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FOREWORD

This is the final report documenting a l-year program to investigate large-
thrust-per-element injector concepts employing the two-stage injection
principle. The program was conducted under NASA Contract NAS3-7962 and

was instituted by the National Aeronautics and Space Administration, Lewis
Research Center under the direction of T. Male, Technical Program Manager.
This report was prepared under G.0. 08864 in compliance with Paragraph C

of Exhibit B, Contract NAS3-7962.
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ABSTRACT

The Two-Stage Bipropellant Injection System Program was initiated to in-
vestigate hot-gas injection in combination with large-thrust-per-element
injector concepts. Analyses and cold-flow experiments were used to guide
the selection of injector concepts to be evaluated during hot-firing tests.
Twenty hot-firing tests were conducted to evaluate the performance and
stability of four different injectors. The test results proved feasibil-
ity of the principle and also demonstrated that stable operation and high
combustion efficiencies of at least 97.5 percent were possible with a

single-element 20,000-pound-thrust injector.
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INTRODUCT ION

The Two-Stage Bipropellant Injection System Program was instituted by
NASA, Lewis Research Center, for the purpose of investigating hot-gas
injection in conjunction with relatively-large-thrust-per—element injector
concepts. Hot gas was used in combination with commonly used liquid in-
Jection systems to promote atomization, vaporization, and mixing of the
propellants. The primary objectives of the program were to investigate
the gaseous injection concept to determine its effect on performance and
stability of the large-thrust-per-element injectors and to determine de-
sign variables for optimizing the injector and hot-gas flowrate. Poten-
tial benefits to be realized from this program include reduced injector
fabrication costs, increased throttling capability without performance

loss, and reduced injector pressure losses.

Three separate tasks were formulated to aid in accomplishing the program
objectives. The first task was a design analysis to study the many pos-
sible injector concepts and select the most promising concepts for cold-
flow studies (the second task). The primary purpose of the cold-flow
studies was to experimentally determine the flow characteristics of the
select injector concepts using inert fluids to simulate hot-firing pro-
pellants. The third task was hot-fire testing to evaluate experimentally
the performance and stability of the most promising injector concepts.

A nominal 20,000-pound thrust and 500-psia chamber pressure were selected
as the operating level for the hot-fire testing. Liquid oxygen, hydrogen,
and hot gas (1200 F temperature) were the propellants. These three tasks
were scheduled to be accomplished during a 12-month period beginning

30 June 1966.



Data generated during this program may be used for the design of larger-
thrust-per—element injectors while providing design criteria for high
combustion efficiency and stable combustion. These data are of major
interest from the standpoint of reduced engine system pressure losses and
deep throttling potential without performance loss. Also of major impor-
tance is the fact that substantial engine cost savings may be realized

from the use of high-thrust-per—element injection schemes.




SUMMARY

The Two-Stage Bipropellant Injection System Program was designed to in-
vestigate highly energetic hot-gas injection in conjunction with large-
thrust-per-element (up to 20,000-pound-thrust per element) injector con-
cepts. Hot gas was employed to promote efficient atomization, vaporization
and mixing of liquid oxygen/hydrogen propellants injected by commonly used
techniques. The primary objectives were to evaluate performance and
stability of various injector concepts. To accomplish these objectives,

the program was divided into three tasks.

The first task was a design and analytical evaluation of 20 different candi-
date injector concepts. These concepts were basically the coaxial type or
some version of the impinging stream type of concept. The main purpose of
this first task was to provide the foundation analysis for selecting the

four most promising injector concepts for subsequent cold-flow studies.

The second task, the cold-flow study phase of the program, was designed
to experimentally determine the flow characteristics of the four injector
concepts. Water, gaseous nitrogen, and helium were used as inert fluids
to simulate liquid oxygen, gaseous hydrogen, and hot gas, respectively,
during the cold-flow experiments. The results of these cold-flow studies
were the basis for selecting two injector concepts for hot-firing

evaluation.

The third task was the hot-firing phase of the program, directed toward

performance and stability evaluation of the two select injector coumcepts.

At the onset of Task I, many injector concepts were screened and 20 were
selected along with the basic design and operating characteristics of the

concept. Each of the 20 injector concepts was subjected to extensive



design and performance analyses. The objective of the design analysis
was to study the practical aspects of the various injector concepts, such
as fabrication, cost, packaging, manifolding, etc., and to generate the
physical dimensions necessary to support the performance analysis. De-
sign layouts were made for most of the injector concepts showing a single
element sized for 20,000 pounds of thrust. These layouts were then used
to determine the most promising injector concepts from the fabrication

standpoint.

The performance analysis was conducted concurrently with the design studies
during Task I. The approach used during the performance analysis was
first to predict the location of the primary LOX atomization and initial
drop size distribution. The effects of spray droplet heating, accelera-
tion, evaporation, and secondary breakup were then evaluated to a point
where the beginning of combustion was predicted. Performance was calcu-

lated based on the computed spray and gas stream parameters.

The performance analysis singled out the concepts which appeared to offer
effective atomization, gas-phase mixing, and potentially good performance.
Gas-phase mixing limited the performance of several of the potential in-
jector types and, in general, presented more of a problem with large-thrust-
per-element injectors than atomization. For example, the simple tricentric
injector with hot gas inside LOX and fuel annulii (Type 1A) could perform
well provided positive means could be devised to aid the mixing of the

fuel (GHQ) with the hot—gas/LOX spray mixture generated within the annular
LOX jet.

At the conclusion of Task I, the results of the design studies and the
performance analysis were combined to guide the selection of four injector

concepts for cold-flow studies. The four concepts selected were as follows:

1. The tricentric injector type 1A (hot gas inside LOX and fuel
annulii)




2. The impinging jet injectors (Types 2A and QC) where one pair of
self-impinging streams contained LOX, another pair contained hot
gas (Type 2A) or fuel (Type 2C) and these streams impinged with

a central showerhead stream containing either fuel or hot gas,
respectively

3. The coaxial impinging recessed-cup injector (Type 9A) where four

coaxial LOX/fuel streams impinged with a central hot-gas stream
inside a recessed cup

4. The commercial nozzle injector (Type 11A) where the LOX was in-
Jected through a central commercial spray nozzle surrounded by

annulii of hot gas and fuel.
The objective of the cold-flow studies was to evaluate the flow character-
istics of the four large-thrust-per-element injector concepts using exper-
imental screening techniques. FEach of the four selected injector concepts
were represented by two flow models, one simulating a 5,000-pound-thrust
element and one simulating a 20,000-pound-thrust element. The screening
process was accomplished by comparing high-speed motion pictures of the spray

fields and by analysis of the collected liquid mass distribution data.

The first configuration tested was a tricentric element (Type 1A) which ex-

tended the familiar coaxial injector concept to include the hot gas. This

configuration is shown below. S::\///

70,




The mass distribution and atomization test results for this configuration
were satisfactory. It was observed during the cold-flow studies that the
tricentric model 1A was susceptible to pulsating flow conditions. The
phenomenon was attributed to reduced velocity of sound propagation through
the homogeneous two-phase flow mixture of dispersed liquid and gas. The
degree of pulsation was greatly influenced by the exit geometry of the
tricentric elements. Two modifications were determined to be effective

in eliminating flow pulsations: (1) partial restriction of the annular
water (LOX simulant) flow passages, and (2) extension of the inner hot-gas
(helium simulant) tube. Both "fixes" decreased the uniform intimate con-
tact between the water and helium (LOX and hot-gas simulants) streams and

thereby influenced the quality of the two-phase mixture.

The second configuration tested was an impinging jet injector (Types 2A
and 2C). One pair of impinging streams contained water (LOX simulant),
and the other pair contained either helium (hot-gas simulant) or nitrogen
(fuel simulant). The large center showerhead orifice contained either,
nitrogen (Type 2A) or helium (Type 2C). This configuration (Type 2A) is

shown below.
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Cold-flow results with the impinging jet injectors indicated ineffective
utilization of the gas doublet momentum. A satisfactory liquid mass dis-
tribution was obtained with both configuration (2A and 2C) with the center
gas flowing. The introduction of either gas through the doublet elements
caused immediate separation of the liquid spray. It follows that further
effort on this pattern should include evaluation of a logical location for
the injection of both gases (e.g.; through a central coaxial element) or

for one gas species (e.g.; through a single element).

The third configuration tested was an impinging coaxial injector with a

recessed cup(Type 9A). This configuration is shown below.

The original 9A concept was designed such that the four coaxial elements im-
pinged within a recessed cup upstream of the injector face. However, because

of potential heat transfer problems associated with this precombustor design,



a portion of the cup was removed during the cold-flow studies. Cold-flow
characterizations were obtained with both the original and the modified

configurations. All Type 9A injector model tests produced favorable

atomization and liquid mass distirbution results.

The final configuration tested contained a commerical-type of helical

spray nozzle for water (LOX simulant) injection. This configuration (11A)

is shown below.

During the 11A cold-flow tests using water only, the centrifugal spray
nozzle produced a uniforn cone-shaped spray field. With the introduction
of helium (hot—gas simulant) flow through the annulus surrounding the
nozzle, the liquid spray field was reduced to an unacceptable, very narrow
distribution pattern. The data indicated quite clearly that this concept

would not produce acceptable performance during hot-firing tests.




In general, the photographic results indicated adequate spray atomization

with each injector configuration, but no significant difference was evident

in the degree of atomization achieved during the cold-flow experimentation.

By contrast, the liquid mass distribution tests brought to light significant
differences. Configurations 2A, 2C, and 11A showed unacceptable mass dis-
tribution, and accordingly were eliminated as candidates for the hot~firing
tests. Configurations 1A and 9A were logical choices, based upon their good
liquid mass distribution characteristics. The modified 9A version, with the
cylindrical portion of the cup removed, showed qualitatively even better flow
characteristics than the unmodified model. Consequently, the modified version
was selected for the hot-firing program. Similarly, on the basis of relatively
good mass distribution data and manufacturing simplicity, the tricentric 1A

design, suitably modified to minimize pulsing, was the other concept selected.

Two versions of each injector concept were used for the hot-firing tests,
giving a total of four injectors. These injectors were the four—element
(5000—pound—thrust per element) and the one element (20,000—pound—thrust
per element) versions of the tricentric (IA) and coaxial impinging recessed
cup (9A) configurations. A workhorse thrust chamber was designed and fab-
ricated to support the injector evaluations and the hot gas was supplied

by a gas generator used for the J-2 engine program.

Twenty mainstage tests were conducted at CTL-3, Cell 18B, of the Rocket-
dyne Santa Susana Field Laboratory to evaluate the high-thrust-per-element
injectors. Each of the four injectors was tested to characterize perform-
ance and stability with respect to the quantity (up to 15 percent of the
total propellant flow) of hot gas used. During these initial character—
ization tests, the chamber pressure, mixture ratio, and hot-gas tempera-
ture were maintained at or near the nominal design values (i.e.; 500~psia
chamber pressure, 5 mixture ratio, and 1200 F hot-gas temperature). The

fuel temperature was varied radically in a few tests.



After completion of the initial characterization tests, the 1A and 9A con-
figurations of the 20,000-pound-thrust-per element injectors were selected
for further evaluation. The tricentric (1A) injector was modified to im-
prove performance and was then subjected to two evaluation tests. The
coaxial impinging (recessed—cup) injector (9A) was selected for additional
performance and stability tests at off-design conditions of low chamber
pressures (to 50 psia), low fuel temperatures(near 50 R) and increased cham-

ber L¥ (to 70 inches).

Performance of the 9A configuration with a single 20,000-pound-thrust ele-
ment was the highest of the four injectors tested. The combustion effici-
ency was approximately 95 percent with a 30-inch L* chamber, and 97.5 per-
cent with a 43.5 inch L¥ chamber. No further increase (above 97.5 percent)
was observed with a 70-inch L* chamber. The combustion efficiency of the
injector decayed when the quantity of hot gas was decreased, when the fuel
temperature was reduced to about 50 R, and when the chamber pressure was
reduced to 200 and to 50 psia. Performance improvement is predicted at

these off-design conditions if the injector design is tailored accordingly.

Performance of the 1A configuration with a single 20,000-pound-thrust
element was low, approximately 77 percent. The performance analysis con-
ducted in Task I suggested that this low performance was caused by poor
mixing of the fuel with the hot—gas/LOX mixture. The injector was subjected
to minor modifications to improve mixing and performance. Combustion
efficiency was significantly increased (approximately 8 percent) as a re-

sult of the modification.

Performance of the 9A configuration with four 5000-pound-thrust elements
was slightly lower than the 9A configuration with a single 20,000-pound-
thrust element, contrary to expectations. The combustion efficiency of
the four-element 9A injector was about 95 percent at the highest hot-gas
flowrates and it also decreased with a decrease in the quantity of hot-gas

flow.
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Performance of the 1A configuration with four 5000-pound-thrust elements
was approximately 91 percent, which was about 14 percent higher than the
1A configuration with a single 20,000-pound-thrust element. This perform-
ance difference suggests that the size of the element has a significant

influence on performance of the tricentric injector concept.

The performance of each hot-firing injector decayed as the quantity of

hot gas was reduced, more with some injectors than with others. The high-
est performance occurred where the quantity of hot gas and the fuel temper-
ature were the greatest; i.e., with hot-gas flows equal to 12 to 14 percent
of the total propellant flow with fuel temperatures near 250 R. In addition,
the performance appeared to be a strong function of the total gas momentum
(hot gas plus fuel), suggesting that for design and operating simplicity,

the two gas species might be combined into one.

Stability of each injector configuration was good throughout the hot-firing
test program. No significant change in stability was noted at the off-
design fuel temperature of 50 R, chamber pressure of 50 psia, or L* of 70

inches.

Durability of each injector was satisfactory. Minor erosions were observed
on the four-element 9A and one-element 1A injectors, but these erosions

proved to be insignificant.

The merits of the two-stage injection principle were conclusively demon-
strated during the hot-firing test program, and were supported by the anal-
ysis and cold-flow studies. Also, the high-thrust-per-element injector
concept was proved feasible when used in conjunction with two-stage

injection

11/12




CONCLUSIONS AND RECOMMENDATIONS

TWO-STAGE INJECTION

The two-stage injection principle (the use of highly energetic gas to aug-
ment atomization) was conclusively demonstrated during the hot-fire test-
ing. The merits of this principle were also supported by the analysis and

cold-flow studies.

The test results proved that high-thrust-per-element injectors are feasible

and have good potential when used in conjunction with high-energy gases.

It is recommended that for peak performance with the LOX/hydrogen propel-
lant combination, further optimization should be conducted with regard to
the injector and chamber geometry and the quantity, temperature, and type

of gas used.

It is also recommended that the two-stage injection principle be applied

to other propellant combinations.

PERFORMANCE

Results of the analytical studies indicated that several injector concepts

could produce high performance.

Results obtained from the analyses and cold-flow studies provided useful
and comparatively inexpensive information. The relative fabrication ease,
atomization, and performance were determined. In addition, the cold-flow
studies revealed characteristics that might never be identified by theo-
retical analysis alone, such as maldistribution of the propellants and flow

instabilities.
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The 20,000-pound-thrust-per-element version of the 9A coaxial impinging
injector (recessed cup) showed the most promise during the hot-fire
testing. Combustion efficiency with this injector was 97.5 percent with

a 43.5-inch I¥ chamber.

Performance analysis and hot-fire testing indicated that the combustion
efficiency of the 20,000-pount-thrust-per-element tricentric (lA) injec-
tor configuration was greatly affected by the degree of mixing between
the GH2 and the core of LOX-rich combustion gases. High performance may

be possible if the mixing is sufficiently improved.

The performance of each injector appeared to be a strong function of the
total gas momentum (fuel and hot-gas momentum), thereby suggesting that the
fuel and the hot gas might be combined into one high-energy gas species.
Thus, the injection principle would be better suited to a wide range of

future applications.
The 20,000-pount-thrust-per-element coaxial recesses-cup (9A) injector
configuration was successfully tested over a wide range of operating con-

ditions. Performance reduction at off-design conditions indicates a need

for further studies to tailor the injector for off-design operation.

STABILITY

Stability of each injector concept was good throughout the test program

even at the off-design fuel temperatures of approximately 50 R.

DI'SIGN FEASIBILITY

Durability of each injector proved to be satisfactory during the hot-

firing tests, and no significant damage occurred.

14




Injector design simplicity and low fabrication costs were demonstrated
during this program. Simple, low-cost, large rocket engine injectors
appear feasible using the large-thrust-per-element two-stage injector

principle.
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GENERAL APPROACH

The ultimate use of large-thrust-per—element injectors is predicated upon
demonstration of high performance, stability, and substantial fabrication
cost reductions. With regard to obtaining high performance, it is well
known that for most propellant systems the three factors of atomization,
mixture ratio distribution, and mass distribution must be combined in a
near—optimum manner for peak performance. This is usually accomplished
with a fineness of element to promote atomization, a match of momentum
ratios to provide uniform mixture ratio, and uniform equal-area injection
density to achieve maximum uniformity of mass distribution. The large-
thrust-per-element concept results in a degradation of these design prin-
ciples. For this reason, the two-stage injection system incorporates
supplementary hot-gas injection to promote atomization, vaporization, and
mixing of the propellants. The amount of hot gas required and its place-
ment within the various injector elements relative to atomization, mass,
and mixture ratio distribution was a primary concern of the overall program

effort.

The program was divided into three tasks, each of which provided partial
evaluation of the potential injector concepts. The flow diagram presented
in Fig. 1 illustrates the overall program structure and the interrelation—

ship between the various tasks.

The Task I analysis phase of the program consisted of the design and
analytical evaluation of 20 different candidate injector concepts. The
elements were of the coaxial-type or some adaptation of the impinging-
stream concept. The main purpose of the analyses was to aid in the selec—
tion of the four most promising injector element types from the standpoint

of probable performance using LOX/gaseous hydrogen/hot gas propellants.

17



The primary purpose of the cold-flow studies (Task II) was to determine
experimentally the flow characteristics of the four injector concepts
selected in Task I. These studies were directed toward evaluating the
propellant mass distribution and the relative degree of liquid atomiza-
tion. All the experiments were conducted using water, gaseous nitrogen,
and helium to simulate the liquid oxygen, gaseous hydrogen, and hot gas,
respectively. Eight single—element injector models were used simulating
two different thrust-per-element sizes (5000— and 20,000-pound thrust)
for each of the four injector concepts. The experimental results of
these cold-flow studies were used as the basis for selecting two concepts

for hot-firing evaluation.

Task III, the hot-firing tests, was essentially for performance and sta-
bility evaluation of the two select injector concepts. Iour injectors
were evaluated; i.e., two (one of each concept) containing four 5000-
pound-thrust (5K) elements and two (one of each concept) with a single
20,000-pound-thrust (20K) element. Hot-gas flowrate and fuel temperature
were the main variables investigated in conjunction with the injector
evaluations. In selected tests, the chamber characteristic length (L*)
and the chamber pressure were varied, again with performance and stability
evaluations in mind. A detailed discussion of each of these three tasks

is given in the following sections of this report.

18
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TASK I

ANALYSIS

The analysis phase of the program was an analytical/design evaluation of
the candidate injector concepts. As a result of this evaluation, the

most promising concepts were selected for Task II cold-flow testing. The
approach that was followed during the analysis phase is presented in

Fig. 2, beginning with selection of the candidate injector concepts for
investigation, and the selection of design and operating characteristics
for the various concepts. When these concepts were selected, each was
subjected to design and performance analyses as shown in Fig. 2. Following
the analyses, the injector concepts were rated and the four most promising
concepts were selected for experimental cold-flow studies. A detailed

discussion of the analysis is presented in the following sections.

CONCEPT SELECT ION

Elemental injection configurations selected for investigation were divided
into four categories: (1) tricentric, (2) impingement , (3) splash plate,
and (4) two-stage. Candidate concepts from each category were subjected
to preliminary analyses at the 5000- and 20,000-pound-thrust-per—e lement
level to provide input for establishing the basic design and operating
characteristics. The preliminary analyses were predicated upon injector
propellant pressure drops (A P) which reflect consideration for engine
system integration, throttling requirements, and the performance and
stability goals. The selected injector A P values are listed as follows

along with the corresponding maximum flowrates anticipated.
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Fuel Side: 100-psi AP at 8.43 1b/sec flowrate using 150 R

gaseous hydrogen

Oxidizer Side: 150-psi AP at 49,31 lb/sec flowrate using liquid

oxygen

Hot-Gas Side: 250-psi AP at 9.13 1b/sec flowrate using 1200 F
hot gas

Primary injector characteristics which were considered during the prelim-
inary design analysis were manifolding, propellant positioning, injection
velocities, orifice geometry, nature of the spray, recess depth or con-
tour, and adaptability of commercial spray nozzles. The preliminary
analysis consisted of calculations to establish the operating character-
istics of the various injectors; i.e., the velocities, pressure drops,
injection areas, momentum ratios, etc. In addition, sketches of each
injector concept were generated to support the design analysis. These
sketches served as a visual aid for studying some of the practical aspects
of the candidate concepts, such as fabricability, chamber and injector
burning, distribution, atomization, cost, and scalability. The practical
aspects of each injector configuration was one criterion for accepting

concepts for further analysis or for rejecting them.

Twenty injector configurations were initially selected. A single element
of each is shown in Table 1. The first group of four configurations (lA

through 1D) represents different versions of the "tricentric," or coaxial,
injector element with each one containing a different propellant orienta-

tion (fuel/oxidizer/hot gas) with respect to the other three. The second
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group of three configurations (2A through 2C) contains four jets and two
of the propellants impinging with a single, central, third propellant jet.
Again, the propellants are oriented differently for each configuration.
The third group of four configurations (3A through 3D) utilizes the im-
pinging jet feature for two of the propellants and an annular slot for
injecting the third propellant. Llement configurations 4A through 12A
represent a variety of individual impinging jet, two-stage, and splash
plate injector element concepts. In addition to the basic injector ele-
ment configurations, many auxiliary injection features and/or variables

were considered. Some of these features are listed in Table 1.

A 20,000-pound thrust level, an overall mixture ratio of 5, and the quan-
tity of hot gas (5, 10, and 15 percent) were the parameters used to estab-
lish the propellant flowrates shown in Table 1. As previously mentioned,
the pressure drops were selected considering engine system integration

and throttling requirements. Injection velocities and injection areas
were calculated for each injector configuration as shown in Table 1. The
oxidizer injection velocities for the nonimpinging (tricentric) configura—
tions were somewhat lower than for the impinging jet configurations,
thereby creating a more favorable shearing force between the liquid oxi-
dizer and the high-velocity gases. Injection momentum, momentum flux,

and the dynamic flow parameters were computed to indicate available energy
of the propellants; these parameters subsequently were used in the spray

and performance analyses.

Prior to a detailed analysis, each candidate configuration was subjected
to a superficial "practicability" survey involving fabricability, injector/
chamber burning, mass/mixture ratio distribution, atomization, cost, and
scalability. The results of this survey are summarized in the "Remarks"

column of Table 1.
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Total Injector AP
Hot-Gas v ’
Flow Condition, Propellt;:; Flowrate, pei A A A - ‘
percent of total sec Fuel Oxidizer Hot Gas Injection Velocity, In‘]ec_tu@
thrust chamber Hot lat 150 R at 170 R |at 1200 F ft/sec 8q in
Element Configuration propellant Fuel |Oxidizer |Gas |Temperature | Temperature |Lemperature Fuel | Oxidizer] Hot Gas| Fuel |Oxidiz
Tricentx(‘ic IA) 5 8.43 49.31 |[3.04 <100 <150 < 30 < 10600 <50.0 | <1375 | > 1.66| 2 2.07
Fuel (outer <110
Ofidizer (middle) -— 10 6.93 | 47.77 (6.08 s 67 <4l 11 s 870 <48.5 | <2750
Hot-Gas (imner) 15 5.33 | 46.32 1913 | <40 433 <250 < 670 <47.0 | 54125 !
Tricentric 1B
Fuel (outer)
Hot-Gas (middle
Oxidiser (inner
Tricantric(lc .
Hot-Gas (outer) 2N
Oxidizer (middle) i o (@
Fuel (inner) —— £
Tricentric 1D
Hot-Gas (outer)
Fuel (middle) -
Oxidiger (inner)
Impingement 2A od s <123
R .
) 4 <119
i (5D
- » g) < 116
:o/l e ! '
Impingement 2B Y @ <50.0
Y 4 < 148.5
) -’7' @‘%.6 < 47.0
A &
Impingement 2C | <125 i
bolsng |
: < 116
Impingement 3A
Impingement 3B ‘
|
/ V4
<350.0 22.03
Impingement 3C < 48.5 22.03,
<47.0 22.03
= ;
Impingement 3D £ \
2 ! . ‘

NOTES: 20K total thrust
500-psia chamber pressure
60.8-1b/sec total propellant flow

Transpiration-cooled injector face plate; .. 7 percent fuel

®Based on a 20K element

Distance from bottom of cup

Assumed cup AP = 30 psi

FOLDOUT

® Commercial spray nozzle

Undetermined



TABLFE 1

CANDIDATE INJECTOR CONCEPTS

Injection Momentum,

Injection Mom¢ntum Flux

Pynamic Flow Parameter

) . . Impingement Angle, Impingement Distance,
Area, (ﬂ) -pounds (_W_V) psi __v“ y degrees inche
g’ A’ ¥¥e + WoVo * peVig o
hr |Hot Gas Fuel| Oxidizer|Hot Gas Fuel |Oxidizer| Hot Gas sec/ft Fuel [Oxidizer|Hot Gas Fuel 0xidizer{Hot Gas ]
P 123,00 | <260 <76.5 (<130 | <15 | <37.7 | s 43.3] =3.28 x 1070 0 0 0 ® @© ® s
<174 < 71.8 | < 520 < 105 < 35.4 <173 21.94 x 10-}
<103| <67.6 {2170 | < 62 | <33. | £390 | 21.07 x 1070
N ) “ e Conto
diver,
e Reces:
|
R B ® Inter:
annul:
) y ]
—
< 188 <231 22.66 x 107 90 120 2.5 a5 [eFxten
<176 < 216 21.71 x 1070
i <167 < 206 21,00 x 1070
<76.5 <37.7 23.28 x 1070 90 0 90 2.5 o) 2.8 o Exten:
<71.8 g 35y [ z 1.94 x 1073
< 67.6 $33.4 Uo21.07 x 1070
3 <188 <231 22.66 x 107> 60 60 v i.5 4.5 @© eExten:
3‘ < 176 <216 ; =1.71 x 167
3 <167 5206 =1.00 x 105 ‘
sInjec
90 90 —_— 2.4 orifi
' N RN
0 ‘ < 90 ® 2.1 o e Exten
y A J l y
<76.5 <37.7 23.28 x 1070 90 0 2.1 © * Exten
-3 eBipla
s71.8 £35.4 =1.94 x 10 l ®"Offs
< 67.7 <33.4 21.07 x 107 © Two—o
r Y
T sInject
'i 10 9lo - 2.4 orific
Y Ly ¥ l l
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igement D'&tance ,

Fuel

o Extension tube

Potential Auxiliary Injection Features and/or Variables

Oxidizer

Hot Gas

General

Hemarks

eTwo—on-one

Extension tubes
$0rifice shape

® Reverse fuel and hot gas

e "Cup” contour

eModerate fabrication problem
eGood injector/chamber cooling
eGood atomization potential
®Good scaling features

o Contoured
divergence
e Extension tubes

eRecesned

#Extension tubes
@®Number of
orifices

® Reverse fuel and hot gas

e "Cup" contour
"0ffmet" injection
® Two-on—one

®Moderate fabrication problem
® Good 1njtctor/chanbtr cooling
®Good atomization potential
eGood scaling features

inches

Oxidizer | Hot Gas
0.8 3.9
2.6 qr
o

o Number of
orifices

® Number of
orifices

—— i e

o Number of
orifices

® Number of
orifices

¢ Swirler (tubular

passages only)

oNumber of
orifices

®"Cup" contour

PDifficult fabrication problem

e Poasibility of injector/clmmbcr burning problem

@ Cannot get sufficient LOX area unless at least three
"gas tubes" are used for LOX

Good LOX/hot-gas exposure

¢ Number of
orifices

® Extension tubes
¢"0ffset" injection
®Injection location

pInjection orifice
shape

@ "Cup" contour

)‘Dif!icult fabrication problem (especially with 5K
element)

e Many orifices should provide good atomization
®Good scaling features

~Moderate fabrication problem

®Possible injector burning problem

®Good oxidizer atomizing potential

oFilm cooling of "premix" chamber may not provide good
oxidizer/fuel mixing

ePoor A P prediction

® Extension tubes

¢ Recessed

® "Cup" contour
e "Offset" injection

oGood scaling features

®Difficult fabrication problem
®Possible injector burning problem
eGood atomization potential

®Poor A P prediction

eGood scaling features

®Moderate fabrication problem
#Good injector/chamber cooling
®Good atomization potential
®Good scaling features

| = I . —
0 o Number of ®Injection location
: orifices ®Extension tubes
‘ l ®'0ffset" injection
T ® Number of @ Commercial nozzle
Vv orifices configuration
- ’ ® Commercial nozzle
| location
e Number of ® Number of e
4 orifices orifices

26

e "Cup" contour

®Eamsily fabricated
®Possibility of spray nossle burning
®Good atomigation potential

eGood scaling features

®Difficult fabrication problem
®Possible injector burning problem
®Good atomization potential

®Poor A P prediction
PStarting/atopping transient problem

eGood scaling features
N !
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Total Injector AP
N ’
Flovﬂgo;g::ion Propellant Flowrate, psi
4
percent of total 1b/sec Fuel Oxidizer Hot Ges Inject
thrust chamber Hot at 150 R at 170 R at 1200 F
Element Configuration propellant Fuel| Oxidizer| Gas | Temperature| Temperature | Temperature | Fuel Pxie
. cm 5 8.43 | 49.31 | 3.04 <100 <150 <30 <1060 | 5
ingemen
ming 10 6.93| 47.77 | 6.08 <67 <141 <110 <870
15 5.33 | 46.32 [9.13 <40 <133 <250 =670 | *
T
Impingement 5A N l
.
| |
Tvo-Stage 6A [‘
‘ i
Two-Stage 7A l
|
4.1 - . 5
Two-Stage BA @ @ @ =86
< 705
< 540 <
Two-Stage @ @ @
_ - ﬁ_,,ﬂ, _ y
Two-Stage 104 TSy £y e < 1060
~ et
G~ '\i/ <870
/":’2 RER < 670 | <
13 3 0 N
Two-Stage 11A = . (? g
- —— - @) N
6= o/,
eh Hws oo N . R B 2
< 860 <
Splash Plate 12A % ) 3 @
P == | | =705 |
G~
B [ < 50k | s
== | l |
v :
) \ Y Y

NOTES:

20K total thrust

500-psia chamber pressure
60.8-1b/sec total propellant flow
Transpiration-cooled injector face

plate; ~7 percent fuel

Qused on a 20K element

@Comarchl spray nozzle

istance from bottom of cup @Undetemined

oAasumed cup AP = 30 psi
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TABLE 1
(Concluded)

) ) Injef:tion Momentum In,jectien Momentum Flux Dynami c Flo‘.v Parameter Iupingement Angle, Impi
Jon Velocity Injection Area, (ﬂ) pounds (‘.-V) pai — degrees
ft/sec | __ _sqin . g ST S weVy *+ WoVo + VgVig X
izer|llot Gas | Fuel |Oxidizer |Hot Ges | Fuel Oxid_ifer Hot Gas Fuel |Oxidizer| Hot Gas : sec/ft Fuel xidizer Hot Gas| Fuel
M55 =135 1 =1.66 | 20.813] 23700 | =o60| =188 | <i30 <156 | =931 <43.3| 22.66 x 1090 0 | u 60 ©
19 | o750 |=1.66 | 20.813| 2300 [ <a74| S176 | <520 s05 [ 5216 | 73 | 2171 x 107
P16 | <h1o5 [=1.66 | =0.813] 23.00 | <103 <167 |<1170 s62 | <206 | 2390 | »1.00 x 107
. — N A -
r-g; i - J S - ———
90 90 0 2.6
| l ‘
J 1l d ) i i o l :
b7.5 1.04 150 1% 2.94 X 107 60 0 3.1
4.5 1.04 140 135 1.78 x 1070
FQ'O 1.00 132 127 1.02 x 107
. jede— [ S BN [N NN R e [ B Y -
< 188 ' < 231 z2.66 x 10 < 90 <90 —_—
<176 <216 21.77 x 10‘3
<167 <206 21,00 x 107
- . Y oYl v . | Y Y . Y N
110 | <1220 | =1.9% 0.91 | 23,00 | <£210] <168 |s115 < 108 | <185 <36.0| =311 x 1070 120 90 2.65
107 | <2440 | 21.94 0.91 | 23,00 | <14l <159 |< 460 <72.7| <175 < 154 22,33 x 1073
o3 | <3650 | 21.94 0.91 | 23,00 | <83 <148 | 51030 <42.8| <163 s32.2{ 21.13 x 107
y y
- - el = +
120 1.'?
A T AUUN I S S A N o e _ (R SO —
123 | S 1375 | ») 6| 20.813 | 23.00 | S260| <188 <130 £ 156 | <231 <43.3| 22.66 x 107 90 1.5
19 | <2750 | 21.66| 20.813 | 23.00 | <174 <176 |< 520 <105 | <216 <173 >1.71 x 107
016 | <4125 | 21.66] 20.813, 23.00 | <103] <167 | <1170 <62 | <206 < 390 21.00 x 10"3
— S N N Ao i} v L AN 3
V) ® ® ©) ® 60 |100 —_—
10 { <1220 | 21.94| 20.91 2300 | <210/ <168 | <113 <108 | =185 <36.0| =3.11 x 1070 <120 _
to7 < 2440 | =1.94( 20,91 2300 | < 141] <159 | < 460 < 72.7| <175 < 144 22,33 x 1070
o3 < 3650 | 21.94| =20.9)] 2320 < 83 < 148 | <1030 < 42.8! <163 < 32,2 =1.13 x 10"3 .
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Potential Auxiliary Injection Features and/or Variables

‘wel Oxidizer Hot Gas General Remarks
red ®Recessed sRecessed ®Eagily fabricated
lence eMultihole ®Good injector/ch&mber cooling
orifice disk #Good atomization potential with proper combination
eInterrupted of auxiliary features
annulus #Good scaling features
red ®Recessed elnterrupted ®Eagily fabricated
‘ence eMultihole annulus #Good injector/cha.mber cooling
orifice disk sLarge oxidizer core may be difficult to atomize
eSwirler (swirler may help)
Castellated tip pFuel removed from oxidizer
[#Probably poor scaling (large LOX diameter)
ed ® Recessed e/Contoured PFabrication more difficult because of special face—
eMultihole divergence cooling requirements with hot gas on outaide
orifice disk *Good injector/chamber cooling
eInterrupted @®Less effective use of hot gas for oxidizer
annulus atomization
upted eRecessed 4Contoured [@Fabrication more difficult because of special face-
js eMultihole divergence cooling requirements with hot gas on outside
orifice disk ®Good injector/chamher cooling
eSwirler mLess effective use of hot gas for LOX atomization
eCastellated tip ®Probably poor scaling
ion tube eMultihole xtension tubes ® Biplanar injection [®Moderate fabrication problem
orifice disk e "Offset" injection ®Possibility of injector/chamber burning problem
® *Cup" contour ®Good atomization potential
®Good scaling features
ion tubes Multihole 4Extension tubes ® Biplanar injection (®Moderate fabrication problem
orifice disk ® "0ffset" injection ®Possibility of injector/chamber burning problem
® "Cup" contour @Large LOX core may be difficult to atomize

@ Probably poor scaling (1arge LOX diameter)

e ———

fion tubes ®Multihole aExtension tube ®Biplanar injection ®Moderate fabrication problem

orifice disk e "0ffset" injection ®Possibility of injector/chambar burning problem
e "Cup" contour ®Poor LOX-to-hot~gas diameter ratio

®Does not utilize hot gas effectively

don e Biplanar injection$Extension tube ® "Cup" contour ®Moderate fabrication problem
e shape ¢"0ffset" injection eGood injector/chﬂmber cooling
®Two-on-one ®Poor LOX-to-hot-gas diameter ratio may be connter-acted
with proper combination of auxiliary features
pion tube eBiplanar injectionpInjection orifice | ® "Cup" contour eDifficult fabrication problem especially with angled
e"0ffset" injection|shape hot-gas slot
¢'wo—~on-one *Good injector/chamber cooling

®Good atomization potential with proper combination of
auxiliary features
oGood scaling features

dion tubes ® Multihole #pInjection orifice | ® "Cup" contour eDifficult fabrication problem especially with angled
‘ar injection orifice disk shape hot-gas slot
" injection | @ Swirler ®Good injectnr/chamber cooling
—one eLarge LOX core may be difficult to atomige
®Probably poor scaling (latge 10X diameter)
ion eMultihole Extension tubes ® "Cup” contour ®Moderate fabrication problem
e shape orifice disk ¢Biplanar injection| #Good injector/chamber cooling
eSwirler 9"0ffset” injectiion| ®Large LOX core may be difficult to atomize
$Two-on-one ®Probably poor scaling (large 10X diameter)
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DESIGN ANALYSIS

A more detailed analysis was undertaken to evaluate and narrow the 20
candidate concepts to 4. Design and performance analyses were used to

guide the evaluation and selection. The objective of the design analysis
was to study the practical aspects of the various injector concepts, such

as fabrication, cost, packaging, manifolding, etc., and to generate physical
dimensions necessary to support the performance analysis. Design layouts
for most of the injector concepts were made showing a single 20K element
and, in some cases, showing 5K elements positioned to fit within the

selected chamber diameter of 8.55 inches.

The approach used for the layouts of the various concepts was based on
ease of fabrication, low cost, no interpropellant welds if possible, ex-
ternal propellant manifolding, and most effective use of the available
injection area. The selected chamber diameter (8.55 inches) in some cases
caused packaging problems resulting in unequal injection density and/or

a compromise in the element geometry for the four 5K element configurations.
Parameters such as orifice angle, location, impingement distance, and
number of orifices were some of the features studied in connection with
the design analysis. Other auxiliary features or variables investigated
to a limited degree during the design analysis included swirl devices,
off-center impinging streams, vanes, castellations, and other devices to
induce breakup of the liquid-propellant streams to increase atomization.
In addition, commercial nozzles were investigated for potential atomiza-

tion and reduced cost.
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Tricentric Injector Configurations 1A through 1D

Tricentric injector configurations 1A through 1D each contained the same
basic design features which, in essence, were three tubes of different
diameters positioned coaxially. The three propellants passed through

the center tube and the two annular passages surrounding the center tube.
Small changes in diameter or material (wall) thickness between propellants
had little effect on the injector operating characteristics, but concen-
tricity errors in either of the annular passages were undesirable. There-
fore, dividers or spacers were placed in the annular passages to ensure
concentricity. Propellant positioning, injection velocities, recessed

or extended passages, swirl inducers, interruptions in the flow annuli,
contoured exits, passage lengths, and length-to-diameter (L/D) ratios were
among the variables considered during the tricentric injector design

studies.

From a fabrication and packaging standpoint, each of the four basic tri-
centric configurations (1A through 1D) was attractive. However, auxiliary
features such as swirls or other mechanical devices decreased the advantage
of a tricentric configuration. The 1B and 1D configurations with the
central LOX core require such devices to be competitive in the areas of
atomization and scaling. Injector face and chamber cooling characteristics
of the 1A and 1B configurations (with fuel in the outer annulus) are more
desirable than those of the 1C and 1D configurations (with hot gas in the
outer annulus) because the cooler fuel is the better coolant, manifolding
the outer fuel coolant to other areas of the injector is easier, and the
variable hot-gas flow requirement of this program is a disadvantage from

the cooling standpoint.
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Impinging Jet Injector Configurations 2A Through 2C

The impinging jet injector configurations 2A through 2C were characterized
by two sets of impinging streams with two of the propellants impinging on
a single central stream containing the third propellant (four on one).
Fuel, oxidizer, and hot gas were designated for injection through the
central jet in the 2A, 2B, and 2C configurations, respectively. Primary
variables investigated during the design studies included the impingement
angle of the jets (between 60— and 90-degree included angle), biplanar
impingement, impingement distance from the injector face, manifolding,

and packaging.

Fabrication of the impinging jet configurations would be relatively simple,
although some manifolding difficulties (dimensional limitations) were exper-
ienced during the design studies when the four elements were packaged into
the 8.55-inch~diameter chamber. Again, swirl devices would be required to
break up the large central LOX core in the 2B configuration, detracting
from the fabrication advantages. As mentioned in connection with the tri-
centric injectors, fuel is a better propellant than the oxidizer or hot

gas for injector face and chamber cooling. The fuel in the central jet

of the 2A configuration would be somewhat undesirable from the standpoint

of manifolding and cooling.

Injector Configuration 3A Through 3D

Injector configurations 3A through 3D were composed of a central shower-
head jet surrounded by four impinging jets which were surrounded by an
annular jet. Each of the four configurations contained a different fuel/
oxidizer/hot gas propellant arrangement: one through the central jet, a

second through the four impinging jets, and the third through the outer
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annulus. Impingement distance, impingement angle, slot or annular jet
angle, swirl devices, offset injection, and manifolding were the main

variables or auxiliary features studied during the design analysis.

Fabrication of this type of injector configuration would be moderately
more difficult than the series 1 and 2 configurations. Areas of concern
are in maintaining a concentric or constant-width annular slot, packaging,
and manifolding. Also, swirl devices are necessary to help break up the
large central LOX core in the 3C and 3D configurations, thereby creating
more fabrication problems. When packaging four 5K elements within the
8.55-inch chamber diameter, the orifice and slot impingement angles must
be minimized. From the cooling standpoint, the 3A and 3D configurations
are the most attractive because of the cooled fuel on the outside of the

element.

Injector Configuration 4A

This injector configuration contains a series of hot-gas jets and a series
of impinging oxidizer jets all impinging on a central fuel jet. The num-
ber and shape of the orifices, the impingement angle, and manifolding were
the primary variables for consideration during the design studies. In
addition, another variable for consideration was to reverse the fuel and

hot-gas injection.

Fabrication and manifolding of this injector configuration is more diffi-
cult because of the number and location of the injector orifices. Packag-
ing of four 5K elements further complicates the manifolding and fabrication
problems. Decreasing the number of injection orifices would simplify the
fabrication; however, the configuration would then approach that of the

2A configuration.
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Injector Configurations 5A and 5B

Basically, the 5A injector configuration contains four coaxial fuel/
oxidizer jets impinging on a central hot-gas jet. The fuel is injected
through annulii surrounding the oxidizer jets. An alternate arrangement
(the 5B configuration) was investigated, calling for fuel through the
center jet impinging with the four coaxial oxidizer/hot-gas jets with the
oxidizer around the hot gas. Other significant features investigated
during the design studies were the impingement angle of the coaxial jets,
the manifolding, and the packaging of four 5K elements. Like the tricen-—
tric configurations, spacers or dividers would be required to maintain a
constant-width annulus in each of the coaxial impinging jets. Four aux-
iliary hot-gas feed holes are shown in the sketch in Table 1; however,

these holes were discarded during the design studies.

Fabrication of this type of injector configuration would be moderately
more difficult than the first two series of injector configurations. The
number of injection ports, the coaxial elements, and the manifolding of
the coaxial elements contribute to the fabrication complexity. Packaging
of the four 5K elements presents a clearance problem in addition to mani-
folding complexity. A compromise (a decrease) in the impingement angle
and selective rotation or positioning of the elements is required to

prevent interference between elements.

Injector Configuration 6A

Injector configuration 6A is composed of a bundle of parallel tubes which
serve as the hot-gas injector orifices. Oxidizer is injected through the
open areas between the tubes, and the fuel is directed into the hot—gas/

oxidizer mixture from peripheral orifices angled inward. As shown on the
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sketch in Table 1, some of the hot gas tubes were eliminated to give the
required area for the oxidizer flow. Also, the injection ports are shown
positioned in a recessed cup. The recessed cup shape, depth, and the
number of injection orifices were the main variables considered during

the design analysis.

As the number of hot-gas tubes or orifices is increased, greater oxidizer/
hot-gas exposure and, consequently, higher performance is possible.
However, fabrication of the multiorificed configuration is rather complex,
primarily because of the oxidizer and hot-gas manifolding. Welding or
brazing should be avoided between the oxidizer and the hot-gas (or fuel)

manifolds, which further complicates this injector configuration.

Injector Configuration 7A

Injector configuration 7A is characterized by a tubular ring of fuel in-
side a tubular ring of oxidizer, with the hot-gas passing through the
slot (opening) between the two rings. Orifices are drilled in the oxi-
dizer and fuel rings, directing these propellants toward each other and
into the annulus of hot gas. Atomization and performance of this config-
uration is a strong function of the number of fuel and oxidizer orifices.
A large number of orifices defeats the large-thrust-per-element principle

and effectively creates many small elements.

Fabrication of this concept becomes more complex as the number of orifices
is increased. Control of the hot-gas flow area (a narrow annular slot)
could also present a problem. The design analysis suggested that it was
not practical to package four 5K elements together; i.e., one 20K element

is more advisable.
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Injector Configuration 8A

Injector configuration 8A contains a central hot-gas jet surrounded by
and impinging with four oxidizer jets on one plane. Further downstream,
the resulting mixture impinges with a series of fuel streams. All the
orifices are positioned inside a recessed cavity or cup. The number of
fuel and oxidizer orifices, orifice angles, cup geometry, and manifolding
were of primary concern during the design analysis. The main purpose for
the recessed cup is to utilize more of the high—energy hot gas to atomize
the oxidizer before the gas energy is dissipated in the open chamber.

The cup also permits a shorter impingement distance for the oxidizer and

fuel streams, resulting in better atomization and mixing.

Fabrication of this type of injector configuration would be moderately
difficult, similar to that of the Group 3 configurations. With the recessed
cup concept, better packaging can be realized compared to a similar flat-
face injection scheme because the recessed element can be contained within

a smaller diameter. Recessed cup cooling was singled out as one of the
potential problem areas with this configuration; thus, extra features may

be required to cool the cup.

Injector Configuration 9A

Injector configuration 9A is composed of an injection scheme similar to
that of the 5A configuration but placed inside a recessed cup like the

8A configuration. Impingement angles, manifolding, packaging, and cup
geometry were considered during the design studies. As in the 5A config-
uration, spacers or dividers would be required to maintain a consistent
fuel annulus in the coaxial impinging jets. Shorter impingement distances

and better atomization potential are possible because of the recess feature.
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Fabrication of this configuration would be similar to that of the 5A con-
figuration. Packaging would be somewhat easier because each element can
be fit into a smaller diameter. Recessed cup cooling could be a problem

depending on the cup geometry and the protective effectiveness of the fuel.

Injector Configuration 10A

Injector configuration 10A is identical to the 8A configuration except for
the depth of the recessed cup; i.e., a shallower cup is used for the 10A
configuration. Fabrication, manifolding, packaging, etc. would be similar
for the two configurations. However, cup cooling would be less problematic

for the 10A configuration.

Commercial Nozzle Injector Configuration 11A

The commercial nozzle configuration in principle is similar to the 1B
tricentric injector configuration; i.e., the oxidizer is injected through
the center, the hot gas through an annulus around the oxidizer, and the
fuel from an annulus or a series of holes around the hot gas. The com-
mercial nozzle is used as a swirl or atomizing device to break up the

large central oxidizer core.

Several commercial spray nozzles were investigated for use with the 11A
injector configuration. Items considered during the investigation were
mounting, envelope dimensions, atomization potential over the throttling
range (constant spray angle), and cooling capability. The investigation
was limited to nozzles which give full-cone spray patterns because pre-

vious related experience with hollow—cone patterns indicated a high risk
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of burning. Three nozzle types were screened, i.e., nozzles with internal
turbine cores, nozzles with internal deflection vanes, and nozzles with
external spirals. The most promising nozzle configuration from each type

was obtained (Fig. 3), sized for the 5K and 20K flowrate capacity.

Prior to incorporating a potential commercial nozzle into the complete
injector configuration 11A, the selected nozzles were water flow tested

to visualize the flow distribution and to compare the flowrate and pres-—
sure drop characteristics with those predicted by the manufacturers. The
nozzles tested and their characteristics are summarized in Table 2. Flow-
rate data were obtained by a direct-readout instrument coupled with an
in-line turbine-type flowmeter. Pressure readings were taken from a Heise
gage. To obtain the calibration data, the pressure readings were set and
the flowrate was recorded. Flowrates of 330 gpm (rated thrust) and 130
gpm (throttled condition) were targeted for the 20K nozzles, and 83 and

33 gpm were targeted for the 5K nozzles. Table 3 shows pressure drop vs
flowrate for select conditions. For comparison purposes, the manufacturer's
flowrate vs pressure drop is also shown. Still photographs were taken at
or near the targeted flowrates for each nozzle to show the spray

characteristics.

In rating the commercial nozzles, the Spraco and the Bete "Tu—Cone" received
first consideration. The Bete nonclogging nozzles were rated the lowest
because they exhibited the poorest atomization and most severe streaking
tendencies. The atomization characteristics for the different nozzles

were evaluated at equivalent flowrates but not at the same AP. It may

be postulated that the atomization characteristics would tend to approach
one another if the pressure drops were equal. A significant reason for

the differences in pressure drop was because of the large discrepancy
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between the actual ve predicted (by manufacturers) pressure drop charac-
teristics; thereby suggesting poor repeatability. Questionable repeat-
ability and streaking were traits which could adversely influence the

selection of a commercial nozzle concept for future testing.

Injector Configuration 12A

Injector configuration 12A is a splash plate element with hot gas through
the center jet, oxidizer through an annulus around the hot gas deflecting
from a splash plate into the hot gas, and fuel injected from a series of
orifices parallel to the splash plate. The design studies were limited
for this configuration because of the potential fabrication and cooling

problems.

1000K Design Studies

Conceptual designs for 1000K injectors were prepared using the 20K element
size of three promising concepts——the 1A tricentric, the 2C impinging jet,
and the 11A commercial nozzle. These conceptual design layouts were to
point out the potential problem areas and solutions for packaging, mani-
folding and fabrication applicable to a full-scale 1000K injector. Element
packaging to achieve uniform injection density resulted in 52 elements
placed within 42-inch diameter envelope for the 1A and 11A patterns, but
required a 52~inch diameter for the 2C impinging jet pattern. In all
cases, the injectors were designed around the same basic ground rules;

therefore, a close look at one (Fig. 4) is indicative of all configurations.
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A large casting is the simplest means of providing the main sections of
the 1000K injector, but the possibility of porosity, inclusions, or cracks
could eliminate this method of approach. Therefore, the backbone section
would probably be fabricated from a single forged plate to eliminate the
interpropellant welding and to provide a means of structural support.
Injection ports, cross-feed manifolding, and attachments for the propel-
lant inlet manifolding would be integrated with the main backbone section.
The chamber side of the injector would have full fuel cooling through a
Rigimesh face. The back side of the injector would contain a propellant

manifold and possibly supports for gimbaling.

Conventional machining techniques and materials could be used to fabricate
this type of injector. Fabrication cost estimates were not obtained dur-
ing these 1000K design studies; however, the costs should be significantly

less than similar configurations with many injection orifices.

Vector Amalysis

A momentum vector analysis was conducted to uncover instances of gross
momentum flux unbalance with injection concepts employing jet impingement.
Momentum unbalance with impinging jets can result in poor atomization,
mixing, distribution, and a high risk of injector and/or chamber burning.
The observations of this study played an important role during the final
stages of the Task I concept screening and provided initial design criteria
for the impingement jet patterns evaluated during the Task II cold-flow
studies. The analysis included variation of the hot-gas flowrate (i.e.,

5, 10, and 15 percent of the total propellant) at rated chamber pressure
(500 psia) and throttled (200 psia) conditions. The momentums for this

analysis are those given in Table 1 for the 500-psia case, and were
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reduced accordingly for the 200-psia case. Results of the analysis were
prepared in graphic form so that a greater appreciation can be had for

the conditions affecting atomization, mixture ratio, and mass distribution.

Ttems which were observed during this study, along with an interpretation

of their influence on spray characterization, are included below:

1. Momentum relationship of the liquid oxygen with the gaseous fuel

and/or hot gas: Careful matching of the momentum ratios is nec-

essary if high performance is to be achieved with large-thrust-
per—-element loading. Gross momentum unbalance will result in
one jet being swept aside by the other, thus precluding uniform

mixture ratio and mass distribution.

2, Variability of momentum ratios during throttling: Large excur-

sions in momentum ratios of the impinging jets during throttling
are undesirable because this condition is prone to performance

and heat transfer variations.

3. Geometrical relationships of the impinging jets: Injection

combinations should be avoided which do not permit effective
use of the hot-gas force for atomization and mixing because of
velocity dissipation or area limitation. Advantageous use of
the hot-gas energy is an absolute requirement if performance

goals are to be achieved.

k. Approximate jet spray envelope: The resultant primary spray

envelope is a useful "tool" for predicting injector face and/or
chamber burning potential. TImpingement combinations should be

rejected which have a high risk for recirculation of oxidizer-

rich combustion products across the injector face or chamber

walls.
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5. dJet diameter relationships: Impinging jets with large diameter

ratios do not provide well-developed spray fans because the wider
stream tends to overpower the narrow one. This condition should
be avoided because of its spray pattern unpredictability and the

ineffective use of the jet energy of the large-diameter stream.

To demonstrate the utility of this study, typical graphic displays for
element configurations 2A and 2C are included in Fig. 5 and 6, respectively.
Figure 7 was taken from an early cold-flow test conducted with water and
GN2 for a simulated large-thrust-per-element injector. Shown superimposed
on the picture are the calculated vector analysis results, indicating
remarkably close agreement between the vector analysis employed in this

study and experiment.
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Figure 7. Comparison of Analytical and
Actual Spray Vectors
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PERFORMANCE ANALYSIS

Performance analyses were performed during Task I to aid in selecting
the types of high-thrust-per-element injectors to be used in succeeding
phases of the program. Twenty types of elements were selected initially

for consideration (Table 1). General types were as follows:

1. Tricentric elements (Group 1) which extended the familiar

coaxial injector concept to include the hot gas
2. Pentad impinging jet elements (Groups 2 and 3)
3. More complex impingement types (%A and 5A)
L. Recessed cup ("two-stage") types (6A, 8A, 9A, and 104)
5. An annular ring element type (7A)

6. An element using a commercial centrifugal pressure nozzle (114).

Element 5A was replaced in the analysis by 5B, in which LOX was injected
through four annular openings with hot gas in the center of each annulus

and fuel in a large central orifice.

The basic approach was to first predict the location or region in the

chamber where the LOX stream atomization was accomplished and to predict

a corresponding initial droplet size distribution for the resultant LOX

spray. Heating, acceleration, evaporation, and, where applicable, second-
ary breakup of the spray droplets were then considered downstream to a point
where the combustion zone was assumed to begin. At this point the performance
computer program "CAM"¥* was initiated using spray and gas stream parameters

calculated at that point. Combustion was considered to be controlled by

*¥A combustion and mixing program developed previously at Rocketdyne to
compute performance.
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the LOX vaporization rate. In the "combustion zone" it was postulated
that the bulk gas consisted of the thermodynamic equilibrium combustion
products with a stagnation temperature equal to the adiabatic flame

temperature.

Primary Atomization

Tricentric Elements. 1Initial atomization for the tricentric elements and

for types 5B and 6A should occur by shearing of droplets from the LOX jet
by hot gas. A capillary wave mechanism as used by Mayer (Ref. 1) and
discussed by Dickerson and Schuman (Ref. 2) was assumed. This was applied

to cylindrical jets or annular jets. The stripping rate per unit areca is

The coefficient K,, which depends only on liquid properties, was obtained
from an experimental/analytical investigation of another program at
Rocketdyne using a LOX/GH2 engine under conditions similar to those

contemplated in this program.
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Equation 1 was applied to determine the amount of atomization over a suc-
cession of axial increments designated as Ax. The mean diameter of the

droplets being formed over each increment was obtained from the equation

1/3 -2/3
microns) = b'q 9 ”—'{’—G">
D ( ) =2.07 x 10 < y (pg Ui) (2)

Like Eq. 1 this is based on a capillary wave type of atomization. The
critical step in successful application of Eq. 1 and 2 to describe the
atomization process was to obtain the correct description of the gas
velocity profile. This is discussed later in more detail. The atomiza—

tion calculations for the tricentric elements are described in Appendix A.

Impinging Elements. The equation developed by Ingebo (Ref. 3 to calculate

droplet diameters for impinging jets where the point of impingement occurs

within a high-velocity gas stream is

= 2.64\/D, U, + 0.97 D,
D /Dyy = 2.64\[D. U, + 0.97 i U (3)

where Dj is expressed in inches and Uj and U% are expressed in ft/sec.

Although the equation was developed for n-heptane it has been found to be
qualitatively correct for most propellants. A simple parametric alysis
1/2
indicates that key physical property ratios (e.g., vo/p, (véi;) , etc.)
for LOX at 185 R temperature do not differ appreciably from those of
ambient-temperature n-heptane. Therefore Eq. 3 was used to calculate the
volume mean diameter of the sprays formed for the impingement-type injectors

Groups 2 and 3, and element type %A; for element type 7A, and for recessed
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impingement-type injectors 8A, 9A, and 10A. When the volume mean droplet

size, was calculated the spray distribution was described by the

D30’
Nukiyama-Tanasawa distribution

dv _(3.915\® /D )5 =3-915D/D5 (34)
d |\ Dy (120 N

where v is the volume fraction of droplets with diameter between D and

D + dD. The maximum droplet size was assumed to be about 3.5 x D30'
However, this assumption may be somewhat conservative; i.e., Dmax may not
be quite this large. In unpublished data Ingebo found Dmax to be 2.25 to
2.9 x D

3.2 x D

30° Tanasawa and Tesima (Ref. %) reported D .y Of 2.56 to

30°

To apply Eq. 3 and 3A, it was necessary to know how far down the chamber
the sheets, ligaments, and globs initially break into LOX droplets.
Clarke (Ref. 5) was successful in correlating the degree of breakup of a

liquid jet (water) in a gas cross stream by a dimensionless group ¢ where
A
D—> (4)

where V is the magnitude of the vector difference between the gas and
liquid velocities and t is the time of exposure. For complete disinte-
gration of the jet into spray, (5)1/2 was found to be about %4 (Ref. 5).
To apply Eq. 4 to predict the "breakup location," the time t was replaced
by breakup distance LB divided by the axial component of the liquid jet

velocity, so

LB/Dj = 51/2 (pL/pg)l/Q (UL cos q>/|Ué - ULl (5)
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For the subject analysis it was assumed that Eq. 5 was valid; however,
the coefficient (6)1 2 was re-evaluated after reviewing unpublished
Rocketdyne data (from another program) taken from high-speed photographs
of liquid jets impinging in high-velocity gas streams. Gas velocities
ranged from 800 to 1100 ft/sec with liquid velocities of 15 to 25 ft/sec
(Clarke's (Ref. 5) maximum gas velocity was 430 ft/sec). The value of
61/2 thus obtained by applying Eq. 4 was 7.5. Further examination of the
unpublished data revealed that breakup was appreciably slower under con-
ditions where the gas stream momentum was so much greater than the liquid
Jet momentum that liquid-liquid impingement was prevented from occurring.
For these extreme conditions, the value of (5)1/2 was about 20. During
another program, criterion for a satisfactory momentum ratio was developed

as:

-
( iP gas < 447 (6)

2
(Dj p U cos 9/2)1iq.

where 8 is the included angle between the liquid jets. Application of
Eq. 6 led to a preference for 10 percent (rather than 15 percent) hot gas
in element type 2C. The results of Eq. 6 tended to agree with the vector

analysis previously discussed.

Commercial Spray Nozzles. Nelson and Stevens (Ref. 6) were successful

in correlating spray distribution for commercial centrifugal pressure
nozzles. Assuming a square root normal distribution, they empirically
correlated the volume median diameter D and the standard deviation s by

log-log plots of:

(ﬁyDo) vs [Re (W’e/Re)O'55 (tan ¢m/2)1°2]
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and

<S We> vs[(W/Re) Rel/z]

VD,

where ¢ is the experimentally observed maximum included angle of the spray.
The Reynold's and Weber's numbers are based on the average axial velocity
of the liquid as it leaves the orifice. To calculate this velocity it is
necessary to subtract the air core area from the geometrical orifice area.

Nelson and Stevens (Ref. 6) presented an empirical correlation of:
Da/Do vs @

where Da is the diameter of the air core. The average axial velocity then

is obtained by

Uy x = > 2) (7)

where D0 is the diameter used in calculating Re and We. The volume median
diameter D and the standard deviation s when applied in the square root
normal distribution, completely describe (Ref. 6) the spray droplet sizes.
For convenience, a graphic correlation was presented in Ref. 6 to compare
the Santer mean diameter of D32 with D and s.

For the subject analysis of element type 11A, the correlationsof Ref. 6
were used. Tor easier application, the volume mean diameter was assumed

to be approximately equal to D,, and the Nukiyama-Tanasawa distribution

32

was used. Because of the high injection velocities, the median droplet




sizes were smaller than those observed in Ref. 6 and it was necessary to

extrapolate their correlating curves to higher Reynolds numbers.

It was also necessary to determine where the sheets and ligaments emanating
from the centrifugal nozzle would be broken into drops. To do so, the
dimensionless group given by Eq. 4 was used with D. in Eq. 5 replaced by
the liquid sheet thickness. Also, the coefficient 51/2 was re-—evaluated
from the high-speed photographs and data obtained by Squire (Ref. 7) with

centrifugal nozzles, and was found to be about 9.3.

The effect of the gases on spray from centrifugal nozzles was handled by
considering that the gases caused secondary breakup of the initial spray.
This was necessary because the correlations used (Ref. 6) do not consider

injection into a moving gas stream.

Gas Velocity Profile

The equations describing atomization rates, mean droplet sizes, and breakup
distances all contain the relative gas-to-liquid velocity. Thus an ade-
quate description of the gas velocity profile is essential to a successful
description of the atomization process. The gas velocity will be attenu-
ated primarily by spreading and entrainment of stagnant or recirculating
gas and by momentum exchange with the LOX spray. In discussing the axial
gas velocity profile, the primary interest for these analyses was in the
velocity of the gas within the streamlines acting to atomize the LOX.

Thus the description of this velocity profile was handled differently for

different types of injector elements.
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Showerhead LOX Jet Atomized by Shear of a Surrounding Gas Stream. This

is analogous to the conventional LOX/GH., coaxial injector element. The

2
gas velocity profile was assumed to be similar to that observed during
another Rocketdyne program, and is described in Appendix A. This model

applies to element types 1B, 1D, and with some modifications to 1C and 6A.

Annular LOX Jet Atomization by Shear of the Gas Stream Within the Annulus.
This is applicable to 1A, 5A, and 1C. Frictional drag by the liquid

annulus was found to have negligible effect on the gas momentum. Therefore
assumption of constant static pressure (upstream of the flame zone) made

it possible to assume constant momentum for the gas-plus—entrained-spray
at any axial position within the annulus. Initially, for a conservative
estimate of the gas velocity, a stepwise atomization calculation was per-
formed in which it was assumed that the droplets formed over all previous
increments were moving at the gas velocity. Cooling of the gas by droplet
evaporation was initially neglected. Subsequent calculations where the
acceleration of representative droplet sizes was calculated by a droplet
drag equation indicated that the previously calculated gas velocity pro-
file was satisfactory. Apparently the effects of having some small droplets
traveling at higher velocity than the (decelerating) gas while larger
droplets had velocities below that of the gas tended to counterbalance

each other.

Gas Jets Impinging With LOX Jets. This applies to the impingement elements

(Groups 2 and 3) as well as to elements 4A and 7A. The first step was to
describe the gas velocity profile as it would be in the absence of the
liquid. Subsequently, the interaction of the liquid and gas streams and
the resulting alteration of the gas velocity were considered. Schlicting
(Ref. 8) describes the velocity along the axis of a turbulent free gas
jet by

U/ Uy = 2:11/n (8)
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where n is the number of orifice diameters downstream from the point of
injection. The equation is valid only where n is large enough for simi-
larity to hold; i.e., where the stream "appeﬁrs“ to emanate from a point
source. There is apparently some contradiction in the appropriate value
for the coefficient 2.11. If Schlicting's description is followed for
obtaining Eq. 8, by analogy with his derivation for the laminar case, the
results is 2.117. Shih-I Pai (Ref. 9) also obtains 2.11m. However,
Abramovich (Ref. 10), through comparison with experimental data, finds
the coefficient to range from about 2 to 5. To be conservative with re-
gard to gas velocities, Eq. 8 would be used as written. A serious problem
with trying to use Eg. 8 was that it is obviously invalid within two or
three jet diameters of the injector. Furthermore, for many elements in

the subject analyses this region is very important.

An alternate solution was suggested by the fact that under a wide range
of conditions free gas jets tend to expand at about a 7-degree angle.

For these analyses such an expansion was assumed. Application of contin-
uity (assuming constant density) to such an expanding jet provided a
"mass flux-mean" velocity profile. Equation 9 was obtained and used to
predict the gas velocity profile, subject to subsequent alteration by

interaction with spray.

R S
Ug/Uinj "1 + x/0.232 (9)

Equation 9 predicts lower gas velocities than Eq. 8. This is in accord

with the desire to use conservative estimates of gas velocities.

Further attenuation of the gas velocity through momentum exchange with

the spray was predicted by first calculating the relative velocity of
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the gas, Ur’ as it first contacts the spray and by then estimating the
amount of acceleration of the drops at successive positions in the chamber.
The droplet drag equation (Eq. 10) was applied to several representative

droplet sizes in the spray to aid in the estimation.

> % f Yy |Ur|
P, D

d

dUd/dt =

(10)

Two-Stage or Recessed Cup Elements. These elements were treated in a manner

similar to those in Group 3 downstream of the injector face. However, con-
tinuity was applied to predict the gas velocities within the recessed cup

because it was assumed to flow full.

Secondary Droplet Breakup

Secondary breakup of droplets was considered upstream of the flame front

or combustion region. (Within the combustion region where the performance
computer program "CAM" was used, secondary breakup was not considered. This
would tend to make performance predictions conservative.) To describe sec-
ondary breakup near the injector, models developed by Coultas and Dickerson
(Ref. 11), Wolfe and Anderson (Ref. 12), and Morrell (Ref. 13) were con-
sidered. All of the models were semiempirical and all predicted the breakup
time t_ for a given droplet size, relative gas velocity, and gas and liquid

B
densities, viscosities, and surface tension.

The model used by Morrell was selected for use in these analyses for the
sole reason that it was the most conservative; i.e., it predicted a longer

breakup time. This model was used in the following form:

Py 2/3 M 1/3 Db R ~7/ 4
- —k g b e
tB = 1,91 (pg) (pf) Ur z;—;;317§ (11)
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The model was based on atomization by stripping of a liquid boundary
layer and was correlated by high-speed streak and framing photographs

of a water jet subjected to a transverse shock wave in air. In Eq. 11,
the relative gas velocity must be substituted for Morrell's gas velocity
because in his experiments the liquid had no velocity component in the

direction of the gas velocity.

The major difficulty in applying Eq. 11 is that Ur’ the relative velocity,
is continually changing. It was necessary to employ it by iteration with

the following steps:

1. The region over which breakup was expected to occur was estimated

2. The arithmetic average Ur over the region was calculated and in-

serted in Eq. 11 to calculate tB

The droplet velocity and tB was used to check the estimated

‘N

breakup location

4. The previous steps were repeated until the predicted and cal-

culated breakup locations converged.

To aid in these calculations, curves were generated by Eq. 11 and breakup
distance (for given droplet velocities) were plotted against the average
Ur with initial droplet size as a parameter. For fixed liquid and gas

densities, viscosities, and surface tension, the breakup time varies as

1.2 0.
(Db 5/Ur 75).

To determine the size of the droplets resulting from secondary breakup,

Coultas and Dickerson (Ref. 11) used the criteria:

we//Re =1 (12)
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Wolfe and Anderson (Ref. 12) used:

(136ﬂgo3/2>1/3 ,/°
) G BT "
g r

Dy =

Both equations predicted droplet sizes of 1 micron or less for the condi-
tions found in the subject analyses, so for all practical purposes the

droplets that undergo secondary breakup could be considered to be vaporized.

Droplet Vaporization

Acceleration, heating, and vaporization of droplets upstream of the com-
bustion zone were considered by using a computer program "DAV."* This
program is mathematically based on a spherically symmetric liquid droplet
immersed in combustion gas. The liquid temperature is uniform throughout
the droplet and the gas stream is large enough not to be affected by the
droplet. The descriptive equations are similar to those previously used
by Priem (Ref. 14). The droplet acceleration is described in Eq. 10 with

the drag coefficient depending on the Reynolds number according to

Cp = 27 Re 0-8% o< nes 80
)]
= 0.271 Re’* 217, 80< Re= 10"
= 2.0, Re >10" (1%)

The equation used in the "DAV" program to describe simultaneous heat and

mass transfer may alternatively be obtained from Bird, Stewart, and

¥Droplet acceleration, vaporization, and heating program developed pre-
viously at Rocketdyne.
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Lightfoot's (Ref. 15) "film theory" wherein there is a net transport of
only one component across the film. The equations for the liquid tem~

perature are

dt o P D2 I m ‘g eZ _ 1 3600
p Ll “d
(14%) D, My, H P Nu . ( P (15)
RT "\p_p
m
where
1
- (14%) (3600) DM, cp,V P Nu_ o ( p ) (16)
k RT Nu P-P
m m h v

and the equation for the vaporization rate is

(17)

. _d_w_(lz)anDPMgNum 0 p )
v T at T RT P-P,

m
Equations 10 and 14 through 17 were converted into finite difference form
for use in the computer program. A simple step-ahead method was initially
used for calculating droplet properties over axial distance increments.

A difficulty was encountered in that for small droplets (especially less
than 50 microns in diameter) the droplet temperature tended to oscillate
after the "wet bulb temperature" was initially reached. The program was
changed to use a predictor-corrector method of calculating droplet diam—
eter and temperature changes, but the oscillation was still not completely
eliminated, Nevertheless, it is expected that the overall vaporization
rates calculated were essentially correct. One other alteration in the
program was accomplished to permit insertion of a series of droplets at
arbitrary axial locations as input data for use in a single execution

of the program.
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The DAV program does not consider the gas stream to be affected by the
droplets; i.e., the gas stagnation temperature and pressure are considered
to be constant and the gas velocity-distance profile is part of the input
data. TFor injector element type 1A a sort of iteration was performed in
that the gas stream composition, velocity profile, and "mean" stagnation
temperature were altered to reflect the effect of heat, mass, and momentum
transfer with the spray for successive reruns of the program. The results

obtained differed little from those initially calculated.

Location of the Start of the Combustion Zone

According to results of previous Rocketdyne studies the location of the

flame front depends on the satisfaction of two criteria:

1. The mixture ratio must be greater than approximately 1.0 for

the gases to be flammable.

2. The axial gas velocity must not exceed that of the turbulent
flame velocity, which is typically on the order of 250 ft/sec
in LOX/GH2 with a chamber pressure near 500 psia.

Results of a previous hot-gas ignition study were used to predict that
spontaneous ignition of I, and 0, will occur when mixtures whose mixture
ratio exceeds approximatezy 1.2 ;re heated to 1500 B or greater. Although
the necessary conditions may be readily satisfied locally, adjacent to

LOX droplets or jets, it was previously found that the flame front appar-
ently did not creep upstream (adjacent to the LOX jet) beyond the location

where the ignition criteria were satisfied in the bulk gas.
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In the subject analyses the combustibility criteria listed above were

used as a general guide in predicting the axial location at which the
combustion should begin; i.e., the position at which the combustion com—
puter program should be initialized. It is emphasized that these criteria
served only as a general guide because the injection of hot gas (1660 R)
and the probability of more extensive recirculation of gas from the combus-
tion regions should both be expected to promote earlier ignition. Recir-

culation effects were considered only qualitatively,

In several cases the performance computer program was initiated slightly
upstream of the location where the gas velocity matched the turbulent flame
velocity. This is not expected to cause appreciable error because the high-
velocity hot gas is essentially as effective as chamber combustion gases

in vaporizing the LOX.

Combustion Zone

The performance computer program "CAM" was derived specifically for a LOX/GH2
coaxial injector, so the precombustion zone portion of the program had to be
removed. Initial conditions describing the gas composition, velocity, stag-
nation temperature, etc. and the spray distribution and droplet velocities

at the start of the combustion zone were obtained by the calculation pro-
cedures described above. The "CAM" program could consider two parallel-
flowing gas streams, only one of which could contain spray. Mixing between
the streams was simulated by the program, but it was necessary to insert

a "mixing length" into the program as data. Estimates of the mixing length
of coaxial gas streams were obtained by examination of available results of

gas-phase mixing calculations performed during other programs at Rocketdyne.
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However, to accurately describe the gas phase mixing it would be necessary
to run the "mixing" computer programs specifically for each case in the

subject analyses, which was beyond the scope of work in this program.

Complete mixing of the gases was assumed within each of the two gas streams.
Within the stream containing spray all the gases were assumed to react
locally to maintain "thermodynamic equilibrium stagnation conditions,
dependent (for a given range of chamber pressures) only upon the local
gaseous propellant mixture ratio". Combustion gas properties were ob-
tained from frozen thermodynamic equilibrium performance calculations

using the Rocketdyne n-element program (Ref. 16) and were made available

to the computer as tabular arrays. For the gas stream containing no spray,
combustion was assumed to occur only if the mixture ratio exceeded 1.0.

Otherwise the gas stagnation properties were assumed to be invariant.

The spray was represented by up to 12 distinct size groups. The ballistics
of the drops were determined by Eq. 10 and 14, while droplet heating and
vaporization were calculated from different equations derived from Eq. 15
through 17. Droplet breakup was not considered in the combustion zone,
Oxygen vapor emanating from the LOX droplet was assumed to mix and react

with the surrounding gases immediately.

The chamber geometry was presented as input data to the program. The
chamber was assumed to "flow full" from the initiation of the combustion
zone. The distribution of area between the two streams was obtained by
iteration using the perfect gas law, isentropic expansion equations, and

continuity and conservation of momentum equations.
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Performance Calculations

Input parameters for each injector included the fixed overall mixture ratio
(5.0), total propellant injection rate (60.78 1b/sec), injector end chamber
pressure (500 psia), and nozzle contraction ratio (2.0) thereby assuming
the combustion efficiency. For a given injector, one of these conditions
would be redundant, as exemplified by the calculated local Mach number at
the geometric throat being, in general, different from unity. To actually
calculate the c* efficiency, it would be necesssary to iterate, say with
the injection rate, until sonic gas velocity was obtained at the throat.
For relative comparison of the candidate injector concepts, however, such
iteration was avoided by rating the injector element types according to

the calculated relative mach number at the throat with the same initial
conditions, i.e., a fixed propellant feed rate and injector—end chamber

pressure,

Performance Analysis Results and Discussion

The Task I performance analysis was performed considering the 20K elements
only. It was generally assumed that 15 percent of the propellants were to
be injected as hot gas. The exceptions were configurations 2C with 10-
percent hot gas and configurations 1C, 1D, and 3B with 5-percent hot gas.
In these cases equal or better performance was expected with less than

15-percent hot gas.

Table 4 summarizes some of the more significant results of the analysis.
The performance index shown is based on relative gas Mach number in the
throat with the designed injection rate and chamber pressure. Actual c*
calculations would require iteration of the injection rate to force sonic

velocity at the throat.
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TABLE 4

PREDICTED INJECTOR PER

Initial LOX Breakup

Nozzle Thri

Volume Mean Location of
Location Droplet Complete LOX Unvaporized | (
Injector From Injector, Percent Diameter (D30), Vaporization, LOX,
Configuration inches Atomized microns inches from injector percent I
1A 5.6 100 26.6 10.1 0
1B 13.2 11.6 — _ _—
(Nozzle Start)
1C 10.0 76.2 41.7 - —
1D ——— — — —_ —
2A 8.9 100 50.1 —_— 0.27
oB —_— —_— —_— _ —_—
2C 8.9 100 20.1 9.5
3A 3.8 100 10.7 3.9
3B —_— — _— _— —
3C —_— —_— _ — —
3D —_ —_ —_ —_—
LA 4.9 100 538% - 59.9%
5B 2.8 100 26.6 6.0 0
6A 5.0 38.5 20,0%% —_— 28.1
7A 1.7 36.7 T18.2 = 15.5
8A 2.0 100 13.8 2.1 0
9A 2.0 100 13.8 2.1 0
10A 1.4 100 6.6 5.1 0
11A 4.8 B meonn | 10-0/50 sunx — 0.14
12A — —_— — — —_—

NOTE: All configurations analysed at the 20K thrust size and 15-percent hot-gas flowrate unl

FOLDOUT FRAME |
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FORMANCE

hat Conditions

bnmixed Stagnation
Fuel, Pressure, | Performance
iercent psia Index Nemarks
59.7 473 0.57 Performance limited by gas-phase mixing
- — —_ Analysis stopped: 88.4 percent of LOX not atomized
at nozzle entrance
— — — Analysis stopped: initial LOX breakup completed in
nozzle; 5 percent hot gas used
— — —_— Analysis stopped: atomization inferior to 1B
0 469 0.95
. — _— Large LOX core similar to 1B; inferior to 2A and 2C
0 470 1.00 Results based on 10 percent hot-gas flowrate
52.7 502 0.75 Performance limited by gas-phase mixing
— —— - Hot-gas momentum ineffective in atomizing LOXj; 5-
percent hot ges used
—_ — —_— Large LOX core similar to 1B and 2B; inferior to 3A
—_ — — Large LOX core similar to 1B and 2B; inferior to 3A
0 483 0.32 to 0.75|*Pre-flame frcnt evaporation of LOX not included
(this should raise index to ~0.75)
0 4792 0.97 5B similar to 5A except hot gas is used inside LOX
in outer jets
*—* ~ - \ 1 1 i
45.9 495 0.51 Dmax/bjo ~ 18, not Tanasawa-Nukiyama distribution
452 0.80
482 0.96
482 0.96
0 472 0.91 Performance limited by gas-phase mixing
6.5 460 0.94 ¥¥%25 4 percent of drops shattered by hot gas
(D = 10.0), remainder by influence of liquid velocity
—_— —_— — Not analysed

ess otherwise noted

MLooUT FRAME 2~




Where initial calculations (e.g., primary atomization calculations) indi-
cated one or more injector types to be significantly inferior to similar
elements within the same group, the analysis was discontinued short of

the computer performance calculations.

Primary emphasis in the analyses was placed on atomization, evaporation,
breakup, and combustion of LOX. Where the high velocity and high tempera-
ture of the hot gas were applied effectively, the calculated droplet sizes
were quite small (volume mean droplet diameters often on the order of 10
to 20 microns) and evaporation was rapid. Thus, gas-phase mixing was indi-
cated to be the ultimate limiting factor on performance. Notable examples
of this are element types 1A and 3A. This possibility was foreseen early
in the analysis, and the performance computer program originally proposed
was replaced by one which considers mixing between two concentric streams,
one of which was allowed to contain a spray. The gas-phase mixing was
assumed to occur linearly at the rate established by an estimated "mixing
length". The results obtained by the subject analyses for the various

injector element types illustrated in Table 1 are discussed below.

Tricentric injector elements 1B and 1D have a central cylindrical LOX jet

in the core which is atomized primarily by shear of surrounding gas streams.
The atomization rate was insufficient to accomplish complete breakup of

the large (1.6-inch diameter) jet upstream of the chamber exhaust nozzle.
For instance, with element 1B the jet diameter was predicted to still be

in excess of 1 inch at the nozzle entrance. On the other hand, the annu-
lar LOX jet of element 1A was expected to be completely atomized (primarily
by the central hot gas jet) within 6 inches of the injector face. The same
stripping (atomization) mechanism was assumed in each of these cases., The
advantages of element 1A over 1B and 1D can be understood qualitatively

as follows:

1. The initial gas/liquid interface area is greater,
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2. The gas is partially confined by the liquid and thus its velocity

is maintained for a greater distance,

3. Decay of the gas velocity is almost entirely due to momentum
exchange with the spray it produces (i.e., it is not expended

by mixing with and accelerating surrounding "stagnant" gas).

4, As the gas velocity decreases, the annulus inside diameter

increases, thus increasing the gas/liquid interface area.

5. The gas/liquid interface area for the central LOX core elements

decreases as LOX is stripped from the surface.

Element 1C also has an annular LOX jet; however, the cool, lower-velocity
GH2 inside the LOX is less effective than the hot gas as an atomizing agent.
The hot gas in this case (outside the LOX) loses much of its momentum by
expanding and mixing with surrounding "stagnant" gases. As a result of

-~

5 to 10 percent of the LOX was calculated to be still "unatomized" at the

nozzle entrance.

On the basis of the atomization comparison, element 1A was clearly
indicated to be the superior tricentric element. The LOX droplets formed
by this element were expected to be quite small, with a mean diameter of
26.6 microns and a maximum diameter of only 116 microns. Performance
calculations indicate that these drops would be completely evaporated
within the chamber. Performance is limited, however, by relatively

poor gas-phase mixing between the LOX-rich central combustion gas stream
0" It should be noted that the gas-phase

mixing analysis was less quantitative than the atomization, vaporization,

and the surrounding mantle of GH

and combustion analyses so the predicted relative performance index for
element 1A (57 percent) may be too conservative. Consideration should

be given to minor injector modifications that could force the GH2 to
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mix more effectively with the spray-bearing gases in the center of the
element and therefore make this element more attractive from a performance

standpoint,

Although the atomization mechanism was not the same for the impingement
elements and the tricentric element, preliminary estimates indicated again
that those with a large, -single, showerhead LOX Jet would not be effectively
atomized. This included elements 2B, 3C, and 3D. With elements 2A and 2C,
complete atomization should take place within the chamber and the mean drop-
let sizes should be quite small (50 and 20 microns, respectively), however,
it should be remembered that alignment of the liquid and gas jets is quite
critical for these elements. Even a very slight misalignment could cause
some of the liquid to "miss" the high-velocity gas streame, leaving some
very large droplets or ligaments. For element 2C it was found necessary

to limit the hot gas to 10 percent, thus giving it a lower injection veloc-
ity to permit impingement of the two LOX jets. 1In comparing this element
with 2A it should be noted that a smaller percentage of the propellants

are '"precombusted". Gas-phase mixing, although more difficult to estimate,

should be considerably better for 2A and 2C than for element 1A.

Element 3B was eliminated by qualitative considerations; it is evident by

inspection that this concept makes very little use of the hot-gas stream.

Element 3A was the only one of Group 3 to merit serious quantitative con—
sideration. It should be quite effective from the standpoint of atomiza—
tion, breaking the LOX into spray within approximately 4 inches of the
injector face. The calculated mean droplet size was extremely small. How-

ever, this element suffers (like 1A) from poor gas-phase mixing.
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Element 4A is one of the more complex elements. Initial observations of
the design lead to some optimism with regards to atomization and mixing,
but a three-dimensional model pointed out some severe disadvantages which
subsequently were verified in the calculations. The LOX doublets impinge
in a very low gas velocity region, so that very large droplets are formed
in the primary atomization. Some of the spray enters the cold GH2 stream
directly. The remaining spray passes briefly into the hot-gas stream but
does not remain there long enough for secondary breakup to occur. As a
result the predicted performance for element 4A was low. However, it
should not be quite as low as indicated in Table 4 because LOX vaporiza-
tion upstream of the flame zone and secondary breakup within the combustion
zone were not considered. Nevertheless, comparison with analyses of other
elements indicated that its performance would be significantly lower than

the best six or seven concepts.

In the analyses, element 5A shown in Table 1 was replaced by the more
promising "5B" with LOX in the four annular orifices surrounding hot-gas
jets. These annular streams impinge over the central showerhead GH2 jet.
Atomization occurs primarily by the same mechanism as tricentric element 1A,
but because of the smaller orifices it occurs more rapidly; i.e., within

3 inches of the injector face. Gas-phase mixing with the fuel should be

no problem. The relative performance index calculated for element 5B was

97 percent.

Element 6A contains three relatively large showerhead LOX jets (each approx-
imately 0.6 inch in diameter) in addition to the LOX injected between the
hot-gas tubes. The LOX injected between the tubes should react rapidly,

but the atomization of the three showerhead jets was calculated to be in-
complete at the start of convergence (nozzle entrance). The atomization

mechanism of these jets was considered to be analogous to that of element 1B.
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The relative performance index of element 7A was 80 percent. The many
LOX jets were quite small; however, the problem was that they passed

through the hot-gas stream too rapidly to permit complete atomization.
It is possible that redesign to keep the liquid within the gas stream

for a longer time would significantly improve the performance.

The recessed elements 8A and 9A were essentially indistinguishable as far
as the analysis was concerned. A possible difference was that local igni-
tion around individual droplets is more probable with 8A. The analysis
treated ignition as occurring at a certain "flame front". This is prob-
ably of no serious concern as regards performance because excellent atom—
ization, mixing, and combustion were predicted for these elements even

in the absence of localized burning within the recessed cup. The relative
performance indexes were 96 percent. The LOX jets were recessed in ele—
ment 10A (although less than for 8A and 9A), but the fuel orifices were
in the injector face. Gas-phase mixing and LOX vaporization occurred more
slowly than for 8A and 9A. The relative performance index was 91 percent.
The gas/liquid momentum ratio.for all three of the recessed cup elements
(84, 94, and 10A) was high enough to make it somewhat questionable as to
whether the liquid jets would actually impinge. If this proves to be true
it may be necessary to drop the hot gas from 15 to 10 percent, in which

case performance should still be high.

The commercial nozzle (11A) was calculated to yield a bimodal distribution

of drops. Approximately 25 percent are expected to be obtained via shear
stripping of very small droplets from the liquid sheets (which emanate

from the nozzle) by the hot gas, resulting in a very fine spray (mean diam-
eter ~10 microns). The remainder was considered to undergo breakup primarily
under the influence of the liquid velocity (hydraulic atomization), but was
still calculated to give a moderately fine spray (D30 ~60 microns). Approx-
imately 10 to 12 percent of the fuel was predicted to be unmixed at the nozzle
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entrance and this limited the calculated relative performance index to

94 percent, which is still quite high.

The splash plate injector (12A) was rejected because of potential fabri-
cation and cooling disadvantages, therefore it was not quantitatively

analyzed for performance.
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INJECTOR RATING AND SELECTION

Injector rating procedures were generated to aid in selecting the four
most promising injector concepts for Task II cold-flow studies. The 20
injector concepts initially selected (depicted in Table 1) were rated
first with regard to characteristics listed in the rating category column
of Table 5. This table also lists the primary tools which were available
to guide the injector ratings. A weighting factor was assigned to each
of the rating categories so those categories which were more "important"

and more "confidently" rated would carry more influence.

Rating results, based on the categories listed in Table 5 (without per-~
formance), are shown in the composite rating column of Table 6. These
ratings were accomplished by individuals closely associated with the
program. The pumbers listed are the sum of each individual's rating.

The larger numbers represent the best injector concepts,

Performance was the most important aspect of the program and was evaluated
(rated) independent of the categories listed in Table 5. Thus, low-
performing injector concepts could be weeded out even though other features
of the concepts might be outstanding. The performance ratings were based
on the results of the previously discussed spray and performance analyses;

i.e., the performance rating is the performance index shown in Table 4.

The final rating shown in Table 6 is the product of the performance index
(from Table 4) and the composite rating. The highest numbers represent

the best injector concepts. No final rating was computed if no performance
index was available (previously discussed in the Performance Analysis
section of this report). The last column in Table 6 shows the ranking of
the most promising injector configurations. The injector with the highest
final rating was ranked No. 1, the next highest No. 2, etc. Concept
selections for subsequent cold-flow studies were based to a large degree

on these rankings.
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TABLE 5

INJECTOR PERFORMANCE RATING CRITERIA

Weighting
Factor,
Category Tools percent
Ease of Fabrication Sketches and layouts, cost 100
estimates
Scalability Sketches and layouts 15
Packaging 1000K thrust injector layouts L0
Lffective Use of Sketches, vector and spray 90
Hot Gas analyses, judgment
Stability Stability analysis, judgment, 15
experience
Cooling Sketclhes, experience 50
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TABLE 6

INJECTOR RATINGS

Injector Composite | Performance| Final
Configuration Rating Index Rating |Ranking
Group 1
1A 225.6 0.57 128.6 8
1B 199.2 _ ——
1C 189.9 _— —_
1D 170.4 - _—
Group 2
2A 213.6 0.95 202.9 1
2B 186.0 - -
2C 202.6 1.00 202.6 2
Group 3
3A 169.8 0.75 127. 4 9
3B 115.3 - _—
3C 106.% - —_—
3D 144.6 - -
LA 139.7 0.75 104.8 11
5A, 5B 171.1 0.97 166.0 6
6A 138.3 0.51 70.5 12
7A 159.3% 0.80 127.4 9
8A 175.4 0.96 168.4 5
9A 160.4 0.96 154.0 7
10A 185.5 0.91 168.8 4
11A 183.3 0.94 172.3 3
12A 130.9 - ——

73




Results of the ranking singled out two concepts: (1) the impinging jet
concept (2A-2C) containing two oxidizer jets and two gas jets (hot gas

or fuel) impinging on one central gas jet (fuel or hot gas), and (2) the
11A concept employing a commercial nozzle for atomization of a central
oxidizer stream. The Bete "Tu-Cone" nozzle (previously discussed in the
Design Analysis section of this report) was selected over the other com-
mercial nozzles for the 11A concept because it exhibited good atomization,
a consistent spray angle throughout the flowrate range, and because the

nozzle size was smaller and more attractive from the fabrication standpoint.

A third injector concept selected was the tricentric configuration 1A
containing a central hot-gas jet surrounded by annulii of oxidizer and
fuel. Even though low performance was indicated for this concept it was
selected because of the vast amount of past experience accumulated with

this basic type of injector and because of superior fabrication advantages.

The fourth concept selected was the recessed cup 9A configuration contain-
ing four coaxial oxygen/hydrogen jets impinging on a central hot-gas jet.
The 9A concept was selected over other recessed cup concepts (8A and 10A)
mainly because its potential cup-cooling characteristics were more attract-
ive and the computed performance was relatively high. Also, the 9A concept
was selected over the similar flat-face 5A concept because of the potential

performance advantages of the recessed cup.

Table 7 shows some of the potentially good and bad features of the four
concepts selected. The factors listed are based on comparisons between
the selected concepts and others in a particular grouping and/or between
all of the remaining candidate concepts. Each of these four concepts
was subjected to further evaluation during the Task II cold-flow studies

as discussed in the following sections.
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TABLE 7

MAJOR CHARACTERISTICS OF FOUR INJECTOR CONCEPTS
SELECTED IF'OR COLD-FLOW STUDIES

Configuration Plus Factors Minus Factors
Tricentric 1A Fabrication Simplicity Liquid atomized by shear
Packaging (1000K) Mixing
Hot-gas expansion into

liquid

Best manifolding arrangement
Injector/chamber cooling

Impinging Jet Fabrication simplicity Cooling

24, 2C Atomization by impingement Gas momentum control

Secondary atomization from
biplanar impingement

Mixing
Impinging Jet Atomization by impingement Cup cooling
(Recessed Cup) Hot-gas atomization Fabrication
9A Mixing
Commercial Spray| Fabrication Spray nozzle cooling
Nozzle 11A Packaging Liquid core

Spray nozzle atomization
Forced mixing of liquid and
hot gas
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TASK TI

COLD-FLOW STUDIES

Four selected injector concepts were evaluated during the cold-flow studies.
Two models, a single element simulating 5000 pounds of thrust and one sim-
ulating 20,000 pounds of thrust, were generated for each of the four con-
cepts, giving a total of eight models. The objective was to cold-flow test
each of these models at varying flow conditions and select the two most
promising concepts for the hot-firing tests. This screening process was
accomplished by comparing high-speed motion pictures of the spray atomiza-
tion patterns. The individual spray patterns were visually compared to

a calibrated flow field designed to provide known spray characteristics.
These photographs were not intended to yield quantitative spray droplet
size distribution information. A limited number of tests, however, were
made with a sampling probe photographic technique in an effort to obtain
some quantitative droplet data. In addition, liquid mass distributions

were obtained and the results were used as an evaluation index.

As originally planned, approximately 68 tests were required to obtain flow
records for each of the eight injector models over the range of conditions
shown in Table 8., This table illustrates the flow requirements for three
general conditions: (1) all liquid flow (no gases), (2) full propellant
flow (1iquid + gases), and (3) cold gas-liquid flow (without gas generator-
type gases).

All the experiments were conducted using water, gaseous nitrogen, and helium

simulating the liquid oxygen, hydrogen, and gas generator hot gases, respect-

ively. As the cold flow program progressed, additional testing was also
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accomplished to evaluate modified injector concepts and to investigate

observed flow phenomena not predicted by the previous analytical study.

The results of Task II cold-flow testing obtained from mid-December 1966
through mid-March 1967 are presented in the following pages.

TABIE 8

COLD-FLOW TEST MATRIX

I. ATOMIZATION CHARACTERISTICS (HIGH-SPEED PHOTOS)
A. ONE VIEW OF WATER ONLY
B. ONE VIEW WITHOUT GAS GENERATOR GASES (He)

C. TWO VIEWS OF WATER + ALL GASES

II. LIQUID MASS COLLECTION

A, WATER + ALL GASES
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COLD~FLOW APPARATUS

Injector Elements

The four injector concepts selected for further screening during the cold-

flow studies were as follows:

1. Tricentric elements which extend the coaxial injector concept

to include hot gas (Type I)
2. Pentad impinging elements with a central gas stream (Types 2 and 9)

3. An element using a commercial centrifugal pressure nozzle
(Type 11).

A prime objective of each concept was to utilize the high momentum of the
hot gas to effectively atomize the LOX. Each of the four configurations
were cold-flow-tested at two different thrust-per-element sizes (5K and

20K). A brief description of each injector type follows.

Tricentric Model 1A Injector. As shown in Table 1, four different tri-

centric concepts (Type 1) were originally proposed. On the basis of the
analytical results (Task I), superior atomization characteristics were
clearly indicated for the 1A concept. The LOX droplets formed by this

element were expected to be small; i.e., a mean diameter of 26.6 microns.

Detailed designs were created for both the 5K and 20K cold-flow test
models to represent the 1A tricentric injector concept. Basically, each
model consists of three tubes of different diameters positioned coaxially.
The resultant injection areas were identical to those selected for the

hot~firing models (see Table 1).
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Provisions were made for adjusting the exit position or recess depth of
the tubes with respect to each other. The basic material for these cold-
flow models was 6061-T6 aluminum. Photographs of the model 1A tricentric
injector are given in Fig. 8 and 9 showing the propellant orientation
from two different views. The LOX, hot gas, and gaseous hydrogen mani-
folds were each fed by a single manifold inlet connection. In general,
photographs are presented for only the 20K size models because the 5K

configurations were identical except for scaling differences.

Various modifications were made to the tricentric 1A configuration during
the program. The first modification consisted of varying the relative
exist positions of the injector elements. The modified configurations

tested are shown schematically in Fig. 10.

Figure 10a represents the original concept with all elements flush. This
was the configuration studied during the Task I analysis. The second con-
figuration (Fig. 10b) shows the inner two elements recessed an equal dis-
tance from the injector face. Next, the inner two elements were recessed
in step increments as shown in Fig. 10c. The last configuration (Fig. 10d)

shows the center hot-gas tube extended beyond the face.

Plugs were also inserted into the water (LQX) injection annulus. Figures
11 and 12 show the installation of three l-inch and six 1/4-inch plugs
in the 20K configuration. Similar modifications were made to the 5K injec-

tion models representing the same percent flow area reductions.
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—— & 10X (H20)

——= Hot Gas (He)

B Tuel (GN2)

a
(£1ush) 20K and 5K
20K = 1.50
5K = 0.75
b
(inside tubes
recessed)
t-d—L tii— ], -3
20K = 1.50
5K = 0.75
c
(telescoped)
W
—
o e s e
20K L=1.50
max imum
(inside tube -
extended) oK L= 0'75
max imum
L
Figure 10. Tricentric Injector Exit Configurations
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Biplanar Impingement Model 2A Injector. The Model 2A injector configura-

tion (Fig. 13) consisted of two self-impinging doublet elements, each
containing LOX and hot gas, respectively, directed on a central showerhead
hydrogen fuel orifice. The centerline impingement distances were 2—1/2
inches and 4-1/2 inches, for the water (LOX) and helium (hot gas) streams,
respectively. Type 6061-T6 aluminum was used to construct both the 5K and
the 20K models. Complete atomization was predicted by the analysis (Task I)
t0 occur with element 2A within the chamber combustion zone. The mean drop

sizes were 50 microns.

During the cold-flow experiments with this configuration, it was discovered
that the momentum of the gas was not effectively utilized and caused sepa-
ration within the liquid spray field. Therefore, the 20K model of the

2A configuration was modified to the 2C configuration.

Biplanar Impingement Model 2C Injector. This configuration retained the

same basic features as model 2A., The difference was in the orientation

of the injected propellants. As shown in Fig. 1k, self-impinging doublets
of LOX (water) and hydrogen (nitrogen) were directed on a showerhead center
orifice containing the hot gas. The design impingement angles of the LOX
streams were changed, causing them to impinge at very nearly the same loca-
tion as the fuel. The theoretical analysis predicted that the mean droplet

gize for the model 2C configuration would be 20 microns.

Impinging Coaxial Model 9A Injector. This configuration consisted of four

LOX/hydrogen coaxial elements self-impinging on a central showerhead hot-
gas stream. The coaxial elements were recessed and designed to impinge 1.3

inches upstrcam of the injector face or end of the cup for the 20K model
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20K Biplanar Impingement Injector Configuration 2C

Figure 1k,
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containing a cylindrical cup length of 1.43 inches and a diameter of

3.75 inches. The 5K model impinged 0.81 inch upstream of the face, the
cup length was 0.75 inch, and the diameter was 2.25 inches. The recessing
was done to retain a high hot-gas velocity to ensure adequate LOX atomi-
zation. Excellent atomization, mixing, and combustion efficiency were

predicted for this configuration.

Because of the possibility of an injector burning problem within the
recessed element, the model 9A was modified by removing the cylindrical
portion of the recessed cup. Figure 15 is a photograph of the 9A model
with the modified cup. Cold-flow experimental data were obtained for

both configurations.

Commercial Nozzle Model 11A Injector. Configuration 11A was essentially

a tricentric injector with the oxidizer through a commercial spray nozzle
in the center surrounded by annulii of hot gas and fuel. The model was
designed so the exit position of the injected propellant simulants could
be adjusted axially (recessed). The centrifugal nozzle was calculated
to yield a bimodal distribution of droplets. Approximately 25 percent
were expected to be obtained by shear stripping of small droplets from
the liquid sheets by the hot gas, resulting in a very fine spray (mean

diameter of 10 microns).

Figure 16 shows the important injector parts and relative propellant injec-
tion scheme of the commercial nozzle model 11A concept. Prior to incorpo-
rating this particular concept into the cold-flow program, several different
commercial spray nozzles were screened during preliminary water flow cal-
ibration tests (Task I). The nozzles selected for study were manufactured

by the Bete Company of Greenfield, Mass.
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Test Equipment

Spray Pattern Photography. Three types of photographic techniques were

investigated to determine which injector gave the best indication of the
relative degree of atomization., All employed 16-millimeter Fastax motion
pictures (100-foot film rolls) at speeds approaching 5000 frames per second.
The field of view was generally from the injector face to 24 inches down-
stream of the injector face, The first technique used reflected sunlight
as backlighting to penetrate the massive spray field. The motion pictures
were of satisfactory quality but, as anticipated, did not permit evaluation
of the absolute degree of atomization. The second method used the strobo-
scopic technique, using both front and backlighting. This method proved
unsatisfactory because of inability to supply sufficient light to penetrate
the spray field. The third method, which was designed to provide more
quantitative information, consisted of a sampling probe to isolate and allow
photographic coverage of an "element" of the spray field. This device is

discussed in Appendix B.

Test Facility. Figure 17 shows the placement of the simulant control

valves and model injector mounting in the experimental cold-flow facility.
Maximum flexibility was incorporated into the system design to enable
testing under a variety of conditions. In particular, the injector mount
was adjustable so that a horizontal position could be used when taking
high-speed motion pictures, and a vertical position could be used for

the mass distribution flow tests. The vertical orientation is shown

in Fig. 17. All testing was controlled remotely from a console located
within the blockhouse. A schematic of the cold-flow test setup is shown

in Fig. 18.
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Atomization Standard Injector. A simple impinging doublet was designed
with known spray characteristics to obtain a relative comparison of the
spray pattern atomization characteristics of the four injector concepts.
The standard injector (Fig. 19) was constructed of 1/2—inch tubing with
an included impinging angle of 90 degrees. The design operating condi-
tions were selected to provide volume-number-mean droplet diameters (DBO)
of 200 microns according to the following equation developed by Ingebo

(Ref. 3):

D.
5= 2.64 /D V. +0.97 D, AV (18)
30 i j

where diameters and velocities are expressed in inches and feet per second,

respectively,

Sampling Probe Technique. Quantitative droplet distribution data were

difficult to obtain for two reasons: (1) the large quantity of water
flowed did not permit adequate penetration of a backlight, and (2) the
relatively high velocity of the droplets flowing within the gas stream

required extremely fast exposure rates.

The sampling probe was a device inserted in the injected water spray
downstream of the model injector. The inlet geometry of the probe could
be varied to regulate the amount of water permitted to pass through the
photographic field of view. A Fastax camera was installed within the
water proofed enclosure to take pictures backlighted by a synchronized
2-microsecond strobe light. Details of the cold-flow probe experiments

are given in Appendix B.
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Mass Distribution. The liquid mass distribution was measured using the
apparatus shown in Fig. 20. The collection device consisted of a matrix

of 64 individual sampling tubes placed in a square array having a 1-1/2-inch
spacing to collect the injected water spray. The distance from the model
injector to the collection tubes was varied as appropriate for the test
under consideration. Mass distribution plots showing contours of constant
mass were obtained for each injector configuration. The data are presented

later in this section (Test Results and Discussion).

Instrumentation. The propellant (water, nitrogen, and helium) flows

corresponding to the desired simulation ratios were set using direct-
recording Dynalog charts. Water flow measurements were made with a
Fischer-Porter turbine-type flowmeter and recorded directly on an

oscillograph.

The gaseous nitrogen and helium flowrates were established by regulating
their supply pressures upstream of sonic venturi meters. The manifold

pressures were recorded on an oscillograph during selected tests with the
tricentric injector to study the cyclic pressure oscillations associated

with its pulsing behavior.
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Liquid Mass Distribution Collection Apparatus

Figure 20.
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COLD-FLOW SIMULATION

Analysis of Simulating Conditions

An investigation of the appropriate simulating conditions corresponding

to a variety of hot-firing conditions was made to ensure proper cold-flow
test coverage. Water, nitrogen, and helium were used to simulate the LOX,
hydrogen, and hot gas, respectively. The cold-flow simulation of the hot-

firing conditions depended upon the injector concept under consideration.

The size (mean diameter) of droplets formed when liquid jets are subjected
to high relative gas velocities can be expressed by the following equation
(Eq. 2 of Task I):

by o 1/3 . 2/3
D - K ( 5 ) ( 2) (19)
£ pg Ur
where
D = droplet size (diameter)
K = constant
My = liquid viscosity
) = liquid surface tension
PQ = liquid density
pg = gas density
, = relative velocity, gas/liquid

For the cold flow studies the liquid properties remained constant, there-
fore the most significant variables were (pg Ur2)' Because the gas injec-
tion velocities were orders of magnitude greater than the liquid, this

term could be expressed as (pUQ)gaS, which is the gas momentum per unit area.
The development of the above equation assumed no limit upon the amount of
gas available to atomize a given quantity of liquid. Under the condition

of a finite amount of available gas, a more appropriate consideration was

D-¢ (wg, o Py Ug) (20)
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Qg = gas mass flowrate
i% = liquid mass flowrate
Ug = gas velocity

The variables in Eq. 20 were simulated by equating the following ratios:

M
- <—g> (21)
W

where

Mg = gas momentum

Depending upon the particular concept to be evaluated, an alternate simu-
lation approach was also necessary. This involved comsideration of the
gas-to-liquid momentum ratio. This was important where liquid penetration
into the gas flow field was involved. For example, using an impinging
stream where liquid streams impinge on a central showerhead gas stream,

a sufficient liquid momentum level (MQ) was required to ensure that the
streams were not simply swept aside. Thus, if penetration did not occur
only a fraction of the gas would be used to atomize the liquid. There-

fore, simulation for impinging injectors was also made on the basis
M M
£ I (4 (22)
My My
cold hot

where

M = liquid momentum

)
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The water flow required to give liquid penetration to the center of the
injector element was determined by the following equation, developed dur-

ing another program conducted at Rocketdyne:

o 1/2
p, U
X . 2.5 2L cos> 0, (23)
D 2 i
2 p U
g £
where
X = penetration distance

Eh = liquid jet diameter

6. = angle between the liquid jet and the injector, expressing
the component of the liquid jet velocity normal to the
direction of gas flow

Uh = liquid velocity

The coefficient 2.5 was experimentally determined for small liquid jets

penetrating a gas jet,

In addition to satisfying penetration requirements, test conditions were
further restricted by limiting maximum gas flowrates as established by
sonic velocities at the injector exit. All the foregoing restrictions
made it impossible to match the (Mg/wg) and (Mg/MQ) ratios for both the
hot gas/oxidizer and the fuel/oxidizer cases simultaneously. However,

the ratios were not of equal importance in simulating each injector model.
Accordingly, each injector type was considered from the point of view of
which ratio or ratios were the most significant. The cold-flow test con-
ditions were then established to provide a compromise as necessary so that

the most significant ratio or ratios were simulated as closely as possible.
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In addition to simulating the full-thrust conditions (500—psia chamber
pressure) for the injectors, an analysis was made to establish the critical
ratios during throttled operation. The throttled conditions of interest

were those corresponding to a hot-firing chamber pressure of 200 and 50 psia.
When the same criteria were met, namely matching the (Mg/wg) fuel ratio and
sonic flow of the simulating helium and nitrogen, it was found that no change
was required in the cold-flow condition. In other words, using (Mg/wg) fuel
as the critical ratio, atomization was independent of throttling. Accordingly,
for the tricentric injectors, a single test condition adequately simulated
both full-thrust and throttled conditions., In the case of the impingement
injectors, where all of the simulation ratios represented a compromise, a
single cold-flow test condition was found to approximate the throttled con-

dition as adequately as the full-thrust conditions.

The simulating ratios, which were used as cold-flow test conditions as they
relate to each particular injector model, are given in Tables 9 through 13.
In addition to presenting the cold-flow simulation data, the propellant flow-
rate and injection areas used for the program are also given. These data
are for the 20K models only. For the 5K models, the ratios would remain
unchanged but the flowrates and areas would be 1/4 of those listed.

Simulation of the Tricentric Model 1A

The (Mg/MQ) ratios were of little importance to the tricentric configura-
tions because there were no impinging streams. It was desirable to match
the (Mg/wﬁ) ratios for both the hot gas and fuel cases as nearly as possi-
ble. As already indicated, the solution of one ratio predetermined the
other because of their interrelationship, so a judicious compromise was

required. The compromise selected for the tricentric injector tests is
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shown by the data of Table 9. As shown, the cold-flow simulating ratio
(Mg/we) for the fuel was permitted to deviate on the high side by a factor

of 2 so that the (Mg/wﬁ) ratio for the hot gas would deviate no more than

a factor of 2.5 on the low side.

Simulation of Biplanar Impingement Model 2A

Simulating the 2A model required matching the (Mg/ﬂ%) fuel ratio because

the fuel is the centrally located jet, matching the (Mg/wg) hot-gas ratio
as nearly as possible, and ensuring that penetration of the liquid stream
into the central gas stream was adequate. It was not possible to completely

satisfy all these conditions simultaneously.

As indicated by Table 10, the best compromise was found by matching the
(Mg/WQ) fuel ratio exactly, approaching the (Mg/we) hot-gas ratio within

a factor of 2,and ensuring that the liquid penetration was greater than
one-half the fuel jet diameter. To achieve these conditions with the
added restriction of sonic helium flow, the water flowrate had to be estab-
lished at 5.7 lb/sec. This, in turn, set the nitrogen flowrate at 0.57

1b/sec, which gave subsonic flow conditions at the exit (Mach number of 0.62).

Simulation of Biplanar Impingement Model 2C

The model 2C injector was fabricated by modifying the 2A hardware. As a
consequence, the 2C model port areas deviated somewhat from the originally
proposed design. The simulating ratios shown in Table 11 represent the
actual experimental hardware dimensions. The same basic criteria in estab-

lishing the ratios was followed as with the 2A model.
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TABLE 9

COLD-FLOW SIMULATION OF HOT-FIRING CONDITIONS FOR
INJECTOR CONFIGURATION 1A AT 15-PERCENT HOT-GAS FLOW

Hot-Firing Cold-Flow

Item Conditions Simulation
(Mg/wﬂ)Hot Gas 2 10
(Mg/MQ)Hot Gas 17 40
(M%) Brer 2.2 ik
(M/Mp) ben 1.5 18
Total Flow Area, sq in.
Hot Gas (He) 3.00 3.00
Fuel (N2) 1.66 1.66
Oxidizer (HQO) 2.03 2.0%
Total Flowrate, lb/sec
Hot Gas (He) 9.1% 0.69%
Fuel (NQ) 5.33 0.92%
Oxidizer (H20) 46.3 7.1

*Sonic conditions
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TABLE 10

COLD-FLOW SIMULATION OF HOT-FIRING CONDITIONS FOR
INJECTOR CONFIGURATION 2A AT 15-PERCENT HOT-GAS FLOW

Hot-Firing Cold-Flow

Item Conditions Simulation
(Mg/*B)Hot Gas 25 13
(Mg/MQ)Hot Gas 7.0 25
(Mg/&e)Fuel 2.2 2.2
(Mg/Mg)Fuel 0.62 4.5
Total Flow Area, sq in.
Hot Gas (He) 3.00 3.00
Fuel (N2) 1.66 1.66
Oxidizer (H2) 0.813 0.813
Flowrate, lb/sec
Hot Gas (He) 9.13 0.69%
Fuel (N,) 5.33 0.57
Oxidizer (HQO) 46.3 5.7
Estimated Penetration, m—— 0.97

inches*¥*

¥Sonic conditions
**Determined by Eq. 23
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TABLE 11

COLD-FLOW SIMULATION OF HOT-FIRING CONDITIONS FOR
INJECTOR CONFIGURATION 2C AT 15-PERCENT HOT-GAS FLOW

Hot-Firing Cold-Flow

Item Conditions Simulation
(Mg/wﬁ)Hot Gas 25 10
(Mg/Mf)Hot Gas 7.0 13
(Mg/wz)Fuel 2.2 3.8
(Mg/Mﬁ)Fuel 0.62 5.3
Total Flow Area, sq in.
Hot Gas (He) 3.00 3.14
Fuel (N2) 1.66 1.57
Oxidizer (H20) 0.813 0.810
Flowrate, lb/sec
Hot Gas (He) 9.13 0.73*
Fuel (N2) 5.3% 0.87
Oxidizer (H,0) 46.73 8.1
Estimated Penetration, _—_— 0.5
inches**

*¥Sonic conditions
**Determined by Eq. 23
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Simulation of the Impinging Coaxial Model 9A

In the case of the 9A injector model, it was desirous to match both the
(Mg/we) and the (Mg/ME) ratios of the hot gas. The best compromise was
found by letting the (Mg/& ) ratio come within a factor of 2 on the low

side while allowing the (Mg/Ml) ratio deviate by a factor of 3 on the high
side. In addition, assurance of penetration of the water stream to the
middle of the central helium jet was also necessary. The mass distribution
tests, which are discussed in more detail later, verified that this require-—
ment was being met. The simulating ratios for the 9A injector are listed

in Table 12.

Simulation of Commercial Nozzle Model 11A

The model 11A injector, characterized by the commercial spray nozzle, was
basically a’tricentric design. Accordingly, the (Mg/wﬂ) ratios for both
hot gas and fuel were simulated. Again, rather than matching one ratio
exactly and allowing the other to deviate widely, a compromise was made.
The adapted simulating ratios for this model are shown in Table 13; the
(Mg/&e) fuel ratio was allowed to deviate by a factor of 2 on the high
side, and the (Mg/ﬁe) hot-gas ratio was allowed to deviate by a factor of
2.5 on the low side.
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TABLE 12

COLD-FLOW SIMULATION OF HOT-FIRING CONDITIONS FOR
INJECTOR CONFIGURATION 9A AT 15-PERCENT HOT-GAS FLOW

Hot-Firing Cold-Flow

Item Conditions Simulation
(Mg/WQ)Hot Gas 22 11
(Mg/Mg)Hot Gas 7.0 21
(Mg/wg)Fuel 1.8 5.8
(Mg/MQ)Fuel 0.56 11
Total Flow Area, sq in.
Hot Gas (He) 3.20 3.20
Fuel (N2) 1.9% 1.9%
Oxidizer (H20) 0.91 0.91
Flowrate, lb/sec
Hot Gas (He) 9.13 0.73*
Fuel (N2) 5.33 1.07%
Oxidizer (H20) 46.3 6.7
Estimated Penetration, —_—— 0.85
inches¥**

*Sonic conditions

*¥Determined by Eq. 23 (atomizing effect of N neglected)

2
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TABLE 13

COLD-FLOW SIMULATION OF HOT-FIRING CONDITIONS FOR

INJECTOR CONFIGURATION 11A AT 15-PERCENT HOT-GAS FLOW

Hot-Firing Cold-Flow

Item Conditions Simulation
(Mg/ﬁf)Hot Gas 25 10
(Mg/Mﬁ)Hot Gas 6.7 16
(Mg/wﬂ )Fuel 2.2 4.6
(/™)) per 0.59 7.1
Total Flow Area, sq in.
Hot Gas (He) 3.00 3.00
Fuel (N2) 1.66 1.66
Oxidizer (1120) 0.785 0.785
Total Flowrate, lb/sec
Hot Gas (He) 9.13 0.69%
Fuel (N2) 5.33 0.92%
Oxidizer (HQO) 46.% 7.1

*Sonic conditions

109




TEST RESULTS AND DISCUSSION

'
Four injector configurations previously screened by theoretical analysis
of 20 original concepts were cold-flow tested to select two candidates for
the hot-firing program. The cold-flow experiments were designed to provide
additional qualitative injector screening information through visual inter-
pretation of the flow spray patterns and analysis of the liquid mass

distributions.

An indication of the relative degree of spray atomization was made by com-
paring the various test photographs to a spray field of known droplet sizes.
This standard spray field was generated during two tests by a special self-
impinging doublet injector (Fig. 19) designed to produce 200-micron (D30)
droplets. The resulting liquid spray field pattern is presented in Fig. 21.
All other injector spray photographs were compared with this pattern to
obtain a qualitative indication of the atomization characteristics and
relative spray behavior. Most of the photographs were obtained with high-
speed motion picture coverage using reflected-sun backlight for spray pene-
tration. Fifteen photographic tests were conducted with the sampling probe
in an effort to obtain additional quantitative droplet size information,

A discussion of the results with the probe is given in Appendix B.

The measurement of the liquid mass distribution was accomplished by the
collection apparatus previously described and illustrated in Fig. 20.
These data provided additional screening information to assist in the

injector concept selection.

One hundred forty tests were conducted during the Task II cold-flow studies.
Table 14 presents a summary of 102 of these tests related to the basic in-
Jector screening experiments. As previously mentioned, 15 other tests were

conducted with the sampling probe, and 2 other tests were conducted with
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Figure 21, Spray Field Characteristics of
Standard Doublet Injector
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TABLE 14

SUMMARY OF INJECTOR COLD-FLOW TEST RESULTS

Injector Injector | Number Type of
Configuration Sise of Tents Test Flow Conditiounn
1A 20K A Phote H20, H20-N2, HQ -N,‘,-lle, Hgo-n.. o evaluate degree of
atomization; mevere pulaing
3 Photo | Re-H,0, N2-"20’ H,0 onty Helium caused spray pattern to change from
- - conica) tn paraboloid
2 Photo R,‘,O—N -Re with flowrates reduced to 40 | Pulaing not reduced hy threefold decrease
ahd '}3 percent of normal rate in gas flows
1 Photo "20—N2—H0 Pulsing reduced; inner and middle tuhes recessed
3 Photo | B0, Hy0-N,, R0-N,-Re Outside tuhe extended 1-1/2 inch
1 Photo H20-N2-He Telescoped in 1—1/2 inch steps
3 Mase | H,0-N,He Outside tube extended 1-1/2 imch
Distribution
Photo 520, nzo-nz, HQO-N2-He Three 1-inch-wide plugs in H20 annulus
1 Masa H20—N2-He Three 1-inch-wide plugs in ll20 annulus
Distribution
3 Photo ﬂ20, HQO—Nz, HZO_NI.'-“. 8ix 1/h-inch-wide plugs in R0 annulus
1A 5K 1 Photo HQO-NZ-He Pulsing as severe as with 20K size; frequency faster
3 Photo "26' “‘20_“2' kzﬂ-Nz—He Outeide tube rxtended 3/b inch
1 Photo N20-N2—ﬂ! Teleacoped in /% inch steps
1 Photo H20-N2—H| Inside tube extended 3/h inch
2 Mase | H,0-N,-He Outside tube extended 3/4 inch
Distribution
5 Photo |H,0-N,-He Tnside tube sxtended 0, 1/8, 1/k, 1/2, and 3/4 inch
3 Photo H20, H20-N2, H20—N2-H0 Three 1/2-inch-wide plugs in H20 annulus; pulsed
1 Mass HQO-NQ-HE Three 1/2-inch-wide pluge in H,0 annulue
Distribution| ]
24 20K 3 Photo KQO, H20-—N2, H20-N2—He Fan viev
3 Photo |H0, H,0-N,, H,0-N,He Fdge view
3 Photo H20-N2, HQO-NR-HQ, 520-"0 Fan view; increased nitrogen flow
1 Photo. H20—N2-ﬂ20 Between fan and edge view
4 Mans R0, R,-N), A 0-N,-He 8-1/2, 6-1/2, and 9 inch dietances to collector
22 2 2 ' ’
Diatribution
2A 5K 3 Pheto H20, “20'N2' "00-"2—"0 Fan view
3 Photo II20, H20-N2, H20-N2-ﬂe Fdge view
2 Photo H20-N2, HZO—NZ_". Fan view; threefold increase in N2
3 Mass ﬂ,,O—NQ—He 3-1/2 and 6 inch distances to collector
Distribution|
2c* 20K L] Photo “20' K20-N2, H,_,O-NQ—HQ Fdge view
A Photo nno, “2”2' “20-N2—Hl Pan view
1 Mass 0-N,_-He
bretribation| 22
94 20K 3 Photo |H,0, Hy0-N,, HO-N,He
3 Photo "20' "20-N2, HQO—N,-‘-—"Q Douhle normal water flowrate
2 Mnss H20—N2-Hl
Distribution
3 Photo H,‘,O, HQO-Nz, H20-N2-Ho Cylindrical portion of cup eliminated
1 Mass HUO-NZ—HE Cylindrical portion of cup eliminated
Distribution ©
9A 3K 3 Photo |Hy0, W,0-K,, H,0-N,—He Cylindrical portion of cup eliminated
1 Mass llnﬂ—NQ-llp Cylindrical portion of cup eliminated
| Diatribution; °
114 20K 3 Phote {H,0, 1,0-N_, H_0-N, -He
! Mana H,0-N it
Diatribution -
‘ 3 Photo H,,0-N,,-Tte Double noymal water flowrate
I ann 1
I Distribution! -
[ o . e

¥Modified from configuration 2A

112




the standard 200-micron droplet size injector. The remaining 21 tests

were visual experiments of an exploratory nature where no photographs or

mass distribition data were obtained.

Tricentric Model 1A Injector

The tricentric 1A configuration contained a LOX annulus with hot gas
injected through the center core and hydrogen fuel around the periphery.
The original injector concept was designed and fabricated to provide
injection of all propellants at the same axial position within the

chamber; i.e., through elements flush with the injector face.

Experimental results obtained during the cold-flow studies indicated the
existence of a severe flow-pulsing phenomenon which was believed to be
associated with the reduced velocity of sound propagation through the
homogeneous two-phase mixture of water and gas. Both gaseous simulants
were injected at sonic velocity during the cold-flow tests. The calculated
sonic velocity through the water was approximately 5000 ft/sec. The sound
velocity for helium was 3260 ft/sec at the existing cold-flow conditions.
For a two-phase mixture of water and helium the velocity of sound

propagation can be calculated by the equation

1/2
¢ - [—}2 1 2] (23)

p l—x/p£2 022 + x/pg2 c

where &
¢ = acoustic velocity
P = density
x = quality (gas to liquid mass ratio)

This equation assumes that for the two-phase mixture, the pressure changes
do not effect the atomization rates. Using this expression, the velocity

of sound propagation in the water-helium mixture at the exit of the tricentric
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injector was calculated to be 975 ft/sec. To satisfy the conditions of
continuity, the change in exit velocity caused a corresponding change in
gas density within the helium manifold, and thereby generated unsteady

flow conditions.

A series of tests was conducted with modified tricentric configurations

to study the pulsing behavior. The modifications consisted of altering
the exit geometry of the basic flush-mounted elements. The first modi-
fied configuration tested contained recessed water and helium injector
elements as illustrated in Fig. 10b. Figure 22a illustrates the typical
spray pattern with only the injected water flowing; relatively large liga-
ments of unatomized water can be seen. The nitrogen gas is additionally
flowing through the outer annulus for Fig. 22b. Comparison of these two
photographs illustrates that there is a considerable enhancement of the
atomization as a result of the gas/liquid interaction. Particular details
of the sprays are not distinguishable; however, it is obvious that these

photographs do provide a qualitative indication of the gas/liquid interaction.

The spray field can be seen to broaden further in Fig. 22c¢ during the intro-
duction of the helium flow. The pulsing phenomena was usually associated
with the water/helium flow combination. Although the pulsing was readily
apparent when viewing the projected 16-millimeter motion pictures, it is

difficult to illustrate graphically with a single-frame enlargement.

The liquid mass distribution obtained for this same tricentric configura-
tion is shown in Fig. 23. The numbered contour lines represent regions

of constant mass flowrate expressed in milliliters of collected water.

The data were obtained with the collection apparatus placed 9 inches below
the injector face. Two observations were made. First, a region of rela-

tively high mass concentration can be seen diminishing slightly at the
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Distance, inches

-5

Figure 23,

~ -
\\ - _ _ -
e e i o - . e i mrm e e ——— P
0 5

Distance, inches

Liquid Mass Distribution of 20K Tricentric Injector
Configuration 1A (Contours are in milliliters of

water normalized to a total water discharge of 200
pounds. Collector was 9 inches from injector face.

Test No. 78.)

116




distribution center. This mass concentration suggests fairly good liquid
penetration into the region of relatively high momentum helium gas. Second,
the mass is shown to be unsymmetrically distributed. This is probably a
result of unbalanced pressure distributions within the simulant propellant

manifolds.

In addition, tests were conducted with two other exit configurations; in-
ternal telescoping (Fig. 10c) and extension of the helium center tube
(Fig. 10d). All these variations were done in 1.50-inch step increments

on the 20K size injector and 0.75-inch increments on the 5K size injector,

Typical flow-pulsing conditions with the 5K tricentric configurations are
illustrated in Fig. 24a and 24b. A maximum flow-pulsing condition is
indicated in Fig. 24a and a minimum flow-pulsing condition is shown in
Fig. 24b,

Extension of the helium tube (Fig. 10d) effectively isolated the water and
helium streams, thereby preventing the two-phase mixture confinement and

the associated unsteady-flow phenomena. To determine the minimum extension
distance necessary to stop the pulsing, a series of tests were conducted on
the 5K size of the model 1A at extension distances of 1/8, 1/4, 1/2, and

3/4 inch. Evaluation of the Fastax films show that no threshold pulsing
condition existed but generally there was an inverse linear relationship
between extension distance and pulsing severity. The pulsing was virtually
eliminated with an extension distance of 3/4 inch. This condition is illus-

trated in Fig. 24c for the 5K model tricentric.
Another approach to the pulsing problem was to insert plugs in the water

annulus to block off a portion of the water injection region, thus allow-

ing the helium stream to be less confined by the water stream. With
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the inclusion of three l-inch-wide plugs in the 20K size injector (which
reduced the water flow area by approximately 40 percent), the pulsing
characteristic was virtually eliminated. The water flowrate was held con-

stant, causing a corresponding increase in the injection velocity.

The next series of tests employed six 1/4—inch—wide plugs, blocking off
only 20 percent of the water flow area. In addition, these plugs were
recessed 1/4-inch from the exit of the injector. The Fastax films of this
series showed that the injector pulsed as badly as the original tricentric
model 1A,

A water-only test with three plugs installed is shown in Fig., 25a. A void
in the liquid spray field can be seen corresponding to the position of a
plug. A stable test with the 20K configuration is shown in Fig. 25b with
all simulants flowing. However, the instability persisted with the equiva-
lent area reduction for the 5K model. This 5K model with the three plugs
is graphically illustrated in Fig. 25c. These data suggest that the width
of the plug may affect stability more than the percent of area blocked.

The mass distribution collected during a steady-flow run with the 20K three-
plug configuration is shown in Fig. 26. Although the distribution is sim-
ilar to that shown in Fig. 23, the lower concentration of flow in the center
is more pronounced for the steady-flow case, The mass distribution data
obtained during the pulsing condition (Fig. 23) represent an integrated
average with the flowrate varying from maximum to minimum values during

the collection period.

In general, the injectors could not be differentiated on the basis of atom—

ization characteristics.
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Distance, inches

Figure 26,

Distance, inches

Liquid Mass Distribution Modified 20K Injector
Configuration 1A (Modification included three 1-
inch plugs inserted in the annular water passage,
Contours are in milliliters of water normalized

to a total water discharge of 200 pounds. Collector
was 9 inches from injector face. Test No. 112.)
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Biplanar Impingement Model 2A Injector

The model 2A configuration consisted of two different pairs of like doub-
lets impinging upon a central showerhead fuel (nitrogen) orifice. One
doublet pair contained water and the other contained helium. The center-
line impingement distances from the face were 2—1/2 and 4—1/2 inches,
respectively. The photographs shown in Fig. 27 were taken with the camera
field of view aligned with the edge of the water fan formed by the gself-
impinging water streams. The first view (Fig. 27a) shows the resulting

fan formed in the absence of any secondary gas flow. The showerhead nitro-
gen gas stream was flowing for Fig. 27b. The gas/liquid interaction greatly
enhanced the atomization process as evidenced by relative size of the formed

droplets and broadening of the overall spray pattern.

Figure 27c shows the spray pattern with just the four impinging (water

and helium) streams flowing. Considerable liquid splashback can be ob-
gserved from the injector face. All propellant simulants were injected

for Fig. 27d. Both figures(27c and 27d) graphically illustrate the exist-
ence of a void region centrally located within the liquid spray field.

The void was caused by the displacement of the spray by the helium injected
through one of the doublet elements. These results are further substantiated

by the mass distribution plot shown in Fig. 28 through 30.

The typically expected fan-shaped pattern is presented in Fig. 28. The
somewhat-distorted portion of the fan was probably caused by a slight
mismatch in either the momentum of the water streams or in the impingement
location. Both water and the showerhead nitrogen stream were flowing for
Fig. 29. As expected, the injected gas flow broadened the spray field.
The void region caused by the high momentum of the doublet helium streams

is graphically illustrated by the distribution pattern of Fig. 30. In this
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Distance, inches
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Figure 28, Liquid Mass Distribution of 20K Biplanar Impingement
Injector Configuration 2A With Water Only Flowing
(Contours are in milliliters of water mormalized to
a total water discharge of 200 pounds. Collector was
located 4-1/2 inches from injector face, at helium
impingement location. Test No, 34,

124




Distance, inches

Nitrogen

g |—
e
0 ~>-§
<3
g —
1
=5
Figure 29,

Distance, inches

Liquid Mass Distribution for 20K Biplanar Impingement
Injector Configuration 2A With Water and Nitrogen
Flowing (Contours are in milliliters of water normal-
ized to a total water discharge of 200 pounds. Col-
lector was 4—1/2 inches from injector face. Test

No. 735)
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Figure 30. Liquid Mass Distribution for 20K Biplanar Impingement
Injector Configuration 2A With All Simulants Flowing
(Contours are in milliliters of water normalized to a
total water discharge of 200 pounds. Collector was
6—1/2 inches from injector face. Test No. 36.)
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case the majority of the injected water was accumulated at the periphery
of the collection apparatus. Similar trends were obtained with the 5K
model. The mass distribution plot shown in Fig. 31 with all propellants
flowing shows that a similar void in the spray pattern occurred. Thus,
with the model 2A injector concept, the momentum of the hot-gas simulant

was not effectively being utilized.

Biplanar Impingement Model 2C Injector

The relatively poor mass distribution data obtained with model 2A suggested
that a reversal in the gaseous propellants would more effectively utilize
the high momentum of the hot-gas stream. A better placement for the hot-
gas energy was considered to be through the central showerhead orifice.
Accordingly, the 2A model was modified into the 2C configuration by inter-
changing the nitrogen and the helium streams, adjusting the injector port
sizes, and changing the impingement angle of the water streams causing

them to impinge at very nearly the same location as the nitrogen.

The four different flow conditions tested with the model 2C injector are
shown in Fig. 32. A fan-edge view showing the impingement of only the
water streams is shown in Fig. 32a. The self-impinging nitrogen streams
were additionally injected in Fig. 32b and resulted in a relatively course
atomized injector spray pattern. As shown in Fig. 32c, a finer spray
resulted with the water showerhead helium combination. With all simulants
flowing, a void region again resulted within the spray pattern, as indi-
cated by Fig. 32d. This pattern is quite similar to that obtained pre-
viously with all simulants flowing with the 2A configuration (Fig. 27d).
It is rather apparent that injecting the second gas through the doublet

elements causes flow separation within the liquid spray field. This is
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Figure 31. Liquid Mass Distribution of 5K Injector Configuration 2A
With all Simulants Flowing (Contours are milliliters of
water normalized to a total water discharge of 200 pounds.
Collector was 6 inches from injector face. Test No. 81.
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further substantiated by the liquid mass distribution data of Fig. 33.

Again the central injection region is completely void of liquid.

Although the biplanar impingement injector as designed for the model 2A
and 2C configurations gave poor liquid mass distributions, a satisfactory
combination of the physical injection parameter could probably provide

the desired distribution by further consideration of the secondary imping-

ing gas momentum level and impingement orientation.

Impinging Coaxial Model 9A Injector

The model 9A consisted of four coaxial elements impinging upon a large
central helium stream. Fach coaxial element contained a water core sur-
rounded by a nitrogen mantle. The coaxial elements were designed to impinge
1.3 inches upstream from the irjector face with a "recessed cup". The
purpose of the cup was to maintain a high relative velocity between the

helium and water and thereby accelerate the liquid atomization process.

Three sequential photographs of the 20K model with the recessed cup are
shown in Fig. 34 with different simulant combinations. The first (Fig. 34a)
shows the injection pattern with water only through the core of each imping-
ing coaxial element. The four impinging streams cause some initial breakup
of the injected water. The addition of nitrogen injection around each co-
axial water core results in the atomization pattern indicated in Fig. 34ib.
Although the spray pattern appears good, relatively large droplets can be
seen around the spray periphery. Finally, with all simulants flowing, an
improved spray pattern results as shown in Fig. 34c. The mass distribution
contour map for the configuration with all simulants flowing is shown in
Fig. 35. It contains four small regions of relatively high liquid concen-
tration as might be expected with its four symmetrically located impinging

streams.
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Figure 33. Liquid Mass Distribution of 20K Biplanar Impingement

Injector Configuration 2C With All Simulants Flowing.
(Contours are in milliliters of water normalized to
a total water discharge of 200 pounds. Collector was
9 inches from injector face. Test No. 121,)
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Distance, inches

H20/N2

Figure 35.

Distance, Inches

Liquid Mass Distribution of 20K Impinging Coaxial
Injector Configuration 9A (Contours are in milli~
liters of water normalized to a total water dis-
charge of 200 pounds. Collector was 9 inches from
injector face. Test No. 95.)
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Because the recessed cup design could prove undesirable if burning occurred
during the hot-firing tests, an additional series of cold-flow tests was
conducted after removing the cylindrical portion of the cup. Qualitative
judgment of the Fastax movies indicate better spray characteristics with
the shortened cup than with the original test unit. This -is illustrated
in Fig. 36. Increased droplet atomization is indicated in Fig. 36a and
36b, compared with the similar water/nitrogen flow conditions of Fig. 34.
This can be attributed to possible splashback within the longer cup por-
tion of the injector. The relative atomization characteristics appear
similar with all simulants flowing; however, a broader spray field results
with the modified injector (see Fig. 36c). This fact is further evidenced
by the mass distribution plot of Fig. 37. The contour map shows that the
mass distribution approaches a more uniform profile without discrete re-

gions of extremely high concentrations.
Although not illustrated by spray pattern photographs, similar qualitative

results were obtained with the 5K configuration. There was no evidence

of any flow instabilities with either 9A model.

Commercial Nozzle Model 11A Injector

The last injector configuration to be tested was the 11A model. The sig-
nificant design characteristics of this injector was a commercially avail-
able centrifugal pressure-spray nozzle centrally mounted for LOX injection.
During cold-flow tests with water only, the nozzle produced a very uniform,
cone-shape, coarsely atomized, spray field as shown in Fig. 38a. The heli-
cal spray pattern is readily discernible in this photograph for successive
convolutions of the flow field. Figure 38b shows the spray pattern collaps-
ing to a narrow field with the addition of the nitrogen flow. With the
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Figure 37.

Distance, inches

Liquid Mass Distribution of Modified 20K Impinging

Coaxial Injector Configuration 9A (Modification was

by severing the cylindrical portion of the cup.

Contours are in milliliters of water normalized to

a total water discharge of 200 pounds. Collector

was 9 inches from injector face, Test No. 129.)
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introduction of helium flow, which was injected in the annulus immediately
surrounding the spray nozzle, the liquid spray field was reduced even further
as shown in Fig. 38c. This narrow spray pattern is graphically illustrated
by the contour map of the mass distribution test as shown in Fig. 39. To
determine how sensitive the distribution pattern was to liquid flowrate,
the water flowrate was doubled in a second series of tests. There was some
broadening of the spray field as shown in Fig. 40, and the appearance of a
depleted region in the middle of the field as evidenced by the mass dis-
tribution plot of Fig. 41. The latter would normally be expected by the
helical spray nozzle. The questionable improvement in the spray field
pattern is still far from satisfactory. Furthermore, the slight improve-
ment that was gained by increasing the water flowrate is offset by the
unacceptable deviation in the simulation ratios (Mg/ﬁf) and (Mg/Mﬂ)' The
data show quite clearly that the mass distribution of the model 11A is

unsatisfactory.
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Distance, inches

Figure 39.

0

Distance, inches

Liquid Mass Distribution of 20K Commercial Nozzle
Injector Configuration 11A With Normal Water Flow-
rate (Contours are in milliliters of water normal-
ized to a total water discharge of 200 pounds,
Collector was 9 inches from injector face.

Test No. 96.)
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Distance, inches

Figure 41,

0

Distance, inches

Liquid Mass Distribution of 20K Commercial Nozzle
Injector Configuration 11A at Twofold Increase in
Water Flowrate (Contours are in milliliters of water
normalized to a total water discharge of 200 pounds.
Collector was located 9 inches from injector face.
Test No. 97.)
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SUMMARY OF COLD-FLOW RESULTS

In general, the experimental results obtained during the Task II cold-flow
tests yielded information not predicted by the preliminary theoretical
analysis. For example, the analysis did not predict the tricentric model
1A pulsing behavior or the mass distribution problems associated with the
biplanar impingement models 2A and 2C. Thus, the cold-flow studies compli-
mented the theoretical analysis to provide useful screening information

which permitted the final selection of the modified 1A and 9A injector concepts.

Specific observations made during the program relative to each injector

configurations tested are presented below.

Tricentric Model 1A Injector

1. The tricentric injector models were characterized by a pulsating
flow phenomena (~100 cps) with the exit geometry flush-mounted
(Fig. 10a).

2. The pulsating flow was virtually eliminated by modifications to
the exit geometry; i.e., by extension of the inmer (hot-gas) tube
of both 5K and 20K models or by partial restriction of the oxidizer
annulus of the 20K model.

3. Liquid atomization characteristics appeared satisfactory,

4, Liquid mass distribution characteristics were satisfactory.

The pulsating flow phenomena of the tricentric injector models appears to
be related to reduced velocity of sound propagation through the two-phase
flow mixture of liquid and gas. Additional study is required to better
define the pulsating flow characteristics associated with this type of
injector model., The limited results reported herein have shown that the
"fixes" are not directly scalable (on an area basis) between different-

size models.
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Biplanar Impingement Model 2A and 2C Injectors

The high momentum of the injected gases was not effectively

utilized.

The liquid atomization characteristics appeared satisfactory

except for some splashback from the injector face.

The liquid mass distribution was not satisfactory with all

simulated propellants flowing.

It was apparent during the testing of the 2A and 2C models that the intro-

duction of either gas through the doublet elements caused flow separation

within the injected liquid spray. However, an improved spray pattern

and liquid mass distribution was obtained when either gas was injected

alone through the central showerhead orifice. It follows that a logical

location for the injection of both gases is through a central coaxial

element or, for one gas species, through a single element.

Impinging Coaxial Model 9A Injector

1.

The liquid mass distribution was satisfactory with the original

and shortened cup depths.

The liquid atomization characteristics appeared satisfactory

with both cup configurations.

An improved liquid mass distribution was obtained with the
shortened cup. Similarly the liquid atomization appeared better

with the shortened cup.

Commercial Nozzle Model 11A Injector

1.

2.

A cencentrated liquid mass distribution was obtained which was

not satisfactory.

The liquid atomization characteristics appeared satisfactory.
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TASK II1I

HOT-FIRE TESTING

The hot-fire testing was conducted primarily for performance and stability
evaluation of the most promising high~thrust-per-—element two-stage in-
Jector concepts. Two injector concepts were selected from the Task II
cold-flow study and two different thrust-per—element sizes were designed
for each concept, giving a total of four injectors. A workhorse thrust
chamber and a hot-gas generator were selected to support the injector
evaluations. Operating parameters for the main thrust chamber assembly

components are shown in Table 15.

The hot-firing test series was conducted for each of the four injector
configurations at different hot—gas flowrates while maintaining a rela-
tively constant overall mixture ratio, chamber pressure, and chamber

length. The chamber length was increased for stability evaluation purposes,
in selected tests, and the chamber pressure was reduced in selected tests
to evaluate the throttling capability. Performance measurements included
characteristic exhaust velocity (c*) and specific impulse. Characteristic
exhaust velocity was determined independently from measurements of thrust

and chamber pressure.
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TABLE 15

MAIN THRUST CHAMBER OPERATING PARAMETERS USING 5K AND 20K INJECTORS

Component Value

Chamber

Propellants Hydrogen (50 to 250 R temperature)
and LOX

Maximum Thrust Level, pounds 20,000 (sea level)

Mixture Ratio, oxidizer/fuel 5.0 (includes Hot-gas flow)

Chamber Pressure, psia 50 to 500
Characteristic Length (I¥), 30 to 70
inches

Gas Generator

Propellants Liquid Hydrogen and LOX
Exhaust Temperature, F 1200
Flowrate Up to 15 percent of total flow
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TEST HARDWARE

Each of the four injectors was designed for a nominal thrust level of
20,000 pounds. These injector designs were started during the design
studies of Task I and were completed during the hot-firing portion of

the program. A workhorse thrust chamber was designed and fabricated to
support the injector evaluations. In addition to the basic 30—inch
characteristic length (L*) chamber, a combustion chamber extension section
(for a 70-inch L*) and a spare nozzle liner were used. The hot gas was

supplied by an existing J-2 gas generator.

20K Tricentric Injector Confisuration 1A

The 20K configuration 1A injector consisted of a single tricentric ele-—
ment positioned in the center of a circular injector plate. The injector
element contained three different-diameter tubes positioned coaxially.
Hot (1200 F) gas generator gas passed through the center tube and was
surrounded by an annulus of LOX and then an outer annulus of hydrogen
fuel. The three tubes were welded together with the exit ends flush
mounted, and the tubes (tube assembly) were welded to a flat face or
mounting plate. (The inner two tubes can be recessed or extended by

simple modification, )

The injector face plate was transpiration cooled with hydrogen passing
through a porous Rigimesh material. Hot gas was supplied to the injector
through a straight line from a gas generator mounted directly behind the
injector. The oxidizer entered the injector from an annular manifold
which was fed from a single line located at the back and to one side of

the injector element. The fuel was also supplied from the back and to
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one side of the injector element. Two lines were used to feed the annular
manifold, thus minimizing potential maldistribution. Injector orifice
areas and other related operating characteristics are listed in Table 1.

Type 347 CRES material was used for fabricating most of the injector

components,

Pulsing was noted with the flush-mounted geometrical orifice arrangement
during the cold-flow studies; however, the pulsing was virtually eliminated
by inserting three l-inch-wide plugs or interrruptions equally spaced in
the oxidizer annulus. This three-plug modification was incorporated into
the hot-firing injector. The plugs were fabricated from copper, equally
spaced and recessed 1/4 inch inside the oxidizer annulus, and then brazed

in place.

A photograph of the injector (from the exit end of the thrust chamber)
is shown in Fig. 42. Also shown is the end of a small tube midway be-
tween the injector element and the chamber wall. This tube was used to
inject CTF into the chamber for ignition. Provisions were made on the
oxidizer, fuel, and hot-gas injector manifolds to measure the injection

temperatures and pressures.

The injector face heat flux was assumed to be the same as the combustion
zone maximum (12 Btu/in.Q—sec). A film-coolant mass flowrate of 0.7 b/
gec was computed (Appendix C) as necessary to cool the face at a 500-psia
combustion chamber pressure (Pc)' Cooéant flows at reduced chamber pres-—
sures would vary by approximately Pc - power from the design point
flowrate. However, to allow for maldistribution of coolant flow and po-
tential high local heat fluxes, more than the computed flowrate was
planned for this and each of the other injectors at the nominal design

condition.
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Figure 42. 20K Tricentric Injector Configuration la
Mounted in Thrust Chamber
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5K Tricentric Injedtor Configuration 1A

The 5K injector configuration 1A consisted of four elements uniformly
spaced and attached to a flat circular faceplate. FEach element was
similar to the 20K element used for the first injector although the 5K
elements were smaller; (one—fourth. the injection area of the 20K element).
As with the 20K element, three tubes of different diameters were coaxially
positioned; however, the exit end of the outer two 5K element tubes were
flush mounted to the injector face and the inner tube extended 3/b4 inch
outward (into the chamber). The extension of the inner tube eliminated
pulsing during the cold-flow testing as discussed in the Task II section
of this report. The plugs, or interruptions, used in the 20K element

did not eliminate the pulsing in the 5K element.

Manifolding for the injector was uniformly arranged so each element was
supplied with an equal amount of propellant. The hot gas was supplied

to the elements from a point directly behind the injector. The oxidizer
and fuel entered annular manifolds around each injector element through

a series of symmetrically formed tubes. Like the first injector, the

face plate was transpiration cooled with hydrogen passing through a porous
Rigimesh material. Type 347 CRES was used as the basic material for con-—

structing the injector.

The face of the 5K injector is shown in Fig. 43. The symmetrical mani-
folding for each of the three propellants is shown in Fig. 4%. The fuel
enters from the right, the hot gas from the center, and the oxidizer

from the left. A portion of the fuel manifolding was removed for this
photo to give a better view of the internal plumbing. Injection pressure
and temperature pickup ports are in the fuel and oxidizer manifold "TEE's"
of this injector (Fig. 44). The hot—gas pressure and temperature pickup

ports are in the feedline from the gas generator to the injector.
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Figure 43. Front View of 5K Tricentric
Injector Configuration 1la
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20K Tmpinging Coaxial Injector Configuration 9A
(Recessed Cup)

The 20K injector configuration 9A consisted of a central hot—gas jet
surrounded by and impinging with four equally spaced coaxial oxidizer/
fuel jets. All the jets or injector orifices were inside a shallow re-
cessed cup, thus the centerline impingement point of the jets was near
(0.130 inch downstream) the plane of the injector face. The included

angle of the coaxial impinging jets was 120 degrees.

Hot gas was supplied to the central injector orifice through a straight
line from directly behind the injector. The oxidizer was manifolded

into the recessed cup through four tubes which served as the impinging
oxidizer orifices. The four tubes were symmetrically manifolded together
from a common point at one side and to the back of the injector. The
fuel passed into the recessed cup through an annulus around each of the
oxidizer tubes. These four annular fuel passages were supplied from an
annular manifold which, like the oxidizer, was supplied from the back and

to one side of the injector element.

The 20K element was mounted in the center of a flat circular injector
faceplate. Hydrogen (fuel) transpiration cooling was used to protect
the faceplate. Type 347 CRES material was used to construct the injector

components.

A photo of the injector face is shown in Fig. 45. Figure 46 shows the
back side of the same injector mounted in place on the test stand. Flex
lines were used to manifold the oxidizer to the injector. The oxidizer
inlet is at the left, the fuel inlet at the right and the hot-gas duct

is in the center.
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5K Impinging Coaxial Injector Configuration 9A
(Recessed Cup)

The 5K configuration 9A contained four elements uniformly spaced and
attached to a flat circular faceplate. Each element was similar to, but
smaller than, the 20K element described previously. As in the 20K con-
figuration, each element consisted of a central hot-gas jet surrounded

by and impinging with four equally-spaced coaxial oxidizer/fuel jets. All
the jets or orifices were confined inside a shallow recessed cup. The
centerline inpingement point of the jets was slightly upstream of (0.250
inch) the injector face plane, and the inpingement angle (included angle)

of the coaxial jets was 120 degrees.

Hot gas was supplied to the center of each of the four elements from a
point directly behind the injector. The oxidizer was injected into the
recessed cup of each element through four tubes which served as the im-
pinging oxidizer orifices. All the oxidizer tubes for each element were
supplied by a common manifold which was supplied by tubing from the back

and to one side of the injector.

The fuel passed into each recessed cup through annulii around each of

the four oxidizer tubes. The four annulii were supplied from an annular
manifold around each element, and these annular manifolds were symmetrically
manifolded together at the back and to one side of the injector. Like

the other three injectors, the faceplate was transpiration cooled by the
fuel passing through a porous Rigimesh material and 347 CRES was used

for construction.
Figure 47 shows the face view of this injector. As shown, only one CTF

igniter port was used. Plumbing for the injector was similar to that

gshown in Fig. 46.
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IXX42-6/2/67-C1A

Figure 47. Front View of 5K Impinging Coaxial
Injector Configuration 9a
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Workhorse Thrust Chamber

A workhorse thrust chamber was designed and fabricated for use as the in-
jector test bed during the hot-firing phase of the program (Fig. 48). The
chamber design consisted of an uncooled copper combustion zone and a water-
cooled copper nozzle. The combustion zone section of the chamber consisted
of a l-inch—thick copper liner inside a 3/8~inch-thick steel jacket. Flanges
were provided at both ends of the jacket for attaching the injector and

nozzle.

Temperature and pressure instrumentation ports were located at select
positions in the combustion zone as shown in Fig. 48. Two combustion zone
sections (spools) were fabricated; one was 13.23 inches long giving an

L* of 30 inches,and one was 20 inches long to increase the L¥ to 70 inches.

The nominal combustion chamber L* was established at 30 inches; however,
the capability of increased combustion chamber length was required for
a more complete evaluation of stability. A chamber length was selected
which could produce a longitudinal acoustic frequency equivalent to the
first tangential mode of a l-million-—pound-thrust engine. The first
tangential acoustic frequency of a 42-inch-diameter 1-million-pound-

thrust engine was calculated to be 930 cps from the following equation.

f, = 0.586

<
T D

where ¢ is the acoustic velocity in the chamber and D is the combustion
chamber diameter. The longitudinal frequency of the constructed com-

bustion chamber is given by
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where L is the distance from the injector to a plane near the chamber
throat. The length (L) to achieve a 930-cps frequency was calculated
to be 35.5 inches, or approximately 20 inches longer than the nominal

combustion chamber.

The thrust chamber nozzle section contained a water-cooled copper liner
adjacent to the hot gas, and a steel jacket as the outside wall. The
initial step in the design of the thrust chamber cooling system was to
evaluate the hot-gas film coefficient. The point of maximum heat flux
occurs at the throat, which tends to dictate the wall thickness at that
location. The hot—gas film coefficients were computed (Eq. C-1 of
Appendix C), and the resulting maximum values for the throat and com-
bustion zone (ec = 2) are listed in Appendix C along with the nominal
design conditions. Virtually the same throat film coefficient was ob-
tained when available experimental data were adjusted to expected

conditions.

The heat fluxes in the throat and the convergence and expansion sections
require water cooling to allow for a reasonable test duration, while the
combustion zone was constructed as a copper heat sink. The necessary wall
thickness at the throat was determined by considering the heat flux cap-
ability of the wall and the material strength. The design heat transfer
equation is listed as Eq. C—2 in Appendix C. The point selected for the
nominal design conditions was a wall thickness of 0.2 inch, which provides
for a 50-percent margin in the heat flux before the melting point is
reached. The design wall temperature at the throat of the chamber was
computed to be 1350 F,which corresponds with a heat flux of approximately
21 Btu/in.2—sec.
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The minimum coolant velocity required to avoid the film boiling regime

of water was determined to be 50 ft/sec. The saturation temperature of
water at 250 psia is 400 F, which provides subcooling (Twc = TB) of about
300 F at the throat of the cooling system. The resulting water mass flow-
rate to the model with a 0.1 inch annulus is 45 lb/sec, and the bulk tem—
perature rise, as computed with Eq. C-3, was approximately 56 F. Therefore,
the subcooling at the exit of the nozzle was still approximately 300 F.
During hot—firing tests the coolant velocity was increased to about 67
ft/sec to provide for an additional cooling margin. Correspondingly,

the water coolant flowrate increased to about 6QG lb/sec and the bulk tem—
perature rise was reduced to 42 F. An increase in the coolant pressure
would also increase the cooling margin; however, material strength con-

gsiderations limited this pressure to about 250 psi at the throat.

A transient analysis was utilized to yield parametric wall temperature
curves (Fig. 49) for the combustion zone. The analysis assumes a step
function rise in adiabatic wall temperature at time zero, a uniform
initial wall-temperature distribution, and an insulated back wall. The
design equation is Eq. C-4 of Appendix C. The maximum allowable duration
was 3 seconds at the most severe heat transfer condition before melting
of the wall would occur at the hot-gas surface. A wall thickness of

1 inch was selected to maintain a somewhat cooler region at the back wall
for structural support. Longer durations could be achieved by coating

the combustion zone with a thermally insulating layer.

The water—cooled nozzle section was supplied by two inlet lines located
180 degrees apart. From the inlets, the water coolant was distributed
into a common manifold cavity inside a carbon steel nozzle shell. The

coolant then passed from the manifold through a single constant-width
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(0.1 inch) passage behind the nozzle contoured wall into a common exit
manifold at the nozzle exit and then out through two exit passages 180
degrees apart and 90 degrees from the inlet passages. An isometric
drawing of the nozzle and related cooling passages was shown in Fig. 48.
A photograph of the chamber assembly (30-inch I*) is shown in Fig. 50
along with a spare copper nozzle liner and the 20-inch combustion chamber

extension section.

Pertinent thrust chamber design geometry was as follows:

Combustion chamber diameter, inches 8.55
Nozzle throat diameter, inches 6.05
Nozzle throat area, inches 28.75

Contraction area ratio (ec)

Expansion area ratio (ee)

Nozzle convergence angle, degrees 60
Nozzle divergence angle, degrees 30
Injector-to—throat length, inches

(30-inch I*) 15.77
Injector-to~throat length, inches

(70-inch 1*) 35.77

Provisions were made for installing chamber wall heat flux probes at
several (six) axial and circumferential locations within the combustion
chamber. Two of the six ports for the probes were in the flange adjacent
to the injector, and the remaining four ports were in the flange just
upstream of the nozzle converging section as previously shown in Fig. 48.
Analysis of temperature data from these heat flux probes was used to pro-
vide qualitative mixing and performance comparisons between the various

injectors.
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Three pressure pickup ports were also located in the chamber flanges,
one at the injector end and two adjacent to the nozzle. Four photocon
pressure transducer ports were positioned in the combustion zone as in-
dicated in Fig. 48. Three of these ports were located 3 inches down~
stream from the injector face at 0, 120, and 225 degrees from the top
centerline looking aft. The fourth photocon port was 3 inches upstream
from the nozzle converging section on the top centerline (0 degrees).
These photocon pressure pickup ports were for fast~responding and wide-

frequency-range instrumentation to be used for stability evaluation.

Gas Generator

A J-2 engine gas generator assembly (Fig. 51) was selected to provide

the hot-gas flow requirements of the hot-firing injector evaluation phase
of the program. Operational reliability and performance of the gas gen-
erator had been previously established and it was readily available. This
unit was capable of providing the required exhaust temperatures (1200 F)

and discharge pressures over a propellant weight flowrate range of 4 to
9 1b/sec.

Potential hot-gas flow requirements for the two-stage injector tests were
as low as 0.3 1b/sec. The means for accomplishing this low-flow condition
was to employ hot-gas bypass ducts and fixed orifices to divert the excess
gas generator flow. Two discharge ducts were used; these were positioned
to prevent an undesirable thrust component., The gas generator system
installation made use of standard flanges, tubing, and fittings for
installation of the gas generator assembly, its associated components,
and propellant and control lines. Gas generator ignition was accom-

plished by pyrotechnic igniters.
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Figure 51. Gas Generator Assembly for J-2 Engine
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TEST FACILITY

The injector performance and stability tests were conducted at CTL-3,
Cell 18B, of the Rocketdyne Santa Susana Field Laboratory. CTL-3 is a
multiposition test complex containing four multicell test modules with
a central control and recording center. Complete buildup of the test

facility was accomplished to support the hot-firing phase of this program.

The test facility consisted of a thrust mount attached to a concrete pad,
plumbing for the main propellants, plumbing for water coolant, and the
electrical and control systems. A 20,000-pound-thrust load cell was used
to measure the main thrust component, from the chamber firing in a hori-
zontal position. The main propellant lines and water coolant lines tied
into the plumbing for the adjacent Test Cell 18A. Therefore, the tanks,
many of the valves, controls, and much of the instrumentation were common
to both test positions. For the sake of economy, the thrust stand, many
of the valves, and other equipment were utilized from other currently in-

active test facilities.

A single LOX run tank supplied oxidizer to the main thrust chamber and the
gas generator. A turbine—type flowmeter was used to measure the total
LOX flow from the tank. A portion of this flow was then split off for

the gas generator and was measured by a turbine~type flowmeter. An or-
ifice was used to control the flow in the main LOX line, and a cavitating

venturi was used as a control in the gas generator line.

The hydrogen fuel system was designed to deliver liquid or gas to the in-
Jector and liquid to the gas generator. An LHQ/GH2 mixer (conditioner)
and servosystem were used to control and to vary thc injector fuel inlet

temperature from 250 to 50 R in less than 1 second during any given test.
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A venturi meter was used downstream of the mixer to measure the fuel
flowrate to the chamber. LH2 for the gas generator was tapped off the

LH2 line upstream of the mixer. This flow was measured with a cavitating

venturi meter.

A gas generator was used to provide the 1200 F, fuel-rich hot gas to the
injector. The unit was capable of providing 15 percent of total injector
flow at 500 psia. Under these conditions the gas generator delivered
approximately 9 1b/sec. At the low hot-gas flowrates required during
some of the testing, the excess portion of the hot gas was dumped over-—
board. Orifices in the hot-gas line and sonic flow nozzles in the dump

lines were used to control and to measure the quantity of hot gas.

Water was used as the coolant for the thrust chamber nozzle section.
A turbine-type flowmeter and orifices (upstream and downstream of the

nozzle) were used to measure and control the flow.

High-pressure helium, GN2, and GH2 systems were used for pressurizing

the propellant tanks, purging, and for valve operation.

A schematic of the test system is shown in Fig. 52, along with valves,
flowmeters, and the primary control orifices relative to the main pro-
pellants and coolant. Also shown are some of the basic chamber assembly

temperature and pressure measurements recorded during the testing.

Several measuring devices and control systems were used throughout the
test program. Chamber pressures, thrust chamber injection pressures,
hot gas and fuel injection temperaturcs, and the main chamber flowrate

parameters were recorded on an oscillograph for transient response and
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Figure 52. Schematic of Two-Stage Injector Test System
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on direct—inking graphic recorders (DIGR's) for precision of stabilized
data. Other DIGR parameters included tank pressures, gas generator in-
jection pressures and temperatures, water coolant pressures and tempera-
tures, and in general all parameters where response time was not critical.
Chamber wall temperatures were recorded on the oscillograph to achieve
rapid response. Table 16 shows the main parameters recorded during the
bulk of the testing, the type of recording used, and the range of the

pickups used.

Response from high-frequency instrumentation, consisting of threc chamber
pressure Photocons, one oxidizer injection pressure Photocon, and an
axial accelerometer, were recorded on tape. This high-frequency instru-
mentation was primarily for monitoring and analysis of combustion sta-
bility. The accelerometer was monitored by a vibration safety circuit

device with a variable delay time and "g" cutoff loading.
Event recorders, sequence timers, etc., were employed throughout the

program for proper test setup and control. Motion picture coverage of

all firings was used to aid test analysis and provide test documentation.
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TABLE 16

PRIMARY INSTRUMENTATION USED DURING HOT-FIRE TESTS

Parameter Range Recorder

Oxidizer System

Hypergol Upstream Pressure, psig 0/2000 DIGR

Hypergol Downstream Pressure, psig 0/2000 DiIGR

LOX Tank Temperature, F -325/+175 DIGR

LOX Tank Pressure, psig 0/3000 DIGR

LOX Temperature at 2 inches -300/-200 DIGR

Flowmeter (Main Flow), F

LOX Temperature at Gas Generator -300/-200 DIGR

Flowmeter, F

LOX Pressure at Gas Generator 0/9000 DIGR

Inlet, psig

LOX Injector Pressure, psig O/QOOO DIGR and Oscillograph

LOX Injector Upstream Pressure 0/2000 Tape

(Photocon), psig

LOX Injector Temperature, F -325/+175 DIGR

Main LOX Flowrate, lb/sec 0/60 DIGR and Oscillograph

Gas Generator 10X Flowrate, 1b/sec 0/10 DIGR and Oscillograph
Fuel System

Liquid Hydrogen Tank Pressure, psig 0/3000 DIGR

Liquid Hydrogen Upstream Pressure 0/5000 and DIGR

and AP, psig and psi 0/200

Gas Generator Venturi Upstream 0/3000 DIGR

Pressure, psig

Gas Generator Venturi Upstream -425/-350 DIGR

Temperature, F

Gas Generator Fuel Inlet 0/2000 DIGR

Pressure, psig

Gaseous Nitrogen Bottle Bank 0,/5000 DIGR

Downstream Pressure, psig

Gaseous Nitrogen Servo Upstream 0,/5000 DIGR

Pressure, psig

NOTE: DIGR = Direct Inking Graphic Recorder

171




TABLE 16
(Concluded)
Parameter Range Recorder

Fuel System

Injector Venturi Upstream 0/3000 DIGR and Oscillograph

Pressure, psig

Injector Venturi Upstream -425/-150 DIGR and Oscillograph

Temperature, F

Fuel Injection Temperature, F -425/-150 DIGR

Fuel Injection Pressure, psig O/QOOO DIGR and Oscillograph
Hot Gas System

Gas Generator

Chamber Pressure, psig 0/1000 DIGR and Oscillograph

Bypass Upstream Temperature (2), F 0/2000 DIGR

Bypass Upstream Pressure (2), psig 0/1000 DIGR

Upstream Injector Temperature, F O/QOOO DIGR and Oscillograph

Upstream Injector Pressure, psig 0/2000 DIGR and Oscillograph

Thrust Chamber

Chamber Pressure (3) (Photocon), psig 0/1000 Tape

Chamber Pressure (2), psig O/1000 DIGR and Oscillograph

Chamber Temperature (Nanmac) (&), F 0,/2000 Oscillograph

Accelerometer* (Axial), g 0/300 Tape

Thrust (Axial), pounds 0,/25,000 DIGR and Oscillograph
Water Coolant System

Flowrate, lb/sec (VBO DIGR and Oscillograph

Inlet Pressure (2), psig 0/1000 DIGR

Outlet Pressure (2), psig 0/1000 DIGR

Outlet Temperature (2), F 0/+300 DIGR

Tank Pressure, psig 0/2000 DIGR

Note: DIGR = Direct-Inking Graphic Recorder

*Accelerometer used in conjunction with vibration safety cutoff device
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TEST PROCEDURES

Following buildup of the test facility, a series of blowdowns was con-
ducted consisting of one fuel, two oxidizer, two hot gas, and one water
blowdown. These blowdowns were performed to calibrate the various pro-
pellant and coolant systems, to establish appropriate orifice sizes, and
to determine other pertinent operating characteristics of the systems
such as valve opening times, etc. Sequence checks were also performed

to ensure proper start and cutoff procedures.

The same basic start and cutoff sequence was used for all of the main-
stage tests. First, gas generator and main chamber purges (helium and
GN2) for the propellant lines were "on" prior to the start of the test.
These purges were checked and/or sequenced off as the propellants en-
tered. Prior to "start", the water coolant for the chamber nozzle was
turned on. The gas generator start followed the water coolant. This
start began with the pyrotechnic igniter firing, followed by fuel and
then oxidizer. The hot (approximately 1200 F) gas generator gases
flowed into the main chamber through the injector for about 2 seconds.
The main chamber fuel was then sequenced on and both the hot gas and
fuel continued through the chamber for 5 to 10 seconds until the fuel
temperature reached a predetermined value. At this time a CTF hypergol
slug entered the chamber followed by igniter oxidizer flow (GOX) to
sustain ignition. Approximately 0.6 second later the main oxidizer flow

entered the chamber with subsequent pressure buildup and mainstage.

The cutoff sequence was essentially the reverse of the start sequence;
i.e., oxidizer off first, then fuel off, followed by hot gas and then
water coolant. Purges were initiated as the propellant flows decayed.

The basic operating sequence is shown in Fig. 53.
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Twenty mainstage tests were conducted to evaluate the four different
hot-firing injectors. FEach injector along with the corresponding number
of mainstage tests is listed below and the operating parameters for each

of the tests are shown in Table 17.

Numper
of Mainstage
Injector Type Tests
20K Tricentric 1A 5
5K Tricentric 1A 2
20K Impinging Coaxial 9A (Recessed Cup) 10
5K Impinging Coaxial 9A (Recessed Cup) 3

The test program was organized so that each of the four injectors was
subjected to a minimum number of mainstage tests to characterize its
performance and stability. During these characterization tests (Tests 001
through 014) the quantity of hot gas was the prime variable while chamber
pressure, mixture ratio, hot-gas temperature, etc., were maintained at

or near the nominal design values. Also, during the characterization
tests, the fuel temperature was varied to a limited degree to determine

its effect on performance and stability.

After completion of the checkout tests, two injectors were selected for
further evaluation testing. The 20K tricentric injector configuration 1A
was subjected to two additional tests (Tests 015 and 016) to evaluate a
performance improvement modification. The 20K impinging coaxial injector
configuration 9A was subjected to additional tests (Tests 017 through 024)
to evaluate off-design conditions which included low chamber pressure, low
fuel temperature and long L*. A brief description of each mainstage test
is given in the following paragraphs. Four additional tests which did not

reach mainstage were also conducted.
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TABIE 17

SUMMARY OF HOT-FIRE TEST RESULTS

Hot-Gas
Totaﬂl) ngéfgte,

Nozzle Oxidizer | Total Fuel | Mixture Percent of Fuel

Characteristic | Mainstage Site Chamber Weight Weight Ratio, Total Hot-Gas Temperatu

| Test Test Injector' Length (L#), Duration, | Thrust, Pres§ure, Flowrate, Flowrate, Oxidizen/ Propellant | Temperature, | to Inject
| Number| Date Configuration inches seconds | pounds psia 1b/sec 1b/sec Fuel Flowrate F F
001 5/25/67 | 1A (20K) 30 0.00 —— - — - -- - - -
002 5/26/67 0.40 14,807 396.7 51.06 10.33 L, 94 13.1 1048 257
003 6/1/67 2.51 16,658 427.6 53.02 11.32 4,68 13.4 1159 256
15,727 | 411.3 53.16 11.55 4,60 13.3 1159 45
| 004 6/2/67 2.93 15,984 432,73 53.08 12.31 4,31 10.1 1283 255
| 005 6/8/67 |9A (20K) 0.67 17,937 473.7 48 .4 10.60 4.57 9.0 1214 253
006 6/8/67 3.35 18,041 473.3 48.52 10,46 L, 64 8.8 1228 260
18,083 | 475.4 47.59 11.48 4,15 8.8 1242 118
007 6/13/67 43.5 0.96 19,765 498.1 51.05 10.35 4,93 14.2 1310 255
' 008 6/14/67 43,5 1.69 18,357 479.6 47.70 10.91 4,38 6.6 1227 253
) 009 6/20/67 | 1o (5K) 30 1.08 19,219 502.3 56.15 10.73 5.23 6.1 1352 253
010 6/20/67 | 1A (5K) 0.96 20,464 522.5 59.91 10.20 5.87 12.4 1352 253
011 6/26/67 |94 (5K) 0.71 20,432 512.7 55.75 10.27 5.43 13.2 1365 258
012 6/27/67 1.36 18,432 | 473.7 52.48 9.74 5.39 8.2 1310 258
013 | 6/28/67 0.00 - — - - -— - - -
014 6/30/67 1.17 16,443 421.8 51.69 8.68 5.96 0.0 — 256
015 7/6/67 |1A Mod (20K) 1.32 17,171 435.0 50.21 10.78 4.66 6.1 1241 255
016 7/7/67 |1A Mod (20K) 1.23 17,392 445.0 52.18 10.87 4.80 6.1 1255 259
017 | 7/11/67 |9A (20K) 1.15 17,359 | 450.0 55.26 9.75 5.67 8.5 1310 49
018 | 7/12/67 0.00 - - - - - - - -
019 | 7/12/67 1.25 7,868 | 213.5 24,90 k.35 5.72 11.0 1460 205
026 | 7/13/67 0.00 - _— -— - - _— — -
021 | 7/17/67 1.12 7,930 | 212.9 24,16 5.13 4,71 7.3 1380 260
022 7/18/67 2.58 1,075 45.8 4,39 1.42 3.00 23.1 1145 257
023 7/19/67 70 1.0% 19,858 505 . 4 53.26 10.27 5.19 13.7 1283 261

024 | 7/19/67 70 0.78 18,850 | 48G.1 57.03 9.51 6.00 8.4 1448 50
(1) FOLDOUT FRAME

Adjusted for impurities

POLDOUT FRuuE |




re | Throat
oY, Area,

sq in, Remarks

_— Cut off before mainstage due to facility error
28.9% | Observer cutoff due to igniter line fire
28.97 | Minor injector erosion near oxidizer plugs,
28.97 | fuel ramped to 45 R Temperature
29,00 | Slight increase in injector erosion, fuel ramped to 60 R temperature
29.15
29,18 | Chamber erosion in four places, fuel ramped
29.18 | to 118 R temperature
29,21 | Minor chamber erosion
29,24 | Minor chamber erosion
29,25 | Minor chamber erosion
29,28 | Minor chamber erosion
29.35 | Injector erosion in three of the four cups, minor chamber erosion
29,36 | Minor chamber erosion

—_— Cut off before mainstage due to gas generator overpressure
29.33
29,35 | Injector hot-gas swirler eroded, minor chamber erosion
29.36 | Minor chamber erosion
29,41 | Minor chamber erosion

-_ Cut off before mainstage due to gas generator overtemperature
29.35 | Low-frequency fuel temperature cycling throughout test

- Cut off before mainstage due to gas generator overtemperature and fuel cycling
29.37 N X
29,31
29 .48 Minor chamber erosion
25,50 Minor chamber erosion
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Tests 001 Through 004

The 20K tricentric injector configuration 1A and the 30-inch I* thrust
chamber were used for this test series. Primary test objectives were
to establish the performance and stability characteristics of the hard-

ware at the specific operating conditions.

Test 001, the first attempted mainstage test was terminated before main-

stage was achieved.

The first successful mainstage test, Test 002, was conducted on 26 May
1967. The test was programmed for 1 second of mainstage at 450-psia
chamber pressure using 15 percent of the total flow as hot-gas flow and

using 250 R hydrogen to the main chamber.

Testing was terminated after 0.40 second of stabilized mainstage when a
fire was observed in the area behind the injector. Posttest inspection
revealed a damaged CTF (igniter fuel) line and check valve plus minor
damage to the injector main oxidizer inlet line. Probable cause of damage

was contamination in the CTF system (check valve).

Test 002 began with 2.2 seconds of gas generator (hot-gas)operation
followed by 7.6 seconds of main fuel and hot-gas flow, then CTF ignition,
main oxidizer flow, and mainstage. The chamber pressure buildup into
mainstage appeared to be smooth, although the fast~responding photocon
pressure pickups suggested a high-pressure surge at start; i.e., ignition
may have originated from an external source if the CTF line was damaged
prior to main propellant ignition. At cutoff, the oxidizer flow was

sequenced off first, followed by main fuel and hot-gas flows.
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Operating parameters for this and each of the other tests are shown in
Table 17. During Test 002 stabilized data were not obtained from the

more accurate direct-inking graphic recorders (DIGR's); however, the
oscillograph data werc stabilized. The oscillograph data were used to
determine chamber pressure and thrust for Test 002, adjusted to correspond

with the DIGR values by factors determined from subsequent tests.

Test 003 was conducted with the same hardware, and the operating conditions
were the same as those of Test 002 except that the test duration was in-
creased to approximately 2.5 seconds and the fuel temperature was "ramped"
from 256 to 45 R in 1.1 seconds. The start, cutoff, and mainstage charac-—
teristics of the test were satisfactory and stable over the entire fuel
temperature range. Following the test, minor injector erosion was noted

on the lip of the tubes downstream of the three oxidizer passage plugs.

This erosion was apparently caused by recirculation in the void areas.

The hardware and operating conditions for Test 004 were essentially the
same as for Test 003 except the goal for Test 004 was to decrease the
quantity of hot—gas flow to the injector. Test objectives were accom-—
plished; the fuel temperature ramped from 255 R to 60 R, and the quantity
of hot-gas flow was 10 percent. The hardware condition was satisfactory
following the test. A slight increase in injector erosion occurred down-
stream of the three oxidizer plugs (Fig. 54%). The preliminary evaluation
of the 20K tricentric injector configuration 1A was completed with this

test, so a new injector was installed.

Tests 005 Through 008

This series of tests was conducted to determine the operating character-
istics of the 20K impinging coaxial injector configuration 9A (recessed
cup). A 30-inch L¥ chamber was used for Tests 005 and 006 and a 43.5-
inch L¥ chamber for Tests 007 and 008.
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The primary goals for Test 005 were to check the operating characteristics
of the injector during a short mainstage test using approximately 10-
percent hot-gas flow and 250 R fuel to the main chamber. All test ob-

jectives werc successfully accomplished.

Test 006 was conducted with the same hardware as used during the previous
test. The goals for this test were to cvaluate the injector using the

same basic operating conditions as Test 005 except that the test duration

was increascd and the fuel temperature was ramped from 260 to 118 R.

Test objectives were satisfactorily accomplished and the condition of

the injector was satisfactory following the test. ILrosion (streaking)

was observed, however, at four locations 90 degrees apart on the uncooled
combustion chamber walls. The erosions were of varying depths located at

0, 90, 180, and 270 degreces from the top centerline and they were in line
with the zones between the four impinging injector streams (i.e., the streams
were at 45, 135, 225, and 315 degrees from the top centerline). The erosions
began about 6 inches above the nozzle converging section, extending down

to the water-cooled nozzle converging section. The maximum width of the
erosions was about 2 inches, and the maximum depth varied from about

1/32 inch at the 90-degree location up to 1/4 inch at the O-degree loca-

tion. One of the chamber erosions was aggravated by an instrumentation
(Photocon) port in the chamber, necessitating removal of the combustion

chamber section for repair.

A new, longer combustion chamber section was installed for Test 007,
resulting in a 43.5-inch L* chamber. Test conditions were set to give
14.2-percent hot-gas flow, and 255 R fuel to the chamber. The test ob-
jectives were successfully accomplished and injector condition was satis-—
factory following the test. Minor chamber erosion was observed on the
uncooled combustion chamber wall around two instrumentation (Photocon)
ports. This type of chamber erosion was repeated during several subse-
quent tests. It did not, however, affect the test results; it only re-

sulted in limiting test durations so chamber life could be prolonged.
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The hardware and targeted mainstage conditions for Test 008 were the same
as those for Test 007, except that the goal was to evaluate the effects

of reduced hot-gas flow (reduced to 6.6 percent). The test objectives
were successfully accomplished and the injector condition was satisfactory.
With this test, the préliminary evaluation of the 20K impinging coaxial

injector configuration 9A was completed.

Tests 009 and 010

The 5K tricentric injector configuration 1A and the 30-inch L* chamber
were employed for this test series. The objectives of Test 009 were

to evaluate the injector performance and stability using a hot-gas flow
of 6.1 percent and 253 R fuel to the main chamber. The test results were
successfully accomplished and the injector condition was satisfactory

following the test.

Hardware for Test 010 was the same as for Test 009. The test goals were
to evaluate the injector at an increased hot—gas flowrate (12.4% percent)
and to ramp the fuel temperature from 250 to 100 R during approximately
2.5 seconds of mainstage. This test was terminated prematurely after
approximately 1 second because of excessive pressure in the hot-gas
generator. All test objectives were satisfactorily accomplished except
for the fuel temperature ramp. Like the previous test, the injector
condition was satisfactory. Hot firing evaluation of the 5K tricentric

injector configuration 1A was concluded with this test.

Tests 011 Through 01k

The 5K impinging coaxial injector configuration 9A (recessed cup) and the

30-inch L* chamber were employed for this test series. Test objectives

183



were to characterize the performance and operating characteristics of

the injector. For Test 011, the quantity of hot gas was set at 13.2
percent, and the fuel temperature to the chamber at 258 R. Test ob-
Jjectives were achieved. Following the test, injector erosion was noted
at four places in thrce of four cups, necar the downstream edge beginning
near an impinging jet and extending about 1/k of the way around toward
the next jet (Fig. 55). Depth of the erosions was approximately 1/8 to
1/4 inch and width of the erosion was about 1/2 inch to 1 inch. The
cause of the injector erosion was unknown, although a logical contributing
factor could be slight maldistribution of propellants. High-speed motion
picture films of the test indicated that the erosion lLegan about 0.2
second after start of mainstage and ended after about 0.6 second of
mainstage and prior to cutoff. Prior to the next test, the abrupt dis-

continuities in each of the injector cup erosions were ground smooth.

Test 012 was initiated to evaluate the 5K 9A injector using a hot-gas
flowrate of 8.2 percent and a main fuel temperature of 258 R. Test ob-
jectives were satisfactorily accomplished and no further injector erosion

was observed.

The primary objective of Test 013 was to evaluate the injector with

O-percent hot—gas flow. This test was terminated prior to mainstage.

Test O0l%4 used the same hardware and was programmed for the same operating
conditions as Test 013. The test objectives were satisfactorily accom-
plished, and the hardware condition remained essentially unchanged. The
cvaluations of the 5K impinging coaxial injector configuration 9A were

concluded with this test.
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Tests 015 and 016

The 30-inch L* chamber and a modified 20K tricentric injector configura-
tion 1A were used for these tests. As previously mentioned, the analytical
studies conducted in Task I suggested that the performance of this in-
jector would be limited by mixing of the fuel with the oxidizer/hot—gas
combination. In addition, the oxidizer atomization would be somewhat
degraded by the increased velocity due to the three plugs in the oxidizer
passage. Low performance was evident during Tests 002 through 004, so

in an attempt to improve performance the injector was modified by (1)
removing the three plugs, (2) installing a converging ring outside the
annulus to direct the fuel inward and force it to mix with the oxidizer
and hot gas, and (3) installing a swirl device in the central hot—gas
passage to force the hot gas outward toward the oxidizer and fuel and

at the same time decrease the axial velocity component in favor of more
hot-gas "stay time."
in Fig. 56.

A photograph of the modified injector is shown

Operating conditions for Test 015 were programmed to give 1 to 1.5 seconds
of mainstage with 6.1-percent hot—-gas flow and 255 R fuel. The test
proceeded as scheduled, however, after the test the hot-gas swirl device
was almost completely burned away as shown in Fig. 57. Also, an approxi-
mate 1.5-inch (15 percent) portion of the fuel converging ring was hanging
loose. A review of the high—-speed motion picture for this test showed
that the swirl device began burning away at the start of mainstage and
that most of it was gone halfway through the test. Thus, the performance
results produced by this test were probably without the swirler. Swirler
burning was most likely caused by recirculating gas. The damage to the
fuel convering ring was the result of insufficient weld in the damaged

arca.
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Test 016 used the same test hardware and was programmed for the same
operating conditions as Test 015. The main test objective was to de—
termine the performance of the modified injector without the swirler

and to compare these results with those of the previous test (015) where
there was uncertainty whether the swirler was functioning. The test ob-—
Jectives were successfully accomplished, and the injector condition was
unchanged following the test. Evaluation of the modified 20K tricentric

injector configuration 1A was concluded with this test.

Test 017

Test 017 was conducted with the 20K impinging coaxial injector configura-
tion 9A (recessed cup) and the 30-inch L* chamber. This injector was
selected over the other concepts for further evaluation because of its
high performance during the initial series of checkout tests (005 through
008). The primary goal of Test 017 was to evaluate the injector per-
formance and stability at a main chamber fuel temperature of 49 R. The
quantity of hot gas for the test was 8.5 percent. Test objectives were

successfully accomplished and the injector condition was satisfactory.

Tests 018 and 019

Test 018 was terminated prior to mainstage.

Test 019 was conducted with the same hardware used for Test 017. Like
Test 018, the primary objectives of Test 019 were to evaluate injector
performance and stability at a reduced (200 vs 500 psia) chamber pressure,

while using approximately ll-percent hot—gas [low. Basically, the test
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results were accomplished as scheduled. However, during the test the fuel
temperature cycled from 343 R to 68 R at approximately 3 cps. As a result,
the main chamber fuel flowrate, chamber pressure, thrust, etc. also cycled.

The hardware condition was satisfactory following the test.

The main chamber operating parameters (Table 17) are the average values
obtained during the cycling and as such create some doubt about their
validity. The cycling was the result of insufficient pressure and AP

(resistance) in the liquid hydrogen system.

Tests 020 and 021

The test hardware and targeted operating conditions for these tests were
the same as those for Test 019 (~200 psia chamber pressure) except the
main goal was to cvaluate a reduced quantity of hot gas at the reduced
chamber pressure. Test 020 was terminated prior to mainstage. During
Test 021, the objectives were successfully accomplished, and the pre-
viously experienced fuel temperature cycling was eliminated. The con-

dition of the hardware was essentially unchanged by the test.

Test 022

This test was programmed for about 2.5 seconds of mainstage at 50-psia
chamber pressure, 15-percent hot-gas flow, and 250 R hydrogen to the
main chamber. The test hardware was the same as for Test 021. The main
test objectives were to evaluate the injector performance and stability
at 50-psia chamber pressure; a 10-to-1 reduction in the nominal design
conditions. Results of this test were satisfactory and the hardware

condition was unchanged.
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Test 023

Test 023 was conducted with the 20K impinging coaxial injector configura-
tion 9A (recessed cup); however, the combustion chamber length was in-—
creased to give a 70-inch L¥. The test utilized 13.7-percent hot-gas
flow and 261 R fuel to the main chamber. Primary test objectives were

to determine the effects of the increased L* on performance and stability.
The results of this test were satisfactory, and the condition of the in-

Jector remained unchanged.

Test 024

Test 024 used the same hardware as Test 023. Test 024 was basically a
repeat of Test 017 using 50 R fuel. The primary goal of the test was

to evaluate the effects of the increased L* in conjunction with the cold
fuel. The test objectives were successfully accomplished and the injector

condition was satisfactory.

The hot-firing test program was completed following this test.
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TEST RESULTS

Performance Data

The primary objective of the Two-Stage Bipropellant Injection System
Program was to evaluate performance of the select injector concepts.
Thus, injector (or combustion) efficiency was the performance parameter
which received the most attention during the course of the hot firing
program. Characteristic exhaust velocity (or combustion) efficiency
(nc*) was determined in two ways: from the chamber pressure and flowrate
data, and from the thrust and flowrate data. Specific impulse efficiency
was also determined in conjunction with the program requirements. The
test data used for computing the performance and the procedures followed
are discussed herein, A summary of these data is presented in Table 18.

(For viewing convenience, this table is located on page 223).

Flowrates. As previously mentioned, the total oxidizer flowrate and the
gas generator oxidizer flowrate were measured by turbine-type flowmeters.
The fuel flows to the gas generator and to the main chamber were measured
by venturi meters. When a portion of the hot-gas flow was dumped, this
flow was measured by sonic flow nozzles and subtracted from the total

flow to the chamber.

The propellant flowrates as measured were adjusted for impurities present
in the propellants. This adjustment was for the density change due to

impurities and the corrected flowrates were computed as:

|

pi
o - mpure
corrected measured P
pure

where

P = density
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Samples of the hydrogen fuel were taken on numerous occasions prior to

this test program and the results showed very little (negligible) impurity.
Thus, the fuel flowrate was not corrected. The LOX was sampled four times
during the hot-firing test program and purity ranged from 98.0 to 99.05
percent by volume. Most of the impurity was nitrogen. These oxidizer
samples were taken from the LOX storage tanks under low-pressure static
conditions and, as such, do not reflect the additional quantities of
nitrogen (used as the pressurant) which are normally entrained in the
oxygen during transfer to the run tank and during the high-pressure

dynamic conditions of a test.

Based on the sampling results, the oxidizer flowrates were adjusted for
all of the tests. A conservative approach was taken and only l-percent

nitrogen impurity by volume was assumed for each test. The net result

was

pcorrected

= 0.9965

pure

or a constant 0.35-percent adjustment was applied to all oxidizer flowrates.

Table 18 shows the adjusted flowrates.

Chamber Pressure. The static chamber pressure during each test was meas-

ured at two locations in the cylindrical portion of the chamber; i.e.,
upstream of the nozzle contraction section. These pressure pickups were

about 13, 20, and 33 inches downstream from the injector face for the 30-,
3.5~ and 70-inch L¥ chambers. The two static pressure measurements, gen-

erally within +5 psi (1 percent) of the average, were averaged together to

give a single value for each test. The perfect gas relationship was used to
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obtain the stagnation pressure from the static pressure at start of

contraction.

Y
P =P Lo+ Y=L 3VY-1

c soc 2 soc

where soc signifies start of contraction. For the contraction ratio and

chamber conditions of interest PC = 1.0538 Psoc'

This relationship was essentially true for the entire pressure and temper-
ature range experienced during the testing. Therefore, the chamber pressures

listed in Table 18 are the nozzle stagnation pressures computed from

1.0538 Psoc'

Thrust. The thrust was measured during each test by a dual-bridge load
cell with the output recorded on both the oscillograph and the DIGR. The
more accurate DIGR value was used for the performance calculations. The
measured thrust then was converted to vacuum thrust for all tests by the

following relationship:

vac Fsite * PaAe

where
Pa = ambient pressure
Ae = chamher exit area

For this test program the PBAe was very nearly constant and equal to

800 pounds,
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The main propellant lines to the test hardware and other stand equipment
were mounted (Fig. 58) so as to minimize interference (resistance) with
the thrust measurements, however, some interference was obvious. There—
fore, an "in position" calibration was required. Following the last test
a thrust calibration fixture was constructed and installed in front (at
the exit end) of the thrust chamber assembly with a calibration load cell
and a hydraulic loading device attached. The thrust system was calibrated
and the calibration factor was used to determine each of the thrust values
shown in Table 18. The accuracy of these thrust values is subject to

some error because the calibration took place under static, ambient-
temperature conditions. During actual testing the main propellant and
water coolant lines were flowing full and the line temperatures, particular-

ly the oxidizer and fuel line temperatures were cold, rather than ambient.

Specific Impulse and Impulse Efficiency. The specific impulse shown in

Table 18 is computed as follows:

3 vac
S vac w
total
where
F = vacuum thrust
vac

Ytotal = the sum of the fuel and oxidizer flowrates entering

the chamber

The specific impulse efficiency was computed as follows:
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where IsvaC'd 1 is the vacuum ideal chemical equilibrium specific impulse
idea
for the specific chamber, chamber pressure, mixture ratio, propellant

temperatures, etc.

Combustion Efficiency from Thrust. The characteristic velocity was

calculated from the thrust and flowrate by the relationship:

c*uncorrected = = I"ac _ & Fvac/wtotal
= CF _ CF
vacideal Vacideal

and this value was corrected by:

¥
_ uncorrected

cx ted = 0
correcte T.C.

where the sum of the thrust chamber losses

N = - -N_) - - - - -
T.C. L= (1-Np) - (-mg) - (1 -np)
(Mg - 1) - (nImp - 1)
and
'WK = kinetic efficiency
WG = divergence efficiency
WD = boundary layer efficiency
nHL = specific impulse heat loss correction
qup = specific impulse impurity correction
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The reaction kinetic efficiency gk is defined as

AC
e o= 1- ()
F reaction kinetics

For this test program11K = 1,0 for all chamber pressures and mixture

ratios of interest.

The geometric or divergence efficiency nG is defined as

AC
ﬂG = 1 - (6__E)
F divergency

For the test nozzle the divergence efficiency, calculated by the method
of characteristics with Y = 1.165, was nG = 0.9849

The boundary layer efficiency'ﬂD is defined as

AC
"]D = 1 - (E——E)
F boundary layer

and represents the loss of thrust caused by wall shear and wall heat loss
in the boundary layer. The boundary layer losses are shown in Fig. 59
as a function of chamber length before start of contraction. These values

are nearly independent of mixture ratio and hydrogen injection temperature.

The specific impulse correction, Ny, is defined as:
A]ﬁ
n =
1+ ( I )

s heat loss
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Heat loss correction factors were computed for each test by the following

equation (Ref. 17):

n = 1 +.l r% (Q{Ai)Ai] [1 - (Te/Tc)
HL 2 w hc -~ h
where
Q/A = heat flux
Ai = area through which heat is transferred
W = total propellant flowrate
Te = theoretical nozzle exit temperature
Tc = theoretical chamber temperature
hC = theoretical chamber enthalpy
he = theoretical nozzle exit enthalpy

The heat transfer losses (Q) were computed for each test based on the
quantity of heat transferred to the water-cooled nozzle section. The
water coolant bulk temperature rise AT was measured for each test and
used to compute the nozzle heat losses as follows:

Qnoz = W Cp AT

The Qnoz experimental was assumed directly proportioned to the Qnoz ideal

at each station in the nozzle thus:

Q/ Q/ QnOZex
experimental % ( 'Ai) A, = theoretical Z ( ,A.) A, x —2B
1 1 1 Qnoz.
ideal
This same ratio was used to compute the uncooled
, Qnozexp / Qnozideal’ pute

combustion zone heat transfer, assuming again that the combustion zone

heat transfer was proportioned to the theoretical heat transfer at each

station,
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The computed specific impulse heat loss correction factors ranged from
a low of 1.0027 (0.27-percent change) for low-performing Tests 002-004
to a high of 1.0166 (1.66-percent change) for Test 023 with high per-

formance and extra chamber surface area; i.e., 70-inch I#* chamber.

The specific impulse impurity correction nimp is defined as:

Al
Vimp = 1+< Is>
P s / impurity

As previously discussed, samples of the oxidizer were taken and l-percent

nitrogen impurity was used to adjust the oxidizer density and flowrates.
This same 1 percent was used as the basis for determining the impurity
correction factor. Theoretical thermochemical performance calculations
were employed (with and without nitrogen) to compute the impurity cor-
rections. The resultant change in the specific impulse was approximately
0.2 percent, giving a correction factor qimp = 1.002. This factor
varies slightly with chamber pressure and mixture ratio, however, it was
assumed constant for all tests. Once the correction factors have been
applied to the uncorrected c*, the combustion efficiency was computed by:
c*corrected

n =

c*

*
¢ ideal

where the C*ideal is the theoretical chemical equilibrium characteristic
velocity at the correct chamber pressure, mixture ratio, and injection

temperature.

Combustion Efficiency from Chamber Pressure. The characteristic velocity

was calculated from the chamber pressure and flowrate by the relationship:

* - .fﬁ;iﬁj%

c J
uncorrected wtotal
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The measured c* was then corrected for chamber heat loss, impurities and

changes in throat area during the test.

* = ¥
““corrected ““uncorrected (CD xnHL x T]Imp x nT.E.)
where

CD = discharge coefficient

nHL = c¢* heat loss correction

ok . .
nImp c¥ impurity correction
nT E. = c¥* throat expansion correction

The discharge coefficient CD is defined as the ratio of the actual flow-

rate to that which would be obtained for ideal one-dimensional flow.

_ w _ P* ax A¥ A%
= * aX = * g% = LCA
D pP* a AT P* a AT AT

where a* « gonic velocity at the throat

p*

A*

density where velocity is sonic

i

stream area where velocity is sonic

The discharge coefficient includes the effects of both nonuniform flow

and boundary layer. The overall discharge coefficient is

where CDA is the discharge coefficient for inviscid flow and CDB is the

discharge coefficient for the boundary layer flow. For the test nozzle

C, = 0.99ukk
DA
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The discharge coefficient including the boundary layer effect is shown
in Fig. 60. These values are, to a good approximation, independent of

mixture ratio and hydrogen injection temperature.

The characteristic velocity heat loss correction, nHL is defined as:

Ac*
'nHL = 1+ ( c*)heat loss

where the heat loss occurs in the combustion chamber., The heat loss
correction factors were computed for each test by an equation similar

to that used for the specific impulse heat loss correction

z -
L [emaa] - ayn
HL 2 W h -
c t
where
Tt = theoretical throat temperature
ht = theoretical throat enthalpy

The heat transfer losses (Q) for the characteristic velocity corrections
were computed in the same manner as those used for the specific impulse
heat loss corrections except only the combustion zone losses were appli-
cable. The resultant characteristic velocity heat loss correction factors
ranged from 1.0016 (0.16-percent change) for the lowest performing tests
(002 through 004) to a high of 1.0123 (1.23-percent change) for Test 023
with high performance and the 70-inch I* chamber.

The c¥ impurity correction factor nImp is defined as:

- 1 Ac¥*
- * c* | impurity

1 Imp
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This factor was determined in basically the same manner as the specific
impulse impurity correction. The changes in the characteristic velocity
were slightly less than these for the specific impulse (0.2 percent),
however, the characteristic velocity factor was assumed constant and

equal to 1.002 for each test.

The throat expansion correction factor, 7

A
Thot

T.E.’ is defined as:

T.E.
cold

During the hot-firing tests the thrust chamber throat diameter and area
would increase (compared to the ambient dimensions) as a function of the

wall temperature. The "hot" throat area was computed for each test as

follows:
2
A = [(aAT +1)D| m
thot avg o] ™u
where
@ = thermal expansion coefficient (copper)
Tavg = change in average throat wall temperature during the

test

During the course of the testing, the "cold" throat diameter Dt was
measured three times; before Test 001, after Test 010, and after Test 024.
The corresponding "cold" throat areas were 28.666, 28.933, and 29.12% sq in.

A linear throat area change was assumed for the tests where no throat area
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(diameter) measurements were taken. The change in the average throat

wall temperature was computed from:

AT
T—T) =(T_T) x —SXP
wg we exp wg Y./ iheo ATB
theo
where
ATB = water coolant bulk temperature change
we Twc = gas to coolant wall temperature change at the

throat

The ATavg term, then, is the change in the wall temperature (cold to hot)
at the midpoint between the gas and coolant throat walls, computed for

each test.

After all corrections were applied the combustion efficiency was computed
from the corrected characteristic velocity in the same manner as the

combustion efficiency from thrust, i.e.,

c*
corrected

q* ¥
¢ € ideal

Performance Calculations. A computer program was used throughout the

test program to compute some of the correction factors and performance
numbers. This computer program was developed during previous Rocketdyne
studies. Table 18 gave the performance and operating parameters for

each test with the appropriate corrections applied.

Stability Data

Stability evaluation of the various hot firing injectors was one of the

program goals which received significant attention during the hot-fire
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testing. Wide-frequency-range, fast-responding instrumentation was used
to aid the stability evaluation. As previously mentioned, this instru-
mentation consisted of one axial accelerometer, one oxidizer injection
pressure photocon, and three chamber pressure photocons (two near the
injector and one just upstream of the nozzle converging section). In
addition, provisions were made for adding one additional chamber pressure
photocon and, in some injectors, fuel and hot-gas injection pressure
photocons. A tape recorder was used to monitor all the photocon and

accelerometer outputs.

The tape (stability) data from each test was transcribed onto an oscillograph-
type record. These records were subsequently reviewed to determine if any

high amplitude instabilities were evident. None were observed.

In addition to the oscillograph transcriptions, tape data from four tests
(004, 006, 009, and 011; one test for each type injector), were trans-
cribed onto Brush records where the time base and the amplitudes were
highly expanded. A typical mainstage portion of the Brush record from
Test 004 is given in Fig. 61. The fuel temperature was ramped but no
change was observed in the traces during the test. This record is typical
of all tests. Indication of low-amplitude oscillations can be seen in the
photocon pressure traces. High-frequency oscillations (10,000 cps and
above) appeared in the accelerometer trace, however, this high frequency
was attributed to instrumentation noise because (1) the high-frequency
indications were present before the start of the test, (2) the pressure
traces indicated that high-frequency oscillations were no problem, and

(3) these high frequencies were beyond the realm of the normally experienced

chamber frequencies,

In most cases the actual oscillation frequencies cannot be determined

from the direct transcription on to the Brush-type records without
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"filtering out" the unwanted frequencies. To isolate the various frequen-~
cies, "sonics" were made from the tape data for selected tests. The "sonics"
gave a picture of the different frequencies experienced and they showed the
amplitudes, primarily the peak amplitudes at the various frequencies. The
"sonics" were made for the mainstage portion of the tests because this was
the primary area of interest. Tests were selected for "sonics" which rep-
resentated a good cross-section of all tests; i.e , injector type, chamber
pressure, fuel temperature and L* were the main variables studied in con-
junction with the "sonics". Like the brush records, the "sonics" showed
traces of many different low and high frequency oscillations but predomin~
ant frequencies were lacking. The lower frequencies experiences are most
likely the chug or buzz modes associated with the feed system and chamber.
The higher frequencies may be associated with the acoustic type frequencies
of the chamber. The acoustic frequencies for the tested chamber are approx-

imately as shown below.

Acoustic Frequency Value, cps
First Tangential 4500 cps
Second Tangential 7500 cps
First Radial 9500 cps
Longitudinal (30-inch L¥) 2300 cps
Longitudinal (70-inch I¥) 950 cps

Many of these acoustic frequencies were detectable but the indicated res-
onant oscillations at these frequencies were not dominant and they were

of low amplitude.

In general, the energy level of all frequencies combined produced pressure

(chamber or LOX manifold) oscillation amplitudes less than *5 percent of
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the operating pressure during periods of maximum activity. The amplitudes
of the individual frequencies would be even less. Because of the low ampli-
tudes experiences and because of a lack of predominant frequencies, stab1lity

problems proved to be nonexistent.

Heat Transfer Data

A water-cooled copper nozzle was used for each test with a water-coolant
flowrate of approximately 60 lb/sec and a corresponding throat coolant
velocity of 67 ft/sec. The water-coolant bulk temperature rise was moni-
tored during each test. The bulk temperature measurement was used to
approximate the nozzle throat heat flux and to give a qualitative indication
of the injector performance. The throat heat flux was computed as follows:
ATy
B exp
VA exp ¢/ theo * AT

Btheo

The bulk temperature change data and heat transfer calculation results

are presented for each test in Table 19. Also, the performance efficiency
(nc* based on Pc) is shown for comparison with the heat flux. In almost
all cases the heat flux and the performance compliment each other; i.e.,
as the heat flux increases, so does the performance for a given injector.
Adjustments are required for differences in chamber pressure; i.e., for

Tests 019, 021, and 022 in particular.

An uncooled (heat sink) copper combustion chamber was used for each test.
Four copper Nanmac heat flux probes were installed in the chamber to
measure the hot-gas wall temperature. Three of these probes were located

in a plane just upstream of the water-cooled nozzle and one was located
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TABLE 19

NOZZLE HEAT TRANSFER RESULTS

Coolant Bulk

Characteristic Velocity
Efficiency From

Test | Temperature Change,| Throat Heat Flux, Chamber Pressure,
Number F Btu/in.Q—sec percent
002 NS - 76.6
003 12.5 6.0 78.5
004 10 4.8 77.4
005 NS —_ 95.1
006 34.5 16.8 95.2
007 35.5 17.0 97 .4
008 34.5 16.5 96.9
009 30.5 14.6 90.6
010 32 15.4 92.2
011 38 17.7 94.8
012 36.5 17.4 92.8
014 28 12.7 86.6
015 27.5 13.1 85.2
016 25 12.0 84.5
017 30 14,2 85.8
019* 14 6.7 90.8
021%* 16.5 7.9 87.4
022% 5 2.4 93.9
023 36 16.8 97.6
024 34 15.9 92.4

*Low chamber pressure test
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just downstream from the injector. The purpose of the temperature probes
was to give a qualitative indication of mixing and performance for the

various injectors.

The operating characteristics of the heat flux probes were influenced to
a large degree by the injector tested, the test duration, and the type
of tests conducted. The probe behavior appeared to be very sensitive

to immersion depth, and the service life was limited to only a few tests
before rework was required. The probe behavior often was erratic at the
high temperatures. Because of these unstabilizing factors only gross
qualitative results were obtained from the heat flux probes. Some of

the results were as follows:

1. The unmodified 20K tricentric injector configuration 1A produced

the lowest chamber wall temperatures.

a. The wall temperatures of this injector decreased as the fuel

temperature was ramped down.

b. Modification to this injector produced higher wall temperatures

than the unmodified version.

2. The 5K tricentric injector configuration 1A produced chamber

wall temperatures higher than the 20K tricentric 1A.

3. Chamber wall temperatures for the 20K impinging coaxial injector
configuration 9A (recessed cup) decreased with a fuel temperature

decrease and with chamber pressure.

4. The 5K impinging coaxial injector configuration 9A (recessed cup)
produced the highest chamber wall temperatures in line with the
elements compared to the areas between elements. The temperature
probes were not in the right position to show this "streaking"
with the other injectors (5K tricentric 1A and 20K impinging
coaxial 9A).
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Actual chamber wall erosion occurred during several tests; however, this
erosion was primarily due to disturbance in the gas flow caused by the

Photocon pressure pickup ports. Erosion did occur outside of the instru-

mentation port areas during Test 006.

Fach of the four injectors contained a porous face material which was
film cooled with hydrogen during each of the tests. This type of face
cooling appeared to be satisfactory because no injector damage was ex-
perienced. The quantity of fuel film cooling used was not measured
during the testing, although it was approximated for each test from the
pressure and flowrate data. The quantity of fuel film coolant ranged
from about 7 to 17 percent of the total fuel flow. The highest film

coolant flowrates were produced when the hot-gas flowrates were the

lowest,
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DISCUSSION OF TEST RESULTS

Twenty mainstage tests were conducted as planned during the hot-firing
injector evaluation phase of the program. Each of the four injectors was
tested to characterize its performance with respect to the quantity of
hot gas used. During these initial characterization tests, most of the
operating parameters (chamber pressure, mixture ratio, hot-gas tempera-
ture, etc.) were held at or near the nominal design values. The fuel
temperature was varied to a limited degree (Tests 003, 004, and 006) to

determine its effect on performance and stability.

Upon completion of the initial characterization tests, two injectors were
selected for further evaluation; namely, the 20K tricentric 1A and the 20K
impinging coaxial 9A. The 20K tricentric injector configuration 1A was
modified to improve performance and then was subjected to two evaluation
tests., The 20K impinging coaxial injector configuration 9A (recessed cup)
gave the highest performance and was subjected to performance and stability

evaluations at off-design conditions.

Table 20 shows the tests conducted with each injector, the quantity of hot
gas used, and the combustion efficiency. The quantity of hot gas used was
the prime variable during the test program although other parameters were
varied as shown in the off-design column of Table 20. The combustion
efficiency listed is the efficiency based on chamber pressure. This effi-
ciency was judged to be more accurate than the combustion efficiency based
on thrust because the thrust calibration was subject to possible error as
previously mentioned. Also two separate chamber pressure measurements were
used for computing efficiency, compared to only one thrust measurement.
Thus the combustion efficiencies referred to in this discussion are based
on chamber pressure. The efficiencies based on thrust averaged about 2
percent (from 0.2 to 4.3 percent) less than that based on chamber pressure;

however, the general trends were the same for both efficiencies.
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20K Tricentric Injector Configuration 1A

Performance of the 20K tricentric injector configuration 1A was relatively
low (in the 77-percent range). No significant change in performance was
observed with a change in the quantity of hot gas; i.e., Tests 002 and 003
vs Test 004. Analytical studies (Task 1) suggested that performance of
this injector was probably limited by poor mixing of the fuel with the
oxidizer/hot—gas combination. Also, the oxidizer atomization of the tested
injector was somewhat degraded compared to the originally conceived concept
because of the three plugs installed in the oxidizer annulus (for stability
reasons); i.e., the oxidizer velocity would be higher and the exposed area

less.

As previously mentioned, this injector was modified by adding a hot-gas
swirler and a fuel converging ring and by removing the three oxidizer pas-
sage plugs. Performance of the modified injector was about 8-percent
greater than the unmodified injector. A1l the increase appears to be due
to the fuel converging ring (improved mixing) and to the removal of the
three plugs, thereby supporting the analysis predictions. The hot-gas
swirler was lost early in the first test (015), so its potential remains

unknown.

20K Impinging Coaxial Injector Configuration 9A (Recessed Cup)

The 20K impinging coaxial injector configuration 9A produced very good per-
formance (in the 95- to 97.5-percent range). When comparing Tests 007 and
008, the performance fell off slightly with the smaller quantity of hot

gas. Also, the increased I*¥ (43.5 vs 30 inches) appeared to affect the
performance slightly as evidenced by Tests 005 and 006 vs Test 008. However,
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when the L* was increased from 43.5 to 70 inches (Tests 007 and 023) no
significant change was observed, implying that the longer (70—inch) L*
was not required at the particular test conditions. The I*¥ did make a
significant difference in the performance when 50 R fuel was used; i.e.,
the performance increased about 7 percent when the L¥ was increased from

30 to 70 inches.

O0ff-design chamber pressures of 200 and 50 psia and also 50 R fuel produced
lower performance with this injector as shown in Table 20. (During Test
003, where the fuel was ramped to 45 R, the performance also fell off
slightly with the 20K tricentric injector configuration 1A.) Performance
at these off-design conditions could be improved by tailoring the injectors
to operate over a wider range of test conditions. During this program the
injector designs were slanted toward the use of gaseous hydrogen and high-
chamber-pressure operation with little attention paid to optimizing the
designs for cold hydrogen or for low chamber pressures. Although combus-
tion efficiency decayed at the low chamber pressures, it appeared higher

at 50 than at 200 psia. This higher performance was attributed to the
higher quantity (23 percent) of hot gas at 50 psia; however, accuracy of

the test data is questionable at this low instrumentation operating range.

5K Tricentric Injector Configuration 1A

Performance of the 5K tricentric injector configuration 1A was approximately
14 percent higher than the 20K tricentric injector configuration 1A, thereby
implying that element size has a significant influence on performance of the
tricentric injector concept. Again, with this 5K injector, the performance

increased slightly with increased hot gas flow.
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5K Impinging Coaxial Injector Configuration 9A (Recessed Cup)

The 5K impinging coaxial injector configuration 9A performed in the 95~
percent range during Test 011 with 13-percent hot-gas flow. Like the
other configurations, as the quantity of hot gas decreased, the perform-
ance also decreased. When no hot gas was used (Test 0l%), a very
noticeable performance loss occurred, thus highlighting the value of the

hot gas; i.e., highlighting the two-stage injection principle.

Contrary to expectations, this injector was lower performing than the 20K
impinging coaxial injector configuration 9A, even though both contained
the same basic design features. No explanation was found for this perform-

ance difference.

Gags Momentum vs Performance

Performance for each of the injectors was plotted against the ratio of
oxidizer flow to total gas momentum (fuel plus hot gas momentum) as indi-
cated in Fig. 62. Each injector is represented in Fig. 62 by a curve or
curves showing the general performance trend as a function of gas momentum.
As shown, all of the curves tend to fall off as the ratio of oxidizer flow
to gas momentum increases; i.e., as the actual total gas momentum decreases.
Peak or optimum performance values seem to be approached at the lower ratios
for both 5K injector configurations and for the 20K configuration 9A. In
all cases these low ratios were produced when the hot-gas flows were 12 to
14 percent of the total and the main fuel entering the injector was about

250 R.

As the fuel temperature and momentum decreased (momentum ratio increased)

so did the performance. Likewise, as the hot-gas quantity and momentum
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decreased so did the performance. Thus, both types of gases seem to in-
fluence the performance, implying that they could possibly be combined

into one gas species.

The relative value of one gas over the other (hot gas vs fuel) could not
be singled out from this study although the hot gas produced the highest

momentum for a given quantity of flow.

The total gas momentum vs performance relationships (Fig. 62) best describe
the behavior of the different injectors. Fuel momentum, hot gas momentum,
or the actual quantity of hot gas variables, by themselves, did not give
consistent trends. For example: when the quantity of hot gas was reduced
the performance was reduced; however, when the fuel temperature was reduced
the performance was reduced even though the hot gas was essentially un-
changed; i.e., in Tests 006 vs 017 and in the two data slices from Test
003. Thus the cold-temperature hydrogen tests did not conform to the

set pattern unless the total gas momentum was considered.

Figure 62 shows the general performance vs flow-to-momentum-ratio trend for
each injector. These trends appear representative from the interpretations
of available data but should not be taken as absolute for injector design
point selections. Additional data points are required to truly define these
curves. Data shown on Fig. 62 also lumps a relatively wide range of chamber
pressures (397 to 523 psia) and mixture ratios (.15 to 6.0). It is expec-
ted that these variations may influence observed trends. The low-chamber-

pressure tests (50 to 200 psia) were not included.
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Injector Cooling

The face of each injector was cooled with fuel passing through a porous
face material during the testing. The quantity of fuel coolant ranged
from about 7 to 17 percent of the total fuel and from about 1 to 3 per-
cent of the total propellant. Conservative heat transfer calculations
suggest that 1 percent of the total was more than enough to cool the face,
Thus, some performance improvement is possible if the quantity of film
coolant were reduced. The quantity of coolant might be reduced to 0 if
regenerative cooling were used and/or if the unused portion of the in-
jector face were eliminated. Tor a single injector element the chamber
tubes could be contoured inward to meet the edge of the element, thereby

eliminating the "injector face."

Combustion Stability

The stability of each injector tested was considered normal and presented
no problem. Minor insignificant oscillations were recorded for each injec-
tor. These oscillations occurred at many different frequencies although
none were predominant. No change (de:rease) in stability was observed with
a decrease in fuel temperature to approximately 50 R, with increased L¥ to

70 inches, or with reduced chamber pressures to approximately 50 psia.
High-speed motion picture films of certain tests revealed some pulsing

tendencies in the flame pattern; however, photocon and accelerometer in-

strumentation data showed that the pulsing was insignificant.
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Hardware Integrity

The durability of each injector was very good throughout the hot-firing
test program. Minor erosions were noted on 20K injector configuration 1A
and 5K injector configuration 9A; however, these erosions proved to be
insignificant and of the type which could be prevented with minor modifi-
cations. During Test 006, erosion occurred on the uncooled chamber walls
in the vicinity of instrumentation ports and in other areas. These erosions
were related to the long test duration (3.35 seconds) and to the higher
performing injector. To minimize chamber erosions and thereby prolong
chamber life, subsequent tests (after Test 006) were limited to about

1 to 2 seconds duration. With this reduced duration, stabilized data
were obtained and the chamber erosions were minor and isolated to the

areas around the instrumentation ports.
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Total*

Nozzle Oxidizer Total F

Characteristic Vacuum Chamber Weight Weigh

Test Injector Length (L*), Thrust, |Pressure, | Flowrate, | Flowrate
Number Configuration inches pounds psia 1b/sec lb/sec
002 1A (20K) | 30 15,607 396.7 51.06 10.33
003 17,458 427.6 53.02 11.32
16,527 411.3 53.16 11.55
004 16,784 432.3 53.08 12,31
005 9 (20K) 18,737 473.7 48 .44 10.60
006 18,841 473.3 48,52 10.46
18,883 475.4 47.59 11.48
007 43.5 20, 565 498.1 51.05 10.35
008 43,5 19,157 479.6 47.79 10.91
009 1A (5K) 30 20,019 502.3 56.15 10.73
010 1A (5K) 21,264 522.5 59.91 10.20
011 9 (5K) 21,232 512.7 55.75 10.27
012 19,232 47%.7 52.48 9.74
014 17,243 421.8 51.69 8.68
015 1A Mod (20K) 17,971 435.0 50.21 10.78
016 1A Mod (20K) 18,192 445 .0 52.18 10.87
017 9A (20K) 18,159 450.0 55.26 9.75
019 8,668 213.5 24.90 4,35
021 8,730 212.9 24,16 5.13
022 1,875 45.8 4,39 1.42
023 70 20,658 505.4 53.26 10.27
024 70 19,650 486.1 57.03 9.51

* Adjusted for impurities
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TABLE 18

SUMMARY OF PERFORMANCE RESULTS

Hot-Gas z
Weight [Delivered Characteristic | Characteristic
Flowrate , Delivered Vacuum Velocity Velocity
el Mixture Percent Fuel Vacuum Specific Efficiency Efficiency
b Ratio, of Total Hot-Gas Temperature Throat Specific Impulse Characteristic From From
}, Oxidizer/ Propellant Temperature, to Injector, Area, Impulse, Efficiency, Velocity, Thrust, Chamber Pressure, | Test
L Fuel Flow F R sq in. seconds percent ft/sec percent percent Number
' 4.9 13.1 1048 257 28.9% 254 ,2 71.4 5986 73.3 76.6 002
4,68 13.4 1159 256 28.97 271.3 75.9 6163 77.9 78.5 003
4,60 13.3 1159 L5 28.97 255.4 71.6 5894 73.5 75.2
4,31 10.1 1283 255 29,00 256.7 71.2 6137 73.1 774 004
4,57 9.0 1214 253 29.15 317.4 88,4 7510 91.2 95.1 005
L .6k 8.8 1228 260 29.18 319.6 89.0 7519 91.9 95.4 006
k.15 8.8 1242 118 29,18 319.7 88.7 7541 91.6 95,0
4,93 14.2 1310 255 29,21 334.9 94.0 7623 97.2 97 .k 007
| 4.38 6.6 1227 253 29.24 326.4 90,4 7691 93.6 96.9 008
| 5.23 6.1 1352 253 29.25 299.3 84.5 7045 87.0 90.6 009
1 5.87 12.4 1352 253 29,28 303%.3 87.4 6997 90.0 92.2 010
5.43 13.2 1365 258 29.35 321.6 91.3 7317 94,2 94,8 011
5.39 8.2 1310 258 29.3%6 309.1 87.6 7177 90,4 92,8 012
5.96 0.0 _— 256 29.33 285.6 82.4 6572 84,8 86.6 014
| k.66 6.1 1241 255 29.35 294 .7 82.1 6716 84,7 85.2 015
; 4,80 6.1 1255 259 29.3%6 288.5 80.6 6644 83.0 84.5 016
| 5.67 8.5 1310 49 29.41 279.3 80,4 6529 82.8 85.8 017
| 5.72 11.0 1460 205 29,35 296.2 85.7 6873 88.3 90.8 019
| 5,71 7.3 1380 260 29,37 297.9 83.4 6854 86.1 87.4 021
3.09 23.1 1145 257 29,31 322.2 89.0 7431 92,5 93.9 022
5.19 13.7 1283 261 29,48 325.2 91.8 7581 95.5 97.6 023
6.00 8.4 1448 50 29,50 295.3 85.9 6953 89.1 92 .4 024
FOLDOVL B ":2~\ ~AME 3
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NOMENCIATURE

Surface area of liquid jet

Acoustic velocity

Coefficient of proportionality for atomization rate
Drag coefficient

Specific heat

Diameter

Air core diameter (for centrifugal nozzles)

Droplet diameter before secondary breakup, used only
in equation (11) applied to secondary breakup

Diameter of jet
Liquid jet diameter

Orifice diameter

Molecular diffusivity

Gas side heat transfer coefficient
Latent heat of vaporization
Thermal conductivity

Gas momentum

Molecular weight of liquid propellant and liquid momentum
X/T%

Nusselt number for heat transfer
Nusselt number for mass transfer
Static pressure

Vapor pressure
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Q/A

Re

inj

Heat flux

Reynold's number

Standard deviation for the log normal distribution
Time

Breakup time

Temperature

Coolant bulk temperature

Gas temperature

Hot gas temperature

Liquid (or drop) temperature

Average (film) temperature = 1/2 (Tg + Tf)
Coolant side wall temperature

Gas side wall temperature

Initial wall temperature

Drop velocity

Gas velocity

Gas velocity vector

Injection velocity

Jet velocity

Liquid (or drop) velocity

Liquid velocity vector

Average axial component of liquid velocity
Maximum gas velocity, or velocity along the jet axis

Relative velocity between the gas and liquid (or drop)
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g 9o o D F

It

|Ug - UBI , See reference 5
Flowrate

Weber number, DpU2/<r

Hot gas flowrate
Vaporization rate

Distance (parallel to the axis of the engine) and gas
to liquid mass ratio

Thermal diffusivity and thermal expansion coefficient
Measure of liquid jet distortion, see reference 5
Angle relative to chamber axis
Angle relative to injector face
Gas viscosity
Liquid viscosity
Density
Gas density
Liquid density
Surface tension
Liquid surface tension

Maximum included angle of spray cone
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APPENDIX A

TRICENTRIC INJECTOR ATOMIZATION ANALYSES

This appendix describes the atomization analysis performed for the tricen-
tric injector elements. The elements are characterized by (a) a LOX jet
core surrounded by hot gas or by GH2 or (b) a LOX annulus atomized by hot
gas or by GH2 inside the annulus. The atomization rate equation was ob-
tained from Mayer (Ref. 1) and is basically the same as used in Ref. 2

and 11. It expresses the atomization rate per unit area, QA/AS as:

. 1/3 2/3
v/A, = €, (-“‘ZUPE) (e, qu)g/3 - K, (r, v°) (A-1)

The term KA depends only on liquid properties. Ur is the gas velocity
relative to the liquid jet velocity. The constant KA was obtained from

a previous Rocketdyne study which was a combined experimental/analytical
investigation of coaxial LOX/GH2 injection simulating J-2 injectors. Op-
erating conditions included 457 psia chamber pressure and a mixture ratio
of 4.93 with the GH2 at 465 R and the LOX at 185 R. The calculated gas
and droplet velocity vs distance (from the injector) profiles were veri-
fied experimentally by streak photographs of a transparent two—dimensional
chamber. To obtain KA from their atomization vs distance curves, Eq. A-1
was integrated using Ur as the gas velocity at the spray zone boundary.

K, thus obtained from two experimental runs under quite different run con-

A
ditions agreed within *1.70 percent.

LOX CENTRAI, CORE

To predict the atomization rate of the 20K tricentric injector configuration

1A using LOX in the center, Eq. A-1 was integrated using a gas velocity



profile developed under similar run conditions (457 psia, mixture ratio =

4.93). This velocity profile is closely fit by:

r - [0+ x;(1).232) (A-2)

where Uri is the initial relative velocity and x is the distance downstream
of the injector (in inches). Gas density was assumed constant. The two

o injected at 1230 ft/sec
and (2) hot gas injected at 4125 ft/sec. Figure A-1 shows the results of

cases examined are with LOX surrounded by (1) GH

these calculations in terms of the resulting mixture ratio as a function
of axial distance. During another program it was found that 50 percent

of the atomized LOX had vaporized upstream of the flame front. Assuming

a similar degree of vaporization, gas phase mixture ratios are also shown
in Fig. A-1. Previously it was found that the "flame front" did not pene-

trate upstream of where the mixture ratio was 0.84 or lower.

The tentative conclusion is that for GH2 surrounding a central core of LOX
in a 20K tricentric configuration 1A the gas will not atomize sufficient
LOX to support a flame front. Attainment of a flame would depend on vapor-
ization of the remaining LOX jet with its relatively low surface/volume
ratio. One reservation is that scaling of the velocity profile (Eq. A-2)
from the small (0.132-inch diameter) LOX jet to the 1.6l-inch diameter size
should cause the gas velocity to decay more slowly. On the other hand,
however, the 200 R hydrogen is colder than that in the previously mentioned
experimental studies (305 to 465 R), so the percent of LOX vaporized would
be considerably less than that assumed in Fig. A-1. These two effects may

be expected to roughly cancel one another.

For the case of hot gas surrounding a central core of LOX the rate of LOX

vaporization may produce a more favorable gas phase mixture ratio than shown
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in Fig. A-1. 1In this case a flame front could be obtained at perhaps 3
inches downstream of the injéctor. At this point about 18 percent of the
LOX will have been atomized. With the design contraction ratio of 2.0,
the combustion gas velocity upstream of the nozzle will not exceed 1700
ft/sec. Using this velocity in Eq. A-1 an additional 12.6 inches would
be required to atomize the entire LOX jet. Even if scaling to the larger
diameter causes a slower decrease in gas velocity upstream of the flame
front the LOX jet is expected to persist 15 or more inches downstream of
the injector. This would place it in the nozzle for the motor with an L¥

of 30.

LOX ANNULUS

No experimental data were available to describe the velocity profile for
the case of hot gas of GH, inside an annular LOX jet. However, available
experimental data with LO;(/GH2 do indicate very nearly constant pressure
upstream of the flame front. Therefore, assuming constant pressure, a
simple momentum balance was used to obtain the gas velocity profile within
the LOX annulus. Frictional drag along the "wall" of LOX was found to have
negligible effect. Therefore gas velocity was assumed to be degraded only
via momentum exchange with the atomized droplets. At the end of each axial
increment the atomized LOX was assumed to have attained gas velocity. As
the gas velocity decreased, the inside diameter of the annulus had to in-
crease to maintain continuity. Converting Eq. A-1 to finite difference
form and replacing the annular inside diameter by its value obtained from
continuity, the following equation was obtained expressing the weight/

second of LOX atomized in the distance Ax:

p U 2

Av = hw (Ax)K ( —
v Ly, i(ax) Ky oo T +U.)
g r

)2/3

(A-3)

A




U. is the LOX jet velocity (assumed constant) and &g i is the hot gas

’
(or GH2) injection rate. KA was obtained as described above. Ur is the
arithmetic average relative velocity across Ax. Ur was calculated by

the momentum balance:

w .U .
U, (x) = G (A-4)

.+ w
g,1 a

where ﬁé is the flowrate of atomized LOX at the position Ax. Equations
A-3 and A-4 were solved by iteration to obtain the atomization rate and
gas velocity over successive increments Ax. Figure A-2 shows the percent
of the LOX stream atomized by (1) GH, injected at 1230 ft/sec, and (2) hot
gas injected at 4125 ft/sec inside a LOX annulus sized for a 20K element.
Atomization on the outside of the LOX was not included. Velocity profiles
had the form:

U _ r,i

T (1 + x/b)1/2

(A-5)

where b is a constant.

For GH2 the mixture ratio criteria for flame front penetration would be
satisfactory at 2.0 inches if 50 percent of the atomized LOX vaporized,

however, due to the low GH, temperature, the flame front is expected to

2
be further downstream.

In the case of hot gas the complete atomization of the LOX jet is predicted
to occur within 6 inches of the injector. This configuration obviously
makes effective use of the hot-gas momentum. Because of this favorable

result initial conditions were estimated for this element type in order
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to run the one-dimensional computer program and predict performance.

Atomized droplet diameters were obtained by the equation

ko) Y 2/
D (microns) = 2.07 x 109 QA%ZL- (pg Ui)— ’ (A-6)

Minimum and maximum diameters indicated that
11.0 <D (microns) < 116.3 (A-7)

The volume mean diameter of the droplets formed, DBO’ was 26.6 microns.
Although the gas-phase mixture ratio would certainly exceed 0.84% within
the first 1/2 inch from the injector, the gas velocity is so much higher
than the estimated turbulent flame velocity (about 250 ft/sec) that a
"flame front" should occur further downstream. For purposes of calcula-

tion it was presumed to occur at x = 6 inches.
The prediction of rapid atomization of the annular LOX jet is strengthened
by the observation that most of the assumptions used in the calculation

were conservative. Some of these are discussed as follows:

1. Assumption of constant pressure: If the pressure drops within

the annulus, gas velocities will fall still more slowly, leading

to more rapid atomization.

2. Assumption that droplets attain gas velocity at the end of each

increment, x: The failure of droplets to reach gas velocity will

mean that the gas velocity will attenuate more slowly than that
used in the calculations so this assumption is conservative with

regard to the atomization rate.



3. Neglect of droplet evaporation: Evaporation of LOX droplets

would force the LOX annulus to expand more rapidly, increasing
the gas/liquid contact area and thus increasing the atomization

rate.

L. Neglect of heat transfer from gas to LOX: Cooling of the gas by

heating LOX droplets would tend to reduce the LOX annulus diameter

and counteract assumption 3.

5. Determining atomization rate by means of the "momentum mean" gas

velocity: The rate constant KA was empirically obtained to des-
cribe the atomization rate as a function of gas velocity at the
spray rate as a function of gas velocity at the spray zone outer
boundary. It is reasonable to assume that the mean velocity

within the annulus would similarly affect atomization.

DISCUSSION

The calculations clearly indicate that gas is much more effective at atomiz-—
ing the LOX if it is injected within an annular jet of the liquid rather
than around a liquid core. Qualitatively this can be attributed to: (1)
no gas momentum is lost to external stagnant gas, (2) the initial contact
area is greater, and (3) the area of contact grows as the gas velocity is

attenuated.

The tricentric element with hot gas inside an annular LOX jet appeared to

be the most promising.
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APPENDIX B

COLD FLOW SAMPLING PROBE RESULTS

A limited effort was made to obtain some quantitative spray distribution
data. The large physical size of the injected water spray fields prevented
complete backlighting penetration necessary for meaningful droplet photog-
raphy. For this reason a flow sampling probe was designed (Fig. B-1) to.
limit the amount of water permitted to pass through the photographic field
of view. An additional problem encountered with droplet photography was
associated with the relatively high droplet velocities caused by the sonic

injector flows.

Fifteen tests were conducted with the sampling probe in an effort to obtain
droplet size information. The most significant test was obtained with water
only. In this test, some of the droplets were sharply focused so that their
size and velocity could be determined. The smallest droplets that could be
resolved were about 500 microns. The velocity of all the droplets were

15 to 20 ft/sec, corresponding closely to the water injection velocity. A
photographic enlargement obtained with the probe is shown in Fig. B-2. By
contrast, when the gas streams were flowing with the liquid, no material

was sharply focused except a few droplets in secondary flow streams (rising

rather than falling).

After analysis of the photographs and the experimental system, it was con-
cluded that in order to see and measure droplets by this method, increased
magnification was necessary and a much faster photographic speed needed

than that supplied by the 2-microsecond stroboscope unit.
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APPENDIX C

HEAT TRANSFER OPERATING CONDITIONS, PROPERTIES,
AND DESIGN EQUATIONS FOR HARDWARE DESIGN

LOW-MIXTURE-RATIO GASES TO INJECTOR

PROPERTIES

il

1.0
1.8 Btu/1bm-F
9 1bm/sec

500 psia

1.5 x 1076 Btu/in.-sec-F

FOR COPPER

0.1565 in.2/sec

0.32% 1bm/in.3

%.63 x 1070 Btu/in.-secF
1980 F

80 F (combustion zone)

NOMINAL CHAMBER CONDITIONS USED FOR THERMAIL DESIGN

P

c
MR

T
h
h

aw

g

g

I

I

500 psia

5.0

5420 F

0.0052 Btu/in.Q—sec (throat)

0.00299 Btu/in.2—sec (combustion zone)
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EQUATIONS

Hot-Gas Film Coefficient, Bartz Simplified Equation

H0.2 C
by T - o5 60 (c-1)
d -’ Pr
where
| Tug y-1 .2 10'68 ‘ y-1\ .2 | 7012
g = lQT 1+—§—M +1/2$‘ ‘ll+(TM
aw
Heat Conduction Through the Wall
k
QA - Ax (ng—Twc)
(c-2)
Twc = Tsat + 20° (nucleate boiling)
Coolant Bulk Temperature
hc
oA = S oC, ATy (c-3)
S
Transient Heat Conduction in a Slab, Combustion Zone
i} 6.7 (o t/1%)
Tw - Taw i e 2 sin 5, cos (6n X/L) (C—A)
Twi - Taw = 6n + sin 6n cos 6n

c-2




where

6 tan o = (hg L/k)

Injector Film Cooling

W

C-3/C—4

(c-5)
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