
the incoming hydrogen.

After aprroximately forty test runs, the coating staxried
to deteriorate, Even so, after ~ne hwgired nineteen test runs,
sufficient coating still remained to protect the nozzle from
burning at a mixture ratio of approximately 3.5, The deter=-
foration of the nozzle coating could have been partially due
to the sequencing of tha test runs. After approximately the
first forty runs, the usual procedurc was to run the highest
temperature run of the day first., In this way the enrine was
cool and would be less likely damaged than if the initial

engine temperature werxe sevaral hundred degrees, The
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disadvantage of this method was the subjection of the coating

to an adverse thermal shock.

Engine Damage

Two incidents of engine damage occurred during this
study. After rum 16, small cracks were found in the forward
hemisphere inner wall., They exiended from an old thermo-
couple hole which had been filled, An inspection after run
number 24 revealed that the cracks had progressed approxi-
mately %} inch further, However, since the cracks were only
approximately 1/16 of an inch deep, they were successfully
repaired by being stop drilled and filled with silver solder.
The cracks were probably caused by thermal stresses (Appendix
A),

Toward the end of the testing, it became apparent that

the nozzle was "

uecking down'”, This resulted in the hydrogen
injector fitting lonsely between the baffle and the nozzle,
and allowed hydrogen to leak out from between the injector
and the nozzle., This was confiruwed by an increase in the
hydrogen flow for a given feedline pressure., During run: 114
to 119 the hydrogen flow increased continually during the rums
rather than stabilizing. Inspection of the engtne revealed
extensive discoloration of both the bhaffle and that portion
of the exhaust nozzle immediately opposite thc baffle., The
Lrass baffle was blackened, while the stainless steel nozzle
had a brilliant blue-green area, Although the baffle was

still useable, any further runs would bave to be made with a

new cxhaust nozzle,
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Cooling Lffectiveness

Transient Temperatures, Since the chamber wall temmera-

tures determined at three seconds were transient values, only
tbhe following rceneral comments can be made:

1. As the nozzle insulating coating deteriorated, the
chamber inner wall temperatures increased.

2. The chamber inner wall temperatures after three
seconds of iun were essentially independent of the chamber
pressure for the range from 60 to 100 psia,

3. The forward hemisphere was hotter than the extensions
or the aft hemisplbere, and a typical value was 400 F when the
nozzle coaving was new and 650 F when the coating was deter-
iorated,

4. The aft hemisphere was the conolest with typical
temperatures from 350 to 450 ¥, depsnding on the amount of
nozzle coating remaining,.

5. Thc largest engine (L¥92) was noticeably cooler at
three seconds than the other engine sizes tested. With little
nozzle coating left, the forward hcemisphere temperature of
this engine was 70 to 100 F lower than that of the other
engine sizes,

Steady Temperatures, Eight runs were made in which the

recorded wall temperatures reached stable values, Due to the
inability to maintain a large hydrogen flow for longer than
about eight seconds, only limited success was achieved in
getting a long stable run at 100 psia., Of the =squilibrium

temperature runs made, runs 11 and 84 were selected as
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representative of the effects of chamber pressure and nozzle
coating on cooling effectiveness-~-since they gave the minimum
and maxirnm measured values of heat flux respectively, Run
11 was at 60 psia when the coating was new, while run S4 was
at 100 psia when the coating was deteriorated. A plot of
inner wall temperaturcs vs time for these runs is given in
Fizure 21,

The following comments can be made about the eight tem-
perature stabilization runs made:

1. An increase in chamber pressure has an acverse effect
on film cooling effectiveness, In one case, with all other
factors (including coating condition) the same, an increase
of Pc from 60 to 90 psia resulted in an increase in maximum
engine temperature from 550 F to 070 F, In another case,
agzain with all factors equal, an increase from 60 to 100 psia
resulted in an increase in maximum temperature from 710 to
5S40 T.

2, The amount of nozzle insulation, provided by the
coating, has a strong effect on equilibrium temperatures., At
100 psia, with other factors constant, the maximum temperature
for a run where the coating was very thin was 840 F; while the
coating was new a similar run had a 700 I maximun temperature,

3. The heat flux determined for the aft hemisphere was
relatively independent of the chamber pressure and stayed
witliin the range of 0,11 to 0,12 BTU/sec in2,

4. The hirhest chamber wall heat flux for any ruu was

always in the forward hemisphere, This heat flux was affected
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by the chamber pressure and nozzle coating and varied from

0.11 to 0.33 BTU/sec in2 (Runs 11 and 84 respectively).

Mass Flows

In order to accomplish the test program objectives with
a minimum amount of testing, it was important to be able to
obtain the desired mass flows for each run, The main para-
meters which affected the flow rate were the feedline pres-
sures, venturi differential pressures, and propellant tempera-
tures,

A linear relationship existed between the propellant
feedline pressure and the venturi differential pressure, This
relationship was plotted in the form of inches deflection of
iecorder output for both the hydrogen and the oxygen flows
(Figures 22 and 23 respectively). Thus, in order to determine
the djifferential pressures and the feedline gauge pressures,
these deflections could be multiplied by their constant scale
factors, Further, by using equations (8) and (9) and correct=-
ing to a reference temperature of 560 R, a mass flow was com~
puted for each value of feedline pressure., The two plots of
these values were also linear and were used in all pre-run
calculations to determine the settings of hydrogen and oxygen
control pressures which would give desired mass flows,

However, difficulties were encountered in achieving the
desired flow rates, The main difficulty was that the feedliane
pressure was always lower than the control pressure set in at
the control console, Although most of this difference was
due to control pressure gauge error, which was constant and
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predictable, some of the difference could not be predicted
and seemed to be random, For the oxygen system, this differ-
ence was above average when the oxygen supply pressure was
high, The difficulty in predicting the hydrogen flow was due
to the loosening of the injector, As the testing progressed,
there was a trend toward higher mass flow for the same control
pressure (Fig 21).

The prediction of the propellant feedline temperatures
also presented problems which affected the ability to achieve
the desired mass flows, The hydrogen temperature was usually
close to the ambient temperature, The oxygen temperature,
however, was not easily predicted. It was always lower than
ambient and was much lower when the oxygen supply pressure was

high,
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VII. conclusions

1. The same maximum value of C* (7960 fps) and combus-
tion efficiency (97%4) were obtained for both 60 and 100 psia
chamber pressures, Therefore, although these maximums occurred
at different mixfure ratics and for different engine configura-
tions, it appears that maximum C* was essentially independent
of chamber pressure--as predicted by theory.

2. The optimum C# occurred at higher mixture ratios for
higher chamber pressures, With the injector used in this
study, maximum C* at a chamber pressure of 60 psia occurred
at a mixture ratio of 1.6, while at 100 psia it occurred at
2.0,

2. The spherical combustiuon chamber, which was the small-
est, achieved essentially the same maximum C¥* performance as
obtained with any of the longer configurations, Further, the
spherical chamber gave better performance than two of the
engines with larger chamber volume, This advantage decreased
with increasing chamber pressure, but was still present at
100 psia, Therefore, it appears that the best combustion
chamber shape was spherical,

4. To obtain a certain level of combustion efficiency
in the nearly cylindrically shaped combustion chambers, L#76
and L*92, a larger chamber volume was requived at 60 psia
than 5t 100 psia.

5. The heat flux and wall temperatures increased as the

chamber pressure was increased,
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6. For a chamber pressure of 100 psia, the equilibrium
wall temperatures were never greater than 900 F; therefore,
the engine should be capable of continuous operation at 100
psia,.

7. The iasulating coating applied to the exhaust nozzle
was very effective in reducing the heat flux through the
nozzle, This kept the hydrogen injection temperature low and
resulted in less heat flux to the engine walls and lower wall
teaaperatures, The coating was also effective in protecting
the convergent section of the nozzle from the erosion burning
that had occurred in previous studies,

8. The modified showerhead oxygen injector used in this
study gave better performance than the showerhead, impinging

stream, and swirl type injectors used previously,
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VIIL{, Recommendatjions

In the event that further studies are undertaken with
this type of rocket engine, tke folloving recommendations are
made :

. A smaller nozzle throat area should be used if
further studies are to be made with the same propellant supply
system and at chamber pressures above 100 psia, This would
allow higher levels of stable hydrogen flow and higher obtain-
able chamber pressures, Further, the lower flow rates neces-
sary to achieve a certain chamber pressure would enable more
testing time before depleting the propellant supply., In addi-
tion, a smaller spherical engine should be used so as to keep
L# near A0 inches,

2. It is possible that higher combustion efficiency or
lower optimum L# could be achieved by using an oxygen injec=-
tion velocity less than sonic, This should increase the stay
time of the oxygen and allow more time for it to mix with the
hydrogen,

7. The exhaust nozzle and hydrogeu injector should be
made of one piece and should e made of the same material as
the baffle, This should eliminate the problem of the nozzle
necking down and allowing hydrogen to flow between the injector
and the nozzie, TFurther, for test purposes, if the nozzle and
injector were made of iron, they would have a higher thermal
conductivity than the stainless steel now used. This would

reduce the temperature of the nozzle convergent section,
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4. Since the thick stainless steel walls caused such
high thermal stresses (Appendix A), it may be better to use
either thinner chamber walls or a metal with a higher thermal

conductivity,

43




GA/ME/G4=5

10.

11.

References

Herrick, J., W. Rocket Encyclopedia. Los Angeles: Aero
Publ ishers, 1959,

Auble, C, M. "A Study of Injection Processes for Liquid
Cxyzen and Gaseous Bydrogen in a 2}0-Pound-Thrust Rocket
Engine," NACA RM #56125a, (January 1957).

Keating, D. A, and Roundy, R, W, ‘Closed Ecology." ¥ADD
TR 61-129, (March 1961),

Guarino, N, J. An Experimental Study of Airflow Injected
Tangentially inte a 2=-Dimensjional Chamber of Circular

Shape. Unpublished Thesis. Institute of Technology (AU),
Wright-Patterson AFB, "2hio (August 1958),

Morton, L. C. The Desigpn and Testing of a Small Rocket
Motor of 2Q Pounds Thrust, Utilizing Reversed-Flow Cooling
with Gaseous ilydrogen and Oxygen as Propellant Combina-
tion, Unpublished Thesis., Institute of Technology (AU),
Wright-Patterson AFB, Ohio (September 1959),

Nolan, L, S. An Interferometer Study of Reverse-Flow in
a 2-Dimensional Chamber. Unvublished Thesis, Institute
of6Technology zAUi, Wright-Patterson AFB, Ohioc (August
19 0)0

James, R, N, An Evaluation of a Reverse-Flow Film-Cooled

locket Encrine, Unpublished Thesis, Institute of Technol-

ogy (AU), Wright-Patterson AFB, Ohio (August 1960),

Keller, R, G., Macko, R, F,, and Pickitt, J. L. Qpera-

tions Mapual for the Rocket Engine Test Facility fg the
ns

S
Department of Mechanjcal Engineering, Alr Force ti-
tute of Technology. Wright-Patterson AFB, Ohio (August

1961),

Macko, R, F, ocket Engjne Performance with Reversed-
Flow ég%ilﬁg [S. Unpubl ished Thesis, Institute of Tech-
nology (AU

, Wright-Patterson AFB, Ohio (August 1961).

Johnston, J, R, The Effect of Ipcreasing Characteristic
¢hambeyr Lepgth inp b n with Various Oxygen Injectors
mmm&mﬂewe ed=Flo mmmmm?{
Epgipe. Unpublished Thests, Institute of Technology (AU),
Wright-Patterson AFB, Ohtio (August 1963),

Krumpe, R, I, Experjmenta] Evaluation of a Small Rocket
Engipe, Utiljizing Reverse-Flow Cooling with Gaseous Hydro-
gen and QOxyvsen as Propellants Injected with a Swirling

m ent., Unpublished Thesis., Institute of Technology
iADi, Wricht-Patterson AFB, Ohio (August 1960).

44




GA/ME/G4-8

12,

13,

14.

15.

16.

17.

18,

19.

20l

21,

22.

Keller, R, G, Performance Evaluatgon of a Gaseous

Hydrogen-Oxyzen Rocket Engine Using ropellant w1r1
ectors. Unpublished Thesis., Institute of Technology
!AUS, Wright-Patterson AFB, Ohio (1961),

Kineer, B, L. Performance of a 3mall Rocket Lagine with
Different Propellant nnection Angles and Chamber Lengths,
Unpubl ished Thesis. Institute of Technology QAUS Wright=
Patterson AFE, Ohio (August 1962).

Cunningham, J. V. Pexrformance Fvaluation of a Gaseous
gxg;gggg:gxxggg Rocket Engine Using Different Oxygea xyzea Ine
Jectors and Chamber Lengths. Unpublished Thesis, Insti-
tute of Technology nology (AU), Wright-Patterson AFB, Ohio
(August 1963).

Heye, J, F. Performarce Evaiuation of Reverse-Flow Cooling
Combustion Chambexr. Unpublished Thesis, Institute of
Technology (AU), wright-Patterson AF3, Ohio (August 1960).

Agosta, J, J, The Effect of Chamber Length anc Mixture

§§t1o on ogmbustion Performance of a Small Combustion
Chamber Utilizing Reverse-Flow C ooling. Unpublished
Thesis, Institute of Technology (AU), Nright-Patterson
AFB, Ohio (August 1961),

Ow, G. Y. W. An Evaluation of Film Cooled Gaseous Hydrogen

and Oxygsen Rogket Engine gf 100 Pogg%s Thrust. Unpublished
Thesis, Institute of Technology (AU), Wright-Patterson AFB,
Ohio (August 1960).

Pickitt, J. L., Design of, and Proposed Test Program for,
a Film-Cooled Nozzle. Unpublished Thesis, Institute of

Technology (AU), Wright-Patterson AFB, Ohio (August 1961),

Alser, D, J. An Experimental Investigation of Nozzle
Cooling for a Small Rocket Engjne. Unpublished Thesis,
Institute of Technology (AU), Wright-Patterson AFB, Ohio
(August 1963),

Sutton, G. P. Rogket Propulsion Elements (Third Edition),
New York: John Wiley and Sons Inc., 1953,

Barrere, M., Jaumotte, A., Deveubeke, B,, and Vander-

kerckhove, J. Rocket ELQESI_lQE New York: Elsevier
Publlshiné Company, 1960

Lnderson, F E. nvestlgat;g of Bo ket Enginc
Qgﬁ_gggllgg gue tot gresenge ne
uent Unpubl {shed Thesis. Institute of hnology
L]

right-ratterson AFB, Ohlo (June 19064 ).




GA/ /64

25. DBollinrer, L, E, and Edse, R. "“Research on a Premixed
Gascous Rocket Propellant," WADD TN 55-385, (August 1955).

24, Haven, G, E, The Design of Steam Boilers and Pressure
Vessels (second Edition). New York: John Wiley and Sons,
Inc., 1923,

25. Faires, V, I, Design of Machine Elements (Third Edition),

vew York: The lacwillan Company, 1957.

20, Timosheniko, S, and Goodier, J. N. Theory of Clasticity
(>econd Ecition), New York: lcGraw-Hil) Book Company,
Inc.,, 1951,

27. DLaumeister, T, larks' lechanical Engineers' Handbook
(Sixth Edition)., New York: licGraw-Hill Book Company,
Inc., 1955,

2S. :iackine Desisn, The Seals Dook (1961 Edition). Cleveland:
The Penton Publishing Company, 1961,

29, >tearns, R, F,, Jackson, R, ¥,, Johnson, R, R,, Lanson,
C. A, Tlow ..easurement with Orifice Meters. Necw York:
D, Van Nostrand Company, Inc,, 1951,

30. Bindexr, R, C. Fluid iechanics (Second Edition), New
York: rrentice-Hall, Inc.,, 1949.

31, Shapiro, A, U, The namics and Thermodynamics of Com-
pressible Fluid Flow (Volume 1). New York: The Ronald

Press Company, 1953,

ro

. Kkeenan, J, H, and Kaye, J. Gas Tables. New York: John
v7iley and sons, Inc., 1949,

wl

46




GA/LE/64=8

Appendix A

sombustion Chamber Stress Calculations

A basic engcine consisting of two hemispheres and two
chamber extensions vas availatle at the beginning of this
study. These sections were all 2 inch thick and made of AISI
type 304 stainless steel, Although intuitively the % inch
walls scened quite adeauate to withstand the maximum antici-
pated chamber oressure of roughly 300 psia, it was decided tc
verify this analytically.

Determination of the stress due to chamber nressure was
creatly simplified by using the stress equation for a thin-
walled nressure vessel, Haven {(Ref 24:51) stated that this
equation results in an error of 6/10 of one per cent if the
wall tunickness is not more tinan ten per cent of the internal
radius,; ana not more than two per cent when the internal pres-
sure does not exceed !/3 of the allowable fiber stress, sSince
this en-ine wall thicimess was 12,5% of the internal radius
and the =maxisuw internal nressure was 500 psia, the equation
was sufficiently accurate, Therefore, for the nore critical
case of the cylindrical portion orf the chamber, the tensile

strengtih recuired of the walls was calculated to be

v /oL (Ref 25:156) (11)

(300)(4)/(2)(1/4) = 2400 nsi

i

Therninal stresses were also present, This was due to the
hich temperature dro» across the enzine walls caused by the

low theraal conductivity of stainless steel, An approximation
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of the value of this stress was made from the case of steady
heat flow through a long, thin-walled cylinder., The largest
stress occurred at the inner and outer surfaces and was calcu-

lated from

¢ = KE AT/2(1-V) (Ref 26:414) (12)
where, at 1000 F inner wall temperature:
« = 10,02 x 1070 in/in F (Ref 20:99)
E=22,21x 106 psi (Ref 20:98)
Y = 0,305 {(Ref 27:5-6)
hence G = 160 AT (13)

From similar calculaticns, the thermal stress for a 1400 F
inner wall temperature was found to be 140 (A T). Temperature
measurements indicated that if the inner wail temperature
reached 1000 F, a 300 degree temperature drop across the wall
could be expected., This would give a thermal stress approach-
ing 48,000 psi,

From these calculations it was concluded that thermal
stresses are of far more importance than the stresses ru2 ‘o
chamber pressure, Therefore, the safe limit cf engine opera-
tion was determined by the wall temperatures rather than
chamber pressure, Further, it was assumed that if the forward
hemisphere inner wall reached 1000 F, then the thermal stress
would exceed the yield strength of 17,000 psi, but not the

ultimate tensile strength of 65,000 psi (Ref 20:98).
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Appendix B

Combustion Chamber Seals and Bolts

Since a pressure check of the assembled engine revealed
significant leakage from between the hemispheres and chamber
extensions, it was necessary to modify the engine seals. The
previously used flat copper seals had a surface area of approx-
imately 9.0 in2, Since each joint is held together with
twelve %-inch bolts, and the recommended seating stress for a
1/8~-inck thick copper seal is 36,000 psia (Ref 28:107), it
became obvious that the surface area was too large to allow
proper seating,

Although a plain corrugated metal gasket was well suited
for this application (Ref 25:105), it was decided to continue
using flat copper seals due to their immediate availability.
It should be noted that.if flat copper seals had continued to
he unsuccessful, aluminum seals might have been used since
they have a higher temperature limit and a lower recommended
seating stress (Ref 25:107).

By reducing thc area of the copper seal to 1.1 in2 a
successful seal was obtained (Fig 3)., A pressure check to
450 psig revealed no leakage with the exception of a slight
leakage around the engine thermocouples, Attempts to stop
these leaks were unot successful, but the amount of leakage was
small and was considered tolerable,

In crder to insure proper seating of the engine secals;

high temperature, high strength bolts were obtained. Further,
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the bolts used previously had become severely corroded and
were difficult to install. The new bolts conformed to AMS
5735 and were designed for use when high strength at tempera-
tures as high as 1300 F is required and oxidation resistance
up to 1500 F is desired. They can also sustain 65,000 psi at
1200 F for 23 hours,
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Appendixz C

Irnjector Hole Design

The mass flow through an orifice with critical flow

pressure at the throat can b2 found from

- %
L+l
f o= chps{ /7:%; 1{271} k- } (Ref 27:4=61)  (14)

where (g is the gas law deviation factor (Ref 29:56). Since
Cq should be hetween 0.95 and 0.99 for a fairly long circular
tube (Ref 30:129) and Mg would be slightly greater than 1
(Ref 26:50), both of ¢these parameters can be approximated to
be umity, This makes the value to be calculated for the area
slightly smaller than the maximum injection area that would
allow choked flow; therefore, the injection velocity would
still be sonic., With these simplifications, the equation can
be rearranged to Zive an expression for the injection area re-

quirerd for sonic injection,

(m/rsg) (gkRT)E

A = - (Ref 20:50) (15)
. . . a i:
NEE i‘-*l |
k il“*l} ) j

Using the above equation, the follewing steps are taken
to calculate the injection area of each injector:
1. Assume a value of propellant inlet temperature, Tg.

This determines the value of k.,
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2. LEstimate the value of C¥ that can be expected for the
critical run condition, It can be shown (Ref 14:31, 32) that
if the flow is chkoked for the run condition that requires the
lowest mass flow then the flow will be choked for all higher
masa flows at the same mixture ratio. Theiefore, the run comn-
dition used for the oxygen design was 00 psia at a mixture
ratio of one, and for hydrogen it was 60 psia at a mixture
ratio of three,

3. Calculate the mass flow at the critical run condition,
4. Calculate the minimum vaiue of P, that will give

choked flow for the critical rmm condition from

F

Ig = (Ref 31:84, (16)
/mg-‘“ k//(k"l )
k+l]

\

For a chamler pressure of 60 psia and a k of 1.4:
P = (60)/(0,5283) = 114 psia
5. Calculate injection area, A,

¢, Determine the number of injection heies and their

diai.eters,
ﬁSX”cn Ln;cgtag

i. Since the oxygzen feedlines and manifold are relatively
coql during enrine operation, asgume Tg = 500 R, Therefore,
k= 1,397 (ief 32:107),

2. For P, =00 psia and r = 1,0, estimate C* to be 7730

fps (Ref 14).

i
£
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3. @, = (A.g)P /C¥ (1)

(25.63)(60)/(7730) = 0.194 lbm/sec

i,/ (1+41/1) (17)

B
o
]

(0.194)/(2) = 0.097 1bm/sec

4. Since k is approximately 1.4, use Ps = 114 psia.

> R (ﬁo/Psg)(gkRTo)%

0= (18)
2 | kel | 2
kK | | — K-l]
K+l

0.097/(114)(32.2)(1041.8)
0.8102

= 0,034 in2

6. Use the same small hole diameter as used in Cunning=-

ham's showerhead injector, 0.036 inches, Therefore:

Number of oxygen injection holes = 4A0/‘W'D% (19)
= 4(0.,034)/ T (0.036)2
=33

The final desisn was selected to have thirty-two holes of

0.026 inch diamecter,

Hydrogep Injgectsr

1. sincc the hydrogen is bedted by the exhaust nozzle
before injection, estimatc the inlet temncrature to bhe 240 F,
Therefore, k = 1,399 (Ref 32:122),.

2. For P, = 60 psie and r = 3,0, estimate C* to be 7400

fps (Ref 14).

1
i
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3. mp = (Agg)Pg/C* (1)
= (25,63)(60)/(7400) = 0,206 1lbm/sec
by = @p/(1+r) (20)

(c.206)/(4) = 0,051 lbm/sec

4. Since k is approximately 1.4, use Pg = 114 psia,

(/P o) (2KRTg) 2
An = (21
. M2 gzl} 3 )
k||—] k-1
[ K+1

0.051/(114)(32.2)(4915)
0.8102

= 0.085 in®
6. Use the same number of injection holes (forty) used

previously by Krumpe and Cunningham, Therefore:

(4Ag/40 7)) (22)
(0.085/10 )% = 0.052 inches

Dy

The final design was selected to have forty holes of 0,0645
inch diameter (Fig 7). The decision to use a larger injector
hole diameter was based on the high feedline pressure required
before (Ref 14:31) to obtain a flow rate of 0,6 1bm/sec, I'rom
these previous results, it was determined that unless the dia-
meter was larger than ,052 inches, the required feedline pres.-
sure for this siudy would exceed 1000 psia at the higher

chamber pressure runs, Therefore, it was finally decided to
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use a diameter of 0,645 inches which was 0,012 inches larger
than the value calculated above. Depending on C,4, this larger
diameter might make the injection velocity less than sonic for
the lower chamver pressure runs; however, no problems or effect
on C* had been encountered when this same injection area had

been used betore (Ref 11).
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Appendix D

Run Checklist (as revised from Pef 8:44)

11, Fill ice bath--2 required
1. Green light, all clear-~-on
. Check all gauges for zero pressurs
5. Zero all loaders
4. N control pressure--bleed valves~-closed (Turn cw)
5. Amber light, stand by=--on
o, All other switches on console-~cff
7. Master relay power--on (Switch located under console)

S. laster power--on (Turns on console lights, 110 VAC
circuit, and activates master power relays)

12, a, Onen larre door
b, Connect engine thrust, chamber pressure, ignition
wires, and thermocouples
14. Enginc supply valves==£ closed
16, Open required number H, 0, N bottles--record
17. a., H, 0, N supply pressure gzauges-~record "before”
pressures
b. Record cell temperature

2%, Lngine supnly valves-~2 opén, 4 <losed (Listen for
leakagze)

22, Turn on intercom

9. a. Recorder--on
b, DRecorder licht un

15. a. Record atmospheric pressure and temnerature
b, Turn or 10 VDC power
¢, Calculate run pressure settings
d. Center all recorder dots to line desired
e. [Dlock off temperature channels not being used
f. HIwm recorder, check for line static




21.

27.

a, 4Align engine for no binding of H, supply lines
b. Adjust spark gap of ignition wirés
c Calibrate thrust

a. Check engine
b, Close cell door

DC power=~-~on

D0 THE TOLLOVING IN FAST SEQUENCE

31,

AA.
45.

Auto purge ready--on (Connects preset temperature
limit devices into circuit)

standard purge ready--on (Activates warning bell in
cell, initiates 60 sec thermal delay)

Vater purge ready--on (Energizes solenoid which
supplies 15 psig air to water valve toc hold i.
closed)

Critical power--on (Power to #3, 4, 5 solenoids, and
ienition ready. Therefore, 0 and H domes directly
connected to start oressure,)

Large water purge valve-~-open, turn up (Need water
purge switch on, 110 VAC power, and 15 psig air
supply to prevent cell flooding)

Control room lights--off (Optional)

N control pressure shut-off-=-open (CCW)

Zero engine run timer

SEMI-CRITICAL PERIOD

34" .
47 .

Red lights, warning--on

Check for greer lights then: Set purge pressure
__PSIG (Approximately 150 psig)

set I rum pressure PSIG
set 0 run pressure ___ PSIG

Tinming licht--on

CRITICAL YPERIOD

53.

55.

Recorder--on (Check 10 VDC and "dots")

I start pressure to apnroximately 15 PSIG
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56.

57.

60.

61,

64.
63.

Ignition--on (Pulse self return switch for % sec
maXximum)

Increase 0 start pressure to shift flame front into
chamber {Usually hear "pop')

H~-0 run pressure--on (This energizes solenoias 1
and 2 and starts run timer). Run for at least 3
sec

Purge--on, 2 sec is sufficient (Releases all sole-
noids to power off)

Purge stop--on (Puts power to #5 solenoid, cutting
off N purge)

Recorder--off

a., H and 0 start pressure loaders--zero
b, Insure that all flow has stopped

PRIMARY SHUT DOWN

73.
79.
80.
67.
69.
70.
71.

SECONDARY
76.
66.

Red lights, warning-~off

Record engine run time (Zero timer)

Record H, 0, N "after" pressures

N purge pressure loadér--zero

Purge stop-=~off

Purge==-off

H-0 run pressure switch--off (Initiates 60 sec
thermal delay)

SHUT DOWN (If no further runs are to be made)
Turn water purge valve--off, down 90°

H and 0 run pressure--zero

DC power off

Critical power--off

Water purge ready--off (Water valve must be off)
Standard purge ready--off

Auto purge ready--off
58
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No, #/Assembly
1 1

2 1

3 J to 2

4 1

5 1

d 1

7 1

8 1

9 1

1u 1

11 1 to3
12 i2

13 None or 12
14 None ov 12
15 12

1o 8

Figure 2

tEngine Assembly larts List

Iten

Forward iemisphere

Aft lemisphere

Chamber Extension

Hydrogen Manifold

Baffle

Hydrogen Injector

Nozzle

Oxygen Injector

Oxygen Spacer

Oxvygen head

Seal, liemisplere

Bolt, Oxygen lead
Bolt, liemisphere, Short
Bolt, liemisphere, Long

Bolt, liydrogen Manifold

Bolt, Nozzle

Designer
ljorton
Krurpe
Kineer
Keller
Kellar
Keller
Keller
Vaughan
Cunningham
Morton

Vaughan

Part Number

Ref 15:106
Ref 13:105
Ref 14:11
Ref 12:43
Ref 13:44
Figure 7
fef 14:14
Figure 5
Ref 14:1&

Ref 7:55

Figure 3

Size-Thread

MS9033-10
MS9034..14
MS9034-28
MS9035.29

MS9035-05

+190(#10)=32
0250-28
«250-28
«3125-24

0190(#10) =32
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Figure 4.

Coated Exhaust Nozzle (Convergent Section)
As Seen from Inside of Bngine




B

lt-'-—-—-l.SOO”—‘"

.75 0 ]

!
PP

\

-~
~
-

e 0125

~y oy

N N .

FIGURE 5.

DRILL 1€ HOLES(C.036 DiAj, TQUALLY
SPACED ON O.56 RADILS

DRILL 16 HOGLES{0.036 D1A),
EQUALLY SPACED AS SHOWN
ON 0.50 RADIUS

MATERIAL: 304 STRINLESS STEEL
SCALE : FuLL.

NEW OXYGEN INJECTOR
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Pigure 6, New Oxygea Injector Water {pray Patterm

Figurs 7, Cld and New Hydreogen Injectors
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Figure 8a,be

Assembled Bagine and Test

Stand
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Figure 9, Control Room
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Thrust Coefficient Quality Factor, Cpy/Cpr
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