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FOREWORD il ’.
(U) This technical report presents the results of the 4

effort under Tasks II and III of the program 3
titled "Advanced Thrust Chamber for Space :
Moneuvering Propulsion”. The Task I studies

of the program were conducted during the period
16 May to 15 August 1966 and are reported in
AFRPL-TR-66-301, The Task II and III exper-
imental phases of the program were conducted
during the period 16 May 1966 to 15 June 1967.
The program was authorized by the USAF Rocket
Propulsion Laboratory under Contract AF04(611)-
11617. The Air Force Program Manager is

Mr. W. W, Wells, RPREC.

E (U) This publication was prepared by Rocketdyne, a
division of North Americen Aviation, Inc., as
Report R-6730-1.

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

W. W. Wells, AFRPL Program Manaycr
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ABSTRACT

An analytical and experimental study was conducted to evaluate the
most critical design aspects of the advanced LFQ/LHQ propulsion system
concept selected under previous contract AF04(611)-10745, These de-
sign aspects were associated with the toroidal thrust chamber of the
aerospike engine which produced 30,000 pounds of thrust. Combustion
chamber performance, heat transfer characteristics, regenerative
cooling capability, and structural integrity were investigated and
demonstrated by testing segments of the complete chamber.

The experimental efforts were first conducted with water-cooled seg-
ments and resulted in the selection of a near-optimum injector/com-
bustion chamber configuration. An injector having an impinging fan
orifice pattern together with a combustion chamber which converged
continuously from the injector to the throat was found to give high
C* efficiency while maintaining heat transfer rates within the capa-
bility of a two-pass regenerative cooling system design. It was also
demonstrated that gases for turbine operation could be withdrawn from
the combustion chamber through the injector without seriously de-
grading injector performance. The properties of these tapoff gases
were found to be relatively independent of chamber pressure.

Two tube-wall segments were designed for two-pass cooling on the basis
of the solid-wall segment results, These segments demonstrated re-~
generative cooling over the 9:1 throttling range, Chamber performance
in excess of 99 percent C* efficiency over the throttle range was
achieved. Three dynamic throttling tests demonstrated injector
stability over the critical low-to-middle thrust range.

Two structural segments were fabricated using lightweight rib and
honeycomb support structure. These segments were cycled from 0 to
650 psig more than 15 times using hydraulic pressure to simulate
chamber pressure. Analytical and experimental data agreed closely
and indicated that throat area variations over the throttling range
would be less than 3 percent for chambers using either the rib or
honeycomb designs.

111 /iv
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SECTION i
INTRODUCTION AND SUMMARY

1.  GENERAL

1 (C) A study was conducted under sponsorship of AFRPL during the 1965
calendar year to define an advanced optimized LF,/ space maneuver-
ing propulsion system (Contract AF04(611)-10745)7 The mission of ]
primary interest, which defined the propulsion system requirements, b
was that of intercept and rendezvous with passive and evasive target
gatellites., The system gross weight was selected as 20,000 pounds
to be adaptable to the present Titan IIIC launch vehicle.

(C) The study defined an optimum engine configuration that utilized con- 1
centric thrust chambers. The outer primary thrust chamber of 30,000 :
pounds thrust incorporated the toroidal-aerodynamic spike design con-
cept. The inner secondary thrust chamber of 3300 pounds thrust was
of a bell design. The thrust chambers were fed from independent turbo-
puaps which were driven by tapoff gases from each of the thrust cham-
bers. Each of the thrust chambers were throttled over a 9:1 thrust
range which gave the engine system an overall throttle ratio of 81:1.
The configuration is illustrated in Fig. 1.

30K TURBOPUMPS

3.3K TURBOPUMP TOROIDAL AEROSPIKE
THRUST CHAMBER (30K)

BELL THRUST
CHAMBER (3.3K)

Figure 1. Engine System Configuration
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Since the potential mission performance capability gains of this
propulsion system concept were very attractive, a demonstration of
critical design features was considered desirable. Because the to-
roidal-aerospike thrust chamber was the single most unique concept
and was the primary basis for the engine design, demonstration effort
was concentrated in this area.

CONCEPT

The thrust chamber concept consists of a toroidal combustion chamber
with inner and outer regeneratively cooled walls, These are joined
together by an annular injector. The outer wall extends past the
throat region to form an expansion shroud. The tubes forming the
inner wall are extended past the throat and are contoured to forn

the primary nozzle expansion surface., The configuration is illustrated
in Fig. 1la.

¥
B

AN

Qy

Figure la. Toroidal Aerospike Thrust Chamber Configuration

The integrity of the combustion chamber is achieved by a lightweight
structural arrangement where the separating loads due to the chamber
pressure are resisted by inner and outer body structures which are
supporceda intermittently around the chamber by combustion chamber
baffles. The baffles, in addition to providing a structural support,
serve as compartmentation devices to assure combustion stability.
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The basic design parameters of the 30K toroidal-aerospike thrust
chamber are listed below, These parameters provided the baseline
for all hardware design and test ¢valuations of this program.

Propellants - LFE/LHé

Thrust (max) - 30,000 1lbs

Chamber Pressure - 650 psia to 70 psia
Mixture Ratio - 13:1

The toroidal chamber evaluation approach was to test a segment of the
complete chamber as illustrated in Fig. la. The segment represents
approximately 1/47 of the complete toroid circumference. Combustion
performance, heat transfer, and structural evaluations was accom-
plished on the segment. Previous testing at Rocketdyne has shown
that results from segments duplicate those obtained with the complete
360-degree toroid. Segment testing permitted the desired test data
to be obtained at reduced hardware costs and with relative experimen-
tal ease.

PROGRAM OBJECTIVES

The program was divided into three primary tasks. Task I extended

the studies of Contract AF04(611)-10745 to determine the mission per-
formance capabilities of heavier and larger gross weight space maneuver-
ing vehicles that can be adapted to Saturn IB and growth versions of the
Titan IIIC launch vehicﬂes. Also, for the 20,000-pound gross weight
vehicles defined previously in Contract AF04(611)-10745, the orbital
life capabilities beyond the previously established requirement of

14 days were determined. The results of these studies were reported
separately as report AFRPL-TR-66-301 and are therefore not included

in this report.

The basic goal of Tasks II and III was the demonstration of the criti-
cal features of the toroidal thrust chamber, while delivering high
performance at the operating parameters defined above. The specific
objectives of the Tasks II and III were as follows:

1. Demonstrate high combustion efficiency (97 percent of
theoretical shifting c¢* over the design throttling
range of 9:1

2, Determine the effect of chamber contour and injector
characteristics on performance and heat flux distribution

3. Demonstrate the feasibility of supplying temperature-
controlled chamber tapoff gas (aimulating turbopump require-
ments) by regulating the injector mixture ratio distribution

4, Demonstrate the ability to regenerative'y cool the chamber

5. Demonstrate that the ligh*weight support structure can main-
tain the nozzle throat =.ze within an acceptable tolerance
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Tasgk II. called Solid Wall Semment Evaluation. included objectives
1. 2 and 5 above. Task [II. culled Tube Wall Segment Evaluation.

included objectives 1. % and 3.

PROGIAN APPROACH

The approach for conducting Tasks Il and TIT i= illustrated in Fig, 2,
The objectives of Task TI were accomplished using solid wall, water
cooled hardvare, Injector performance. heat transfer. ond hot sos
tapofl evaluations were conducted over the throttle range n=ing
these relatively inespensive components, The=e result: provided ftor
sclection of the hest combustion chimber geometry and injector con-
ficuration for the tube wirll evaluations of To=k TII.

Task I[1 hod three parts consisting of tube vall throear inzert evalua-
tion, complete tube vall segment eviluation. and =tructural segment
evaluation (Fiz. 2), The tube vall throat inserts provided verifica-
tion ol the heat transfer resuliz of the solid wall tezts in the
critical throat region and delined initial test conditions for the
cooled scuments. The tubes of the inserts were hvdrogen cooled while
the opposite side was woter cooled to obtain additional heut transfer
data.

Following the throat insert testing. regenerativelx cooled thrust
chamber segments were tested using the best injector from the previous
segment tests.,

Two lightweight structural segments were fabricated and pressure
tested. These segments differed from each other in that a rib-type
backup structure was used on one segment while honeycomb was used in
the striciuiv of the other segment.

SUMMARY OF RESULTS

During the 12 month progrum period. 133 hot firings of solid wall and
tube wall segments were conducted. In addition. mechanical structural
testing of two segments with lightweight support s=tructures was accomp-
lished. All program objectives were successfully accomplished as a
result of this testing.

Under Task II. 128 water-cooled solid-wall segment firings were made
in which numerous variations of combustion chamber geometry and in-
jectaor pattern were cevaluated. This testing. =upplemented by company
sponsored effort, evolved o chamber configuration which had o throat
heat flux approximately 30 percent bhelow that of earlier contigura-
tions while still maintaining relatively high performance. The con-
figuration, called "contowr G", had @ continously converging chamber
vall from injector to throat which promoted maximum boundary layer
growth in o very short chamber length. The distance from injector to
throat was 5 1.2 jinches. The maximum values of throat heat flux were
92,9 Btu ‘sec.-in.= at 030 psgi chamber pressure.
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(C) A1l solid wall segment tests were conducted with ambient hydrogen for
the injector. Relatively high C* efficiency (90,5 percent of shifting)
was achieved with the contour G chamber and an impinging fan injector

pattern. Analytical predictions indicoted this performance would he ’ ]
increased several percent vhen heated hvdrogen from the cooling jacket !
(N.OBOF) was used instead of nmbient hydrogen. (This was subsequent v . '
verified in Task III). |

1

(€) Also as part of Task IT. the feasibility of supplving temperature
controlled chamber tapoff pas (simulating turbopump power require- i
ments) was demonstrated. Nine tests were conducted. In =even of

4 these tests. temperuatures were varied over a range of 1600 F to

: 150 I by adjustment of o tapoff prohe through the injector fave. lor

a pgiven adjustment setting of the prohe. the tapoff was temperature

: vasg shown to he relatively insensitive to variation of chamber pres-

sure over o range of 200 to 'R®5 psia. M temperatures near the de-

sign point (1500 F)}. the effect of tapoff on performance was shown

to he neplipgible,

(C) Under Task ITI. 20 firings were conducted with full tube wall sep-
ments of the contour G confipurotion and the impingine fan injector,
C* efficiencics in excess of 99 percent were achieved with stable
combustion over the complete throttle range (0630 psio to 70 psia)
when the segment was operated regencratively, The hydrogen tempera-
ture entering the injector manifold on these tests wox approximately ]
650 F.  The higher fuel injeetion temperature improved the injector
performance significantly over thut achieved with amhient hyvdrogen. a |

(C) Results of the Task III cooling evaluation demonstrated the feasibility
of regeneratively cooling the 30K toroidal combustion chamber with a
two-pass cooling circuit. Successful cooling was achieved at full
chamber pressure (050 psia) uging essentially rated flow (3% over
cooling) and at full throttled conditions (70 psin) using less than
roted flow., These are the two most critical operating conditions.
The heat input to the chamber dropped of f almost linearly with chom-
ber pressure when heated hydrogen wias injected in place of amhient
hydrogen at throttled conditions. This was due to reduced wall heat
input near the injector end resulting from increased combustion
efficiency.

(C) Also as part of Task TIl. twvo lightweight toroidal chamber suppori 1
structure designs were cevaluated, One design utilized a rib type ;
support structure while the =econd utilized honeveomb, Segments !
approximately 21 inches in length comprising 5 bhaffle compartments
were fabricated and tested hy hydroulically applying simulated cham- A
her pressure. Pressure loadings were applied over the comp'ete range
of chamher pressure (030 psia to 70 psins in numerous cycles on cach
segment. The measured deflections agreed closely with analytical
predictions which correspond to calculuted throat area variations of
approximately 1.0 and 2.9 percent for the ribh oand honeycomb designs
respectively, These variations are well within the original targeted §
degign value of 10 percent, '
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SECTION II
TASK II: SOLID-WALL SEGMENT EVALUATION

GENERAL

The solid-wall segment evaluation phase of the program was directed
to take maximum advantage of the simplicity and reliability of water-
cooled segments to determine performance and heat transfer characteris-
tics of various injector and combustion chamber geometries. Previous
experience with chambers having circular cross-sections was extended
on this program to include new chamber contours and injector orifice
patterns. Injector mixture ratio bias for heat flux control and tur-
bine tapoff gas provision was also investigated during this phase of
the program. The goal of the solid-wall segment evaluation was to
demonstrate an injector/combustion chamber configur tion which will
provide high (97 percent or greater) c* efficiency over a throttling
range of 9:1 while maintaining heat fluxes within the limits of the
regenerative-cooling capability of an engine system.

The general approach to the evaluation included the following steps:

1. Chamber Geometry Characterization
2, Basic Injector Characterization

3. Injector Mixture Ratio Bias and Hot Gas Tapoff Fvaluation

The chamber geometry characterization was initiated by conducting
tests with the circular chamber to verify previous data obtained with
this chamber. Slight modifications were made to the injector orifice
pattern to eliminate fan impingement on the uwarrow walls of subsequent
chambers. Alternate chamber configuratio: selected on the basis of
previous and current results were then *:yted to determine the optimum
chamber geometry from the standpoints ¢! performance (c*) and heat
trarsfer.

The basic injector characteriza’.u. ' sting included evaluation of
variations in the orifice patiern ~° .(ite L.-i~ triplet injector and
evaluation of an alternate inje:.or pattern. Tn» alternate pattern

was selected on the basis of comparative, single--lement, water/

helium spray tests and test experience from othe: programs. 'The
injector tests aided in the selection of the be.:* injector/chamber
combination for the subsequer . tube-wall segme .. evaluations of Task III.

Injector mixture ratio bias testing included determination of the
effect of fuel injection at the periphery of the injector on the heat
flux and performance in the chamber. The tapoff gas evaluation in-
cluded extraction of hot gas, suitable for engine turbine power, from
the combustion chamber.

W
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DESIGN DESCRIPTION

The philosophy upon which the design of the solid-wall segment hard-
wvare was based involved: (1) maximum use of existing hardware,

(2) maximum interchangeability of hardware during the solid wall seg-
ment testing and in the subsequent tube evaluation phase of the
program, This approach is illustrated in Fig. 3. The new injector
design (1) was readily adaptable to either the existing circular
chamber, the alternate solid-wall chambers (6 and 3), or the tube-
wall segment (10). The alternate injector differed from injector

(1) only in the orifice configuration and both were, therefore, inter-
changeable. The adapters (2 and 5) were simple, uncooled sections

to position the injector face exactly at the chamber entrance. The
water-cooled throat section (4) could be used with any of the alternate
chamber sections. The circular chamber included a throat and short
diverging nozzle. The tube-wall throat sections (8 and 9) of Task III
were designed to be compatible with the alternate chamber sections.

Segment Assembly

The solid-wall segment assembly (shown in Fig. %) consisted of the
injector, adapter, chamber, and nozzle subassemblies, together with
closure rings and mounting hardware, The width of the segment was
3 inches, and was representative of approximately 1/47 of the total
rircumference of the toroidal engine. The double-bolted configura-
tion permitted removal of the injector without disturbing the cham-
ber and nozzle. or removal of the nozzle or chamber without disconnect-
ing the propellant feed system from the injector. A coverplate was
bolted to the aft closure ring to seal the assembly for pressure
checking purposes. A photograph of the assembly is shown in Fig. 5
and an exploded view of the components is presented in Fig. 6.

Injectors

Concept description. The successful design of a predictahly perform-
ing rocket engine injector requires a thorough understanding of the
fluid dynamic and chemical kinetic processes which govern the com-
bustion process. Minor variations in injector design or operation
can result in large changes in the thrust chamber performance,
"3lity, and heat transler environment. The infinite number of
possy. e variations in injector design makes direct correlation be~
iween «1a¢ mechonical features of the injector and its resultant be-
savior a difficult task. The problem. however, may be simplified by
recognizing that the process of propellant injection takes place in
the form of o spray which may be described in terms of fundamental
physical porameters. The spray choracteristics, defined in terms of
the degree of propellant atomization and distribution. provide the
basis for establishing design criteria for injectors. and are the
foundation from which specific application to any design requirement
is established. The basic characteristics which describe the quality
of the injector spray and the many design factors which influence this

figure-of-merit permit the establishment of the injector desipgn approach,
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INJECTOR

Figore 4 Solid-Wall Segment Assembly
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Figure 5. Water Cooled Solid-Wall Segment
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The specific injector designs for this program were controlled pri-
marily by the following basic requirements:

1. The injector must be capable of at least a 9:1 throttling
ratio.

2. The injector must be capable of high performance over the
entire operating range,

3. The injector should feature simplicity and reliability,
particularly from an overall propulsion system standpoint.

Two basic injector concepts were selected for evaluation in the pro-
gram. The two designs incorporated the following basic element
arrangements: (1) triplets (two liquid streams impinging on a central
GHo stream); and (2) impinging fans (two liquid fans impinging on a
central Gllp stream). Typical elements for the two injector types

are shown schematically in Fig. 7.

Triplet Injector Pattern. The triplet injector pattern was the
concept previously selected for the Maneuvering Satellite engine de-
fined in Contract AF04(611)-10745. This basic pattern, which has
previously undergone LFQ/GHQ gegment testing under company sponsor-
ship with promising results, was the basic pattern used in the Task II
test program. It was used in the thrust chamber contour (geometry)
characterization testing and was also used to initiate the injector
characterization testing.

The previous investigations indicated that the atomization character-
istics are a function of the relative gas-to-liquid velocity and the
quantity of gas available to atomize a given mass of liquid. Thus:

)

Drop Size = f (véas’ wgas’ vliq’ W

liq
From this criteria, a basic gas-liquid triplet element evolved. A
basic doublet self-impinging stream element was known to produce a
spray field of liquid drops and ligaments of a given size depending
upon the jet velocity and jet diameter. Previous investigations
showed that by superimposing a high velocity gas flow upon this spray
field, the resulting drop size could be substantially reduced. Thus,
cold-flov studies were conducted at Rocketdyne to determine the level
of velocity required to significantly alter the degree of atomization
if the gas flow originated from a point source centrally located be-
tween the doublet streams, In addition, the gas-jet spreading
characteristics and, therefore, the impingement point, the impingement
angle, and ovifice diameters were studied.

Cold-flow results for the triplet pattern indicated that a triplet
element could be used to atomize liquid propellants effectively,

In addition, the results indicated that the spray-field was completely
enveloped by the gas and that, at the high gas momentums, good gas-
liquid distribution resulted.
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Impinging-Fan Pattern. The cold-flow analycis data ohtained
prior to the program for the triplet (gas/liquid) injector pattern
suggested that the liquid condition was important to the efficient
utilization of the gas to produce liquid atomization. The triplet
results indicated that a significant portion of the initial injectant
gas momentum was not being effectively used. Schlieren photographs
showed that, at lower gas momentum, the liquid at the point of im-
pingement resembles an impenetrable body. Therefore, from an aero-
dynamic standpoint, the most optimum design would be one that results
in a liquid-spray field which allows gas penetration at the impinge-~
ment point. The spray field which is most susceptable to gas penetra-
tion is one which is in the form of a thin, unstable liquid fan.

Thin fans are desirable because they: (1) result in maximum liquid
shear forces per unit surface area,,(Q) are dynamically unstable

due to surface tension forces, and (3) have nonaxial components of
velocity which will promote the disintegration of the fan into liga-
ments and drops.

Cold-flow models employing several differing injection techniques

for producing thin liquid fans were evaluated (prior to this program).
One technique which was evaluated was the fan-impinging pattern. This
pattern produced excellent liquid-fans which were very uniform in

mass distribution and could be controlled directionally. Each in-
jector element contained two sets of opposing doublets and a centrally
located gas orifice. The doublets were employed to produce liquid
fans whose flat side faced the central gas orifice or orifices. The
liquid fans and the gas stream in turn impinged at a central common
location. Comparison of impinging-fan injector cold-flow photographs
with the triplet photographs showed that the impinging-fan design
produ-ed a higher degree of liquid atomization at significantly lower
gas momentums than that of the triplet.

Injector Design. The injector subassembly is shown in Fig. 8 and 9.
Liquid fluorine enters the injector through two parallel inlets and
is manifolded through the injector body to the injector face. The
injector body und face were made of copper. Gaseous hydrogen enters
the steel core through a single inlet; the other inlet shown is an
instrumentation tap. The hydrogen manifold is formed by the gap be-
tween the core ind the injector body.

The injector basic triplet orifice pattern, which is an 0-F-0 arrange-
ment, is shown in Fig. 10, Fourteen elements are staggered on the

1 x 3-inch face of the injector. The oxidizer orifices are arranged
so that the resulting fans are canted to avoid impingement on the
walls of the narrow chambers. The spray pattern of this injector

is shown in Fig. 11, in which the fine atomization and uniform
distribution characteristics of this injector pattern are indicated.
An important parameter related to injector performance is the quantity
WO/WFVF where WO and W are the oxidizer and fuel flowrates, respec-
tively, and Vp is the fuel injection velocity. A graph of C¥
efficiency vs this parameter will generally indicate a maximum value
of efficiency; i.e., an optimum value for the parameter. The method
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8. Bottom View of Injector

Figure




Figure 9=~ Top View of Injector
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of varying the parameter in this program was to enlarge the size of
the GHp orifices. The initial diameter of the orifices was 0.037

inch, The orifices were enlarged in two steps to 0.043 inch and
then to 0.055 inch.

The alternate basic injector pattern (impinging fan) is shown in

Fig. 12. In this pattern, two pairs of LFo orifices each formed fans
on either side of the GH, orifice. The result of this double im-
pingment was that less hydrogen velocity was required to atomize the
IFo to the same degree as in the triplet so that the injector operated
well with a lower pressure drop through the GH, orifices. Also, since
the LF, impingement over the GH, orifice occurred over a length (nor-
mal to the line through the LF, orifices), it was expected that better
atomization and mixing could be obtained by replacing the single GH,
orifice with 2 or more orifices of equivalent area. Single element
evaluations of the impinging fan pattern were made using water to
simulate the LFo and gaseous.helium to simulate the GHy. The result-
ing spray patterns indicated improved atomization, compared with the
triplet, at low simulated GHp velocities,

Several designs for basic impinging fan injectors were made. The de-
sign selected for its simplicity consisted ot a single row of 10
elements on a flat face. Each element included a single GHp orifice.
The face of this injector is shown in Fig. 13. The resulting water
spray pattern is depicted in Fig. 14. Atomization was further en-
hanced when a gas was injected to simulate the hydrogen flow. The
method of feeding the pattern was essentially the same as for the
triplet injector.

The above basic injector patterns were both of 1 inch width by 3 inch
length. Additional variations of these basic patterns were designed
and fabricated during the program period under company sponsorship.
Two of these designs shown in Fig. 15, were the 14 element triplet

and the 14 element impinging fan. Both of these designs were of 2"
width and required special adapter rings for installation into the
wider combustion chambers. In other design details, the two injectors
were similar to the 1" width designs described above,

Provision for Mixture Ratio Bias. An investigation of heat
transfer rate control by biasing the mixture ratio of the injector
such that the edges of the injector operated at a lower mixture
ratio than the core was conducted. Two design concepts were devised
to accomplish this: (1) modifying the nominal injector design;

(2) modifying the injector-to—chamber adapter design.

The modification of the injector was made so that the method of
injection would most nearly simulate engine operation. One injector
was successfully modified in accordance with this philosophy. How-
ever, since the initial injector design did not provide for this
type of injection, the clearance between propellant manifolds were
small. The primary features of this design are shown in Fig. 10.
Gaseous hydrogen bias manifolds were drilled in the injector face

parallel to the LF2 manifolds. The GHQ bias manifolds were connected
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Figure 15. Injector Design Variations

to the primary GHo manifold by relatively large drilled passages.
From the GH, bias manifolds, the hydrogen flowed through small axial-
metering holes near the edge of the injector. Mixture ratio bias
control was obtained by varying the number and size of the metering
holes. Hole sizes were varied td provide bias flows to 12 to 30
percent of the total Ho flow.

The design shown in Fig. 17 provided for mixture ratio bias injection
through the modified injector/chamber adapter. Advantage was taken
of the fact that the adapter extended slightly into the combustion
chamber. This extension was converted into GH, manifolds on both
contour sides of the injector, Gaseous hydrogen entered the mani-
folds through external fittings on the adapter. The adapter flow
wag, therefore, independent of the injector flow which permitted
considerable flexibility in the test program.

Injector Provision for Hot Gas Tapoff. Engine fabrication and
operation can be simplified by eliminating the conventional gas
generator and using hot gases tapped from the combustion chamber as
the turbine driving fluid. These gases may be tapped from the
vicinity of the combustion chamber wall or from the injector. The
construction of the injector was such that obtaining tapoff gases
from this source appeared the most feasible. Thrust chamber gas
tapoff was considered as an alternate, but this concept was not
investigated because of the highly successful results obtained
with the injector tapoff configuration.

The purposes of the tapoff tests were to demonstrate (1) structural
integrity of the injector while withdrawing hot gases through the
injector face; (2) that combustion chamber performance was not
strongly affected by this method of obtaining tapoff gas, and (3)
that the tapoff gas properties were reasonably constant at all
chamber pressures.

In this configuration shown in Fig. 18, the combustion chamber hot
gases were mixed with the GH, flowing through the annular gap between
the tapoff tube and injector body. The combined gases then exited
through the tapoff tube. The temperature of the tapoff gas depended
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upon the width of the amnular gop and the position of the end of the
tapoff tube with respect to the injector face. As the tapoff tube wae
retracted behind the injector face, a greater percentage of hvdrogen
from the manifold entered the tapoff tube and the tapoff gas mixture
ratio and final temperature was reduced. Increasing the annular gas
gap also resulted in more GHo entering the vapoff tube relative to

the amount of combustion chamber gas entering. lHowever, as the gap
wvas increased, more hydrogen flowed into the combustion chamber
through the gap, thus affecting the injector mixture ratio distribu-
tion and possibly affecting performance.

This injector tapoff configuration resulted in substantially constant
tapoff gas mixture ratio because the hydrogen manifold pressure was
almost directly proportional to chamber pressure. The variation of
topof{ gas temperature and molecular veight with mixture ratio is
shown in Fig. 19.

The results of the tapoff test series are discussed on page 70.

Combustor Body and Nezzle

The effect of combustor body ~~ometry on performance and heat transfer
rates was evaluated in the solid~wall segment configuration. The

high specific impulse of the FQ/HQ propellant combination, together
with the attendant high combustion temperature and gas specific

heat product, results in high heat flux conditions imposed on the

wall surface compared to propellants such as NQOh/NQHh + UDMH: and
02/RP-1. Control of boundary layer growth and alteration of combustion
chamber size was required to achieve an optimum balance between coolant
bulk temperature rise, reduced throat and nozzle peak heat flux, and
performance.

Five contours or geometries were selected for evaluation based on
previous program results. These contours, shown on Fig. 21, had a
common injector-to-throat distance of 3 1/2 inches, except for con-
tour D which had a 5 inch distance. All utilized the 1 inch wide
injector configuratiuns. The chamber contour characteristics are
sumsarized in Table 1.' All chambers were fabricated from solid
copper material,

The circular wall contour A chamber (shown in schematic cross section
in Fig. 20) was divided into six axial heat transfer measurerent
regions. Of these locations, three (1 through III) were considered
as nozzle regions and three zIV through VI) as chamber regions. Each
location in the nozzle consisted of a single independent coolant
passage (0.201 inch diameter), whereas in the chamber, each location
consisted of five passages (0.125 inch diameter) fed in parallel.

The coolant passages were designed to receive the heat transferred
from the curved wall side of the chamber; the end plates were cooled
separately. This chamber configuration was available at the start
of the program.
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The contour B and C chambers, which were newly designed for this
program, are shown in schematic cross section in Fig. 22. Each
chamber, and nozzle was divided into 18 axial heat transfer measure-
ment regions, as shown. Of these locations, 10 passages (1 through
10) were located in the chamber section. Each location consisted
of a single water inlet passage which divided into two smaller
passages to provide coolant along the contour and side walls of the
chamber. The diameter of the coolant passages which extract heat
from the chamber walls was 0,166 inch., Near the throat (passages
11 through 15). the diameter of the possages was reduced to 0.136
inch.

The copper nozzle was designed to fit both the contour B and contour
C combustion chambers. The nozzle entrance half-angle was 30 degrees
and the exit half-angle was 15 degrees. The expansion area ratio
wvas h:1., A photo viewing the nozzle entrance is shown in Fig. 23,

Contours D and E vere designed to investigate the effects of nozzle
length and convergence angle on performance and heat transfer rates.
Contour E. as shown in Fig. 24, consisted of two sections to facilitate
fabrication. The basic nozzle used with Centours B and C had a 30-
degree entrance angle and a 15-degree divergence angle, Contour E

was designed to accommodate the basic nozzle with the converging

and diverging sides reversed.
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Figure 23.
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Solid Wall Segment Throat Section
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On the busis of the heat transfer duata obtained with the Contour C
chamber. it was determined that adequate cooling in the combustion
chamber could be obtained with fewer water-coolant holes which were
recessed further from the hot-gas chamber wall than in the contour C
chamber. This design permitted simpler and more rapid fabrication
techniques to be employed. Because of the increased water coolant
hole spacing, it was possible to deep drill the holes and thus avoid
the core-and-collar fabrication technique required for previous
chambers. The chamber section (straight wall) had four water cooling
passages which were individually supplied. Contour D differed from
contour E only in length. Contour E was converted to contour D by
adding another 1,5-inch long straight-walled section to the chamber.

The copper surface of the nozzles pgenerally experienced progressive
roughening. particularly after the first few tests. To determine
whether the nozzle surface material or roughness influences the heat
transfer rates, nozzles were plated with 0.3 mils of chromium and
1.0 mils of nickel, The results of the tests are discussed in
Seetion II, 7.f.

In addition to the combustion chamber contours described above, two
additional geometries were designed under company sponsorship to
further evaluate the effects of chamber convergence angles. These
contours, shown on Fig. 25, each had a 3 1/2 inch distance from in-
jector to throat. Contour F utilized the l-inch injector configura-
tions and has u continuous 6 degree convergence from injector to the
nozzle approach section which had a 15 degree convergence. Contour

G utiiized the 2 in. wide injector configurations and had a continuous
15~degree convergence from the injector to the throat. Both contours
utilized the same nozzle configuration which had been previously de-
signed for contours B through E. Wall coolant passage design was the
same as for contour E described above,

F e W
e

Figure 25, Additional Chamber Contours
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3.  SOLID WALL SEGMENT DESIuN ANALYSIS

{ (U) Heat transfer and performance analyses were conducted for the solid-
g ‘ wall segment model. These analyses were accomplished to ensure com-
patibility of the model with the thermal environment and to provide
the theoretical data required for the reduction and analysis of the
f ’ test data.

a. Thermal Analysis

(U) Injector Face. The heat transfer analysis of an injector can be di-
vided into several broad primary categories: (1) heat load imposed
by the combustion process, (2) cooling capabilities of the propellants,
(3) the physical and thermal characteristics of the injector material,
and (4) geometry considerations. This separation is primarily for %
convenience of discussion since the various aspects of the problem :
are actually closcly interrelated. The last three items can be
grouped under the general heading of injector-cooling capability.

& (U) The determination of the local heat flux at the injector face is the i
most difficult portion of an injector heat transfer analysis. The ‘ :
difficulty arises in attempting to predict both the flow field near
the injector face and the properties of the recirculating gases since

! these factors are greatly affected by the injector orifice geometry.

{ Although analytical prediction of the heat load to the injector is
not yet possible, there are existing experimental data for use in
estimating reasonable values. Hot-firing experience at Rocketdyne é
tends to indicate that the injector heat fluxes are approximately
equal to the local chamber wall values.

(C) Using the aforementioned criterion combined with the thrust chamber
; heat trgnsfer analyses, an injector face heat flux of about 2 to 4

t Btu/in.“-sec at €50-psia chamber pressure was estimated. A nominal
value of 3 Btu/in.2-sec was utilized in the subsequent analysis.

If it is further assumed that the average injector heat flux level
equals the local chamber wall value throughout the throttling range,
a heat flux of about 0.5 Btu/in.g-sec at 70-psia chamber pressure
(9:1 throttling) will result.

(U) Previous copper-faced injectors tested to date have shown endurance
over the range of required thrust chamber conditions using ambient
temperature gas2ous hydrogen (~ 60 F) and liquid fluorine. The only
question remaining was whether sufficient cooling could be achieved
using heated hydrogen such as would occur during regenerative opera-
tion with the tube wall segments of Task III.

(U) An analysis was conducted using a digital computer program to ascer-
tain material temperature profiles in the region of the hydrogen
orifices. A single orifice was elected for study, and the convective |
coeling capability of the hydrogen in the orifice was calculated
from the relation (Ref. 1): ’
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o 0.5 i

0.8 Oal' ( _E )
NNu = 0,024 NRe NPr T (L) .
] where ;
. A
N = Nusselt Number
i Nu
! NRe = Reynolds Number
N = Prandt] Number
Pr
TB = Hydrogen bulk temperature
| T = Orifice wall temperature
é g = Entrance correction factor
-0.15
L L
| g = 1.8 (D) for § <27

(U) This latter factor is important for the small L/D values encountered
in injector orifices.

.,
T L

(c) The results of the analysis for full-thrust conditions indicated that
the maximum face temperature was about 1100 F, which was well below
the melting point of copper (~ 1980 F). .

(U) The hydrogen temperature, as it enters the injector, may increase as .
throttling occurs so that the injector face will tend to operate =
at a higher temperature than the full-thrust case. A preliminary
analysis indicated that the maximum face temperature under these
conditions could be marginal; however, previous test results to date
at these conditions have not indicated any overheating.

(U) Combustion Chamber and Nozzle. There were three primary thermal con- 1
siderations in the design of the water-cooled copper chambers and
nozzles: (1) to ensure that adequate water velocity was obtained to
prevent wall bhurnout; (2) the coolant passages must be close enough
to the combustion surface to prevent large temperature differentials
and excessive wall surface temperatures, and (3) the water bulk temp- i
erature rise must bhe sufficiently high *to ensure accuracy in the ;
temperature rise measurements. The above three criteria were utilized
in the design under previous test programs. The present solid-wall
segment designs are capable of handling a throat heat flux of 56
Btu/in.Q-soc based on copper-wall temperature limitations. The
nozzle and combustion zone can handle about A Btu,in.J-SOO hecause
of the slightly larger spacing hetween holes and the combustion
surface.

_ (U) A detailed heat transfer analysis was also conducted to determine the
- temperature distribution in the throat region of the water-cooled

segments. The temperature distributions were determined for a range i
of pas-side film coefficients and were used in ohtaining the change
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in the throat area from thermal conditions during firing. This area
change is used in the data analysis and its determination is presented

in detail in Appendix A.

Performance Analysis

Analyses were conducted to determine the throat discharge coefficient
and the nozzle thrust coefficient for the solid-wall segment. These
quantities were used to obtain experimental values of c* from measured
chamber pressure, thrust, and flow rate. Chemical reaction kinetics
and boundary-layer theoretical results were combined with the potential

flow analysis for the nozzle.

The flow field for the segment nozzle was first computed to obtain
the potential flow discharge coefficient and inviscid thrust co-
efficient for equilibrium flow of fluorine/hydrogen combustion
products with the design mixture ratio and a chamber pressure of 650
psia. A transonic solution was first generated.

The supersonic flow field was computed using the right characteristic
from the throat flow solution as a starting line for a plane flow
method of characteristics solution using a digital computer program.
The flow field was computed using a variable properties solution for
equilibrium flow of F2/HQ (nozzle mixture ratio = 14 and Pc = 650
psia). The nozzle was a plane flow, 15 degree, straight-wall nozzle
with an area ratio of 4. (The 30 degree nozzle wans also subsequently
analyzed). The impulse function across the input line and wall pres-
sures were integrated to obtain the nozzle thrust coefficient based
on geometric throat area. Flow properties along the nozzle wall

were computed for calculation of viscous wall drag and boundary

layer displacement thickness.

The following is a summary of the results of the inviscid performance
calculations (for the 15 degree nozzle).

Ideal thrust coefficient (cF ideal) 1.616

Computed thrust coefficient (CF computed) 1.596
Cp

Geometric efficiency (n CF =c gggngzgg) 0.988

ideal

computed mass flow 0.997

Potential discharge coefficient, Cw’ Tdeal mass Flow
Application of the boundary layer equations was made to predict the
gskin friction drag, the boundary layer thickness at the throat, and
nozzle discharge coefficient in the plane~flow models., The boundary
layer approach utilized the integral momentum and energy equations
to form an analytical model, The considerations included the in-
corporation of a pressure gradient term in the momentum equation,

a nonadiabatic wall condition, compressible flow conditions, and a
variable boundary layer velocity profile. The handling of the
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integral energy and momentum forms was accomplished with a finite
difference solution. This approach has been formulated into an IBM

digital computer pro;

Experimental discharge coefficients (Ref. 2) are illustrated in Fig. 26
as a function of the nondimensional quantity, L/D FA,(AI-AF)]. If it
is assumed that the experimental discharge coefficieRts ard also valid
for plane-flow models where the end affects are negligible and that
the axisymmetric "B" term can be replaced by the throat gap for a
plane-flow case, the solid-wall segments discharge coefficients can
be compared to the predicted experimental values. For the parallel-
wall (contour C) chamber, the L/D rAS/(Ah'AS)] = 1.2; thus, the
corresponding experimental discharge coefficient is 0.998. The
theoretical value is also approximately 0.998 at a chamber pressure

(c)

of 650 psia.

(U) The frictional drag along the chamber and nozzle walls can be related
to a thrust coefficient decrement as follows:

.A(E, = FD
B. L. P A
c 't
where
ACF = decrement of thrust coefficient
FD = frictional drag, pounds
PC = chamber pressure, psia
3]
At = geometric throat area, in,”

(U) The frictional thrust coefficient efficiency is defined as:

AC
n = FB. Lo
Cr C
(Drug) Fi
where
CFi = ideal thrust coefficient based on chemical equilibrium

composition

(C) The thrust coefficient efficiency based on frictional considerations
"¢ for the nominal (650 psia) chamber pressure was 98.1

F(Drag)
percent.

CONFIDENTIAL

e i




SJUAdTOTFJo0) a3aeqosyq jvoy] [BIUSWTIadXy ‘92 aan3ry

SEiL A
Sy 1
Al 0l 8'0 90 70 z'0 0
260
£66-4L L¥OdIN 'VIV'N @ 17e0 M
£-1966-4d L¥0d3Y D'S'N W SE:
— 371ZZON ‘SITVD 'IWS'VY @ v q = ;
— 2991 L3043 IVANOD O V/ I S M =
= 1£-8L L¥0d3¥ ¥IVANOD () %60 o0 z =
e P9-v-05 ¥3dVd ‘IWSV ¢ st 3 v
= 2915 LA0<3N LAYVNBAYW O m I r—
(e E Q _—
p— )
F— z -t
= S =
b
860
0
e 00°L
W




CONFIDENTIAL |

(U) Finally, an analysis of the solid-wall test segment was made to de- ’
termine the performance loss due to a lack of chemical equilibrium
in the nozzle flow field. The approximated rcaction kinetic (ARK) l
technique was used to determine the performance losses. For this *
analysis, the gases were assumed to remain in complete chemical l
equilibrium until the expansion rate becomes too great for the main- |
tenance of chemical equilibrium and "freezing" occurs. After freezing (
occurs, the composition was assumed to remain fixed throughout the
rest of the nozzle. The freezing point was determined using the
Bray freezing criterion. 1In using the Bray criterion, the expansion
rate at each point in the nozzle was compared with the expansion rate
required to maintain chemical equilibrium.

(U) To determine the expansion rate at each point in the nozzle, the re-
] sults of the method of characteristics solution of the flow field was
‘ used to break the flow field up into streamtubes. A computer program
was used to conduct an ARK analysis on each of these streamtubes,
determine the freezing point, and then determine the final exit con-
ditions for each streamtube. An integration across the exit area of
the momentum and pressure of each streamtube was then performed to
determine the performance of the nozzle.

(C) The results of the two-dimensional analysis indicate kinetic effi-
ciencies ranging from 100 percent ot full thrust to 94 percent for
fully throttled operation. The expansion rate results in a signifi-
cant performance loss at low chamber pressures, even though the final
area ratio is only 4.0, At higher chamber pressures the freezing
area ratio approaches the final area ratio of 4.0 and the losses
become insignificant. In a nozzle designed for high performance,
the kinetic loss can be reduced significantly by proper design of
the initial diverging section of the nozzle. This was not attempted
for the test nozzle.

(C) Similar analyses to the above were conducted on the plane flow, 30
degree, straight-wall nozzle with an area ratio of 5.45. The dis- ’
charge coefficient, drag efficiency, and geometric efficiency are
shown for the range of chamher pressures in Fig. 27. The kinetic
efficiencies ranged from .995 at 650 psia chamber pressure to .962
at 70 psia chamber pressure.

(U) A detailed stress analysis was conducted to determine the effects of
thermal and pressure induced forces on the throat gap during segment
operation. The analysis is described in Appendix A. The conclusions
drawn from the analysis were: 1) the throat gap deflections result-
ing from pressure forces and from thermal growth of the entire nozzle
block were negligible, 2) significant throat gap variations do result
from the steep thermal gradients at the nozzle surface as shown in
Fig. 28.
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Throat Shrinkage Percent
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Figure 28. Throat Shrinkage Resulting from Thermal Loads i
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EXPERIMENTAL PROCEDURES

Test Stand Description

Experimental firings were conducted on test stand Victor in the Pro-
pulsion Research Area fluorine facility. A schematic flow diagram
is shown in Fig. 29. Liquid fluorine was obtained by condensation
of GF, (supplied from manifolded 400-psi shipping cylinders) in a
liquiﬁ nitrogen heat exchanger and was stored in a prechilled, 43-
gallon, INo-jacketed run tank. Fluorine condensation and transfer
procedures, developed over several years, were carried out routinely
and without difficulty. Following completion of a set of firings,
LFy remaining in the tank was allowed to gasify back into the supply
bottles.

The fluorine flow system was chilled with jacketed INog from the con-
denser to within a few inches of the injector, including all valves

and flowmeters, Filtered helium was used for fluorine tank pressuriza-
tion.

The schematic line between the 43-gallon LF_ tank and the main oxidizer
valve shown in Fig. 29 represents two identical supply lines, diffexr-
ing only in the sizes of the installed flowmeters; one line served

for flowrates corresponding to chamber pressures of 70 to 300 psia

and the other for flowrates corresponding to pressures of 300 to

650 psia.

Gaseous hydrogen was supplied from the area tank farm through a
suitable pressure-regulating system. Guseous nitrogen purges were
used on both the oxidizer and fuel sides,

Instrumentation

A schematic diagram indicating instrument locations is shown in

Fig. 30, Redundant measurements were made of most of the important
experimental parameters to increase data reliability. The particular
transducers used are described below.

(1) Thrust. The thrust chamber mount was supported on flexures
which allow free movement parallel to the engine axis, restrained in
the thrust direction by a Baldwin-Lima-Hamilton double-bridge load
cell (Model U-382).

(2) Pressure. All pressures were measured with bonded strain gage
transducers (Taber "Teledyne" Series 206).

(3) Flowrate. Hydrogen flowrate was measured by a sonic venturi
meter. Fluorine flowrate was measured by two turbine flowmeters in
series (Fischer-Porter Models 1/2-2 and 1/2=9) in each of the oxidizer
supply lines.
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Figure 30, Test Instrumentation Schematic
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(V)

(v)

(%) Temperature. Liquid fluorine temperatures were measured with

two shielded platinum resistance bulbs in cach line (Rosemount Model

176), imnersed in the liquid stream, one upstream of the first flow-
meter and the other downstream of the second. llydrogen temperatures
in the venturi plenum were measured with iron-constantan thermo-
couples. Differential inlet-outlet temperatures of the water coolant
were measured with three-element, chromel-alumel thermopiles.

Data Ilecording

All pressure, temperatvre, and flow measurements were recorded on tape
during each firing by means of a Beckman Model 210 Data Acquisition
and Recurding System. This system ancquires analog data from the
transducers, which it converts to digital form in binary-coded decimal
format. The latter were recorded on tapes which were then used for
computer processing.

The Beckman Data Acquisition Unit sequentially samples the input

channels at a rate of 5025 samples per second. Programmed computer

output consists of tables of time vs parameter value, printed out as

the instantaneous vialues at approximately 10-millisecond intervals

during the firing or, for extended firings, as the instantaneous

values at preselected intervals (or "slices") throughout the firing.

together with calibration fauctors, zero readings, and related data. . ]
The same computed results are machine plotted and displayed as CIT

outputs on appropriately scaled and labeled grids.

Primary data recording was on the Beckman 210 System. In addition,
the following auxiliary recording systems were employed:

1. An eight-channel Brush Mark 200 recorder was used in con-
junction with the Beckmoan unit primarily to establish time
intervals for computer data reduction and, additionally,
for "quick-look" information on important parameters.

2. Two CEC, 36-channel, direct~rcading oscillographs were used
as backup for the Beckman 210 System and for recording of
coolant water flowrates (which were not recorded on the
Beckman).

3. Direct-inking graphic recorders, cither Dynalog rotary
chart or Esterline~Angus strip chart, were used to set pre-
run propellant supply pressures to monitor chilldown time,
to provide "quick-look" information, and as secondary back-
up to the Beckman and oscillograph recorders.

SOLID WALL SEGMENT TESTING

During the Solid Wall Segment Evaluation, a total of 128 tests were s
conducted under the contract. These tests were performed to investi-
gate the effects of combustion chamber and injector variations on the
heat transfer and performance characteristics of the segment and to
demonstrate the feasibility of tapping hot combustion chamber gases
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through the injector for use as a turbine drive fluid. A breakdown

of the number and purpose of these tests, together with the range

of chamber pressure investigated, is presented in Table 2.

O —

TABLE 2

SOLID WALIL SEGMENT TEST SUMMARY (C)

No. Tests PC Range, psia

Contour Characterization 87 18-666
Injector Characterization 27 119-550
Hot Gas Tapoff 9 268-483
Mixture Ratio Bias Effects 5 435-518

(U) Some overlapping of the various areas existed; for example, the con-
tour characterization tests provided baseline reference point data
for the other areas of investigation.

(C) Table 3 is o summary of the operating conditions and performance re-
sults for the data producing tests conducted for the solid wall seg-
ment evaluation. The column headings refer to the following para-
meters: ]

e

Purpose: Primary test objective. C - contour evaluation,
I - injector characterization, B - mixture ratio bias,

T - tapoff
Chamber: one of the five chamber contours described in Fig. 21.

1, & Triplet injectors with 0.037 in.dia.GHo orifices
1-A Triplet injector with 0.043 in. dia. GHp orifices
1-B Triplet injector with 0.55 in.dia.Gﬂé orifices
1-B-1 Triplet injector 1-B with tapoff port

3 Impinging Fan Injector (single row)

Injector:

Duration: time from attainment to 90 percent of chamber pressure
to decay to 90 percent of chamber pressure

Pc stagnation chamber pressure

fT total propellant flowrate (excluding tapoff gas)

MR mixture ratio, oxidizer/fuel (excluding tapoff gas)
F measured thrust

At geometric area of throat

C*theo theoretical value of C* at listed Pc and MR

(n C*)p ratio of experimental C* based on Ph to C*theo

: , * x
(n C*)F ratio of experimental C¥ based on F to C theo
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The measured values (averaged where multiple instrumentation is used)
of chamber pressure, propellant mixture ratio (O/F), total propellant
flowrate, segment throat area, and thrust level are presented. The

theoretical C* efficiency based on chamber pressure and mixture ratio

s tabulated together with the calculated values of C* based on both

(v)

(c)

(V)

chamber pressure ard thrust measurements. The experimental gas film
throat heat transfer coefficients are also tabulated for each test.

Reproductions of typical CRT (Cathode Ray Tube) plots of chamber pres-
sure and thrust are shown in Fig. 31 and 32. The cutoff characteris-
tic was peculiar to the facility W valve used. For performance
calculations, more precise values of these parameters were obtained
from the on-line printout values of the Deckman data which provided
finely incremented point-to-point data as well as time-averaged data
over any specified time increment.

PERFORMANCE DATA ANALYSIS

Analysis of the performance data was directed toward determining the
effects of thrust level, chamber contour, and injector pattern on
the characteristic velocity efficiency, n .y, of the segment. The
goal of this effort was to obtain an injecgor/chamber combination
having a C*¥ efficiency in excess of 97 percent over the entire
throttling range. The methods of analysis of the test data included
application of factors to account for heat losses, throat discharge
coefficient, drag, reaction kinetics, nozzle flow divergence, nozzle
throat shrinkage, segment base pressure, and static-to-stagnation
chamber pressure conversions.
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