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I. SUMMARY

The broad objective of this program was to investigate injection, mixing
and combustion processes using gaseous propellants over a range of operating
conditions originally specified for the Space Shuttle Auxiliary Propulsion
System. The end objective was to relate injector and chamber design parameters
to combustion performance, chamber heat flux and combustion stability in the
form of a step-by-step design handbook applicable to any selected operating
condition or gaseous propellant combination.

The scope of the program was to include analysis, design, fabrication,
and experimental tasks to develop the injector/chamber design criteria. The
principal efforts in this program were to be devoted to evaluating various
injector element configurations on the basis of single element cold flow and
hot fire testing. Based on this evaluation and multiple element cold flow
tests, full scale injectors were to be designed, fabricated and tested to
verify the design criteria for high performance, Tow heat flux to the thrust
chamber, and stability. The program was divided into five tasks: Task I -
Injector Design Analysis, Task II - Cold Flow and Hot Flow Modeling, Task III -
Single Element Hot Firing Evaluation, Task IV - Full Scale Injector Evaluation
and Task V - Data Evaluation.

Task I was a concept screening and element evaluation effort which
culminated in the selection of four element types for single element cold flow
evaluation. The element concepts selected were: (1) the shear coaxial ele-
ment, (2) the premix element, (3) the external impingement element and (8)
elements for micro-orifice injectors. Each element concept included design
geometry variations so that a total of 74 unique element designs were selected
for detail design during this task. In addition, an analytical study was con-
ducted to evaluate the effect on chamber heat flux and performance of a low
mixture ratio barrier at the outer edge of the injector. The results of this
analysis revealed that chamber heat flux could be lowered considerably by a
Tow mixture ratio barrier, but that the performance penalty would be higher
than if fuel film cooling were used to achieve the same chamber heat flux
and wall temperature.

Task II was concerned with the fabrication, cold flow testing and
analysis of both the single elements and multiple elements designed during
Task I. The testing consisted of sampling the flow field in the chamber with
a multi-element probe which was sequenced to measure both local total pressure
(mass flux) and composition. From these measurements a mixing efficiency could
be determined at any axial position in the chamber, and radial and circumfer-
ential gradients were evaluated to obtain chamber compatibility data. An
evaluation of this data led to the following conclusions:

1.  The shear coaxial element is a relatively low mixing rate concept
but results in a fuel-rich composition at the outer wall.



2. Premix and external impingement elements are high mixing rate con-
cepts. Nominal mixture ratio composition at the outer wall is characteristic
of the premix concept, and the external impingement element when the optimum
injection momentum ratio is selected.

3. Multi-element cold flow mixing efficiency was not noticeably dif-
ferent from comparable singie element mixing efficiency.

In addition to the cold flow evaluations, limited combustion testing was con-
ducted using the same measurement techniques. These experiments were con-
ducted with the swirl coaxial element and conclusively demgnstrated that com-
bustion retards the mixing rate.

Task III involved design, fabrication and testing of single element
thrusters to obtain combustion performance, chamber wall heat flux and sta-
bility data to compare with the cold flow data obtained during Task II. A
total of 76 tests were conducted with 7 injector element designs which repre-
sented variations of the following element concepts: (1) premix, (2) triplet,
(3) coaxial and (4) swirl coaxial. A1l of these injectors were evaluated with
3 different chamber geometries to permit evaluation of chamber length and con-
traction ratio changes. The results of this single element evaluation corre-
sponded qualitatively with the Task II single element cold fiow testing in
both combustion performance (mixing efficiency) and chamber heat flux (compo-
sition at the wall). In addition low frequency instability was encountered
under certain conditions on all element concepts except the premix.

Based on the results of Tasks I through III, 2 full scale injectors
(premix and triplet) were designed during Task IV for maximum combustion per-
formance and a third (triplet) injector was designed with a low mixture ratio
(barrier cooled) outer row of elements to investigate chamber heat flux effects.
The experimental data obtained during this task substantiated the design cri-
teria developed during the earlier tasks: the injectors designed for high com-
bustion performance achieved energy release efficiencies from 98.4 to 100% with
a 7.6 (cm) 3.0 in. long chamber. The barrier cooled tests also substantiated
the results of the Task I analysis, i.e., the performance penalty is excessive
for the corresponding reduction in chamber wall heat flux. In addition, com-
bustion was marginally stable during the premix tests and unstable at high
frequencies during about 25% of the triplet tests.

The output of Task V, Data Evaluation, was two gaseous injector com-
bustion models. The first model used the test data and correlated it directly
with injector/chamber design parameters which are recognized from both theo-
retical and empirical standpoints as the controlling variables. This empiri-
cal model has the advantages of (1) inherently being the most accurate pro-
cedure for gaseous injectors which are to be designed within the operating
envelopes and using the same propellants as this program, and (2) simplicity
in the calculation procedure itself. However, it Tacks generality since it



stressed utilization of the test data and did not concentrate on quantifying
the mechanistic causal relationships of the mixing/combustion process itself.
The second modeling approach had the objective of understanding the mixing/
combustion process to the maximum extent possible, using both available theo-
retical knowledge and new techniques suggested and developed from close obser-
vation of the test data. It is somewhat more complex than the empirical model,
but it has quantitatively characterized the mixing/combustion process for
gaseous propellants so that it is general in nature and can handle all gaseous
propellants and operating conditions. Both of these models have been sum-
marized into step-by-step design procedures for gaseous injectors with the
required information displayed in charts, graphs, and tables for clarity of
presentation.






IT. INTRODUCTION

In recent years, considerable effort has been devoted to increasing the
level of knowledge concerning injection and combustion processes in rocket
engines. The goal of these efforts has been to provide sufficient information
for the reliable design of injectors having high performance, as well as being
compatible with the chamber wall. Most of the work in this area has involved
either liquid-liquid or gas-liquid propellant phases, with many different types
of injector elements being characterized (e.g., like and unlike impinging
doublet, triplet, pentad, and coaxial types). Characterization of these ele-
ments and complete injectors was accomplished by the use of cold flow tests
with propellant simulant fluids to determine mass and mixture ratio distribu-
tion profiles. Determination of droplet size distribution was obtained by
various experimental techniques. Using the experimental cold flow results,
and correlating such results with hot firing tests, a comprehensive theoreti-
cal base has been obtained which permits the design of injectors having high
performance as well as minimum interactions with the chamber wall.

The work described above has principally been associated with liquid-
liquid propellant combinations. More recently, some attention has been
directed to gas liquid combinations. However, to date no comprehensive effort
has been directed toward developing similar technology which would permit the
reliable design of gaseous propellant injectors. This program addresses that
technology void.

The scope of this program encompassed the analytical screening and
rating of a multitude of injector elements with the end objective being a com-
prehensive set of design criteria. These criteria should allow the future
design of injectors for high performance, stable operation, and maximum com-
patibility with the thrust chamber, for any selected operating condition or
gaseous propellant combination. The above was accomplished by single and
multiple element cold flow tests to investigate the many variables which
affect the mixing process. As part of this laboratory effort, sampling of
a combustion gas flow field was accomplished to permit the effect of combus-
tion on the mixing process to be explored. This was followed by single ele-
ment hot fire testing to enable a correlation to be made with the previously
obtained cold flow testing. The multiple element mixing process was then
investigated on a hot fire basis. The last task was to correlate all the
data generated on this and other programs using gaseous propellants and
formulate a design approach for injectors and combustion chambers.

The significance of the work accomplished on this program can be divided
into three primary areas. First is the comprehensive set of cold flow data
which characterized the mixing process for 74 unique element designs over a
range of operating conditions. Secondly, the influence of combustion on the
mixing process has been determined for four different element types, using
gaseous hydrogen, gaseous oxygen propellants. Thirdly, the first two items



have provided the experimental bases for the development of gaseous injector
modeling procedures which can be used to determine optimum design parameters
for most selected operating conditions and propellant combinations.

Documentation of the significant work is contained in the following
sections of this report. In addition a supplemental Design Handbook is
attached to the end of this report to specify the step-by-step calculations for tas
injector modeling procedures. This Design Handbook contains only the procedural
steps with most of the required information displayed in charts, graphs, and
tables for clarity of presentation. In addition, an example problem is included
so that the reader can be assured that he is using the models correctly.



I11. INJECTOR DESIGN AND ANALYSIS

The objective of this task was to evaluate and screen potential injec-
tion elements leading to the selection of four basic element concepts which
have the potential for being high performing and, at the same time, meet other
required injector design criteria for the Space Shuttle Attitude Control Propul-
sion System. The following sections discuss the results of this evaluation
and selection process, as well as the cold flow hardware designed to incorpo-
rate the selected elements. Also as part of this task film vs barrier cooling
studies were conducted and combustion stability characteristics were considered.

A.  CONCEPT SCREENING

Potential injector design concepts for gaseous propellants evalu-
ated in the screening process are shown in Table I. The left-hand column,
labeled "Elements", catalogs basic element configurations. Design deriva-
tives considered for each element are tabulated in the center column while the
right hand column lists element geometry variations. The first two columns
are starred (*) for those design concepts having test information available
in the literature prior to the starting date of this contract. The applicable
program has been keyed in the right-hand column. Examination of Table I
reveals that there is at least some industry experience for seven of the
twelve elements identified (column 1). The most in-depth experience appears
to be with the shear elements.

The screening results are shown in Table II, where estimated ability
to meet each of the defined evaluation criteria is designated by a number between
1 and 5 (1 is minimum ability and 5 is maximum ability). The elements are cata-
loged according to (1) external impingement, (2) premix, (3) shear, (4) micro-
orifice and (5? reverse flow concepts. In a gross sense, this rating includes
the orifice geometric derivatives listed in Table I for each design, since the
particular orifice geometry which was estimated to be best for that element
was used in determining the rating. For example, the F-O-F triplet has a
non-circular jet (tri-slot) which was estimated to result in better compati-
bility, higher potential for decoupling the mixing/reaction processes, and a
Tower design/fabricability rating than a comparable circular-orifice triplet.

In addition, the rating was based on equal thrust-per-element with the excep-
tion of the micro-orifice concept.

Using an equal weighting factor for each criteria, the evaluation
results are summed in the right-hand column. Four element groupings resulted
in at least one design derivative which was assessed a rating of 4, Based on
this rating chart, the four element types and derivatives selected for further

study were:



TABLE I

GAS/GAS INJECTOR ELEMENT TYPES AND DERIVATIVES

Elements
I EXTERNAL IMPINGING
* Doublets

* Triplets

Quadlets
Pentads

II PREMIX
* Triplets

Pentads
* Swirl

II1 SHEAR
* Coaxial

Showerhead

IV MICRO-ORIFICE
* Showerhead

Triplets

KEY:

*

(

1.

2.

3.

4.

5. Aerojet IR&D Program
6.

7.

8. Aerojet IR&D Program
9. Aerojet IR&D Program

Basic Design
Derivatives

Like Doublets
Unlike Doublets

F-F
-0-0
-Axial, F-Tang

-Axial, 0-Tang
Fuel Annulus

Oxidizer Annulus

Both Propellants

One Propellant Plus
Porous Face Plate

Both Propellants
Like Doublets
Unlike Doublets

F-0-F
0-F-0

Orifice Geometry
Derivatives

Circular
Noncircular
Continuous Sheets (1) (¢

Circular (1)
Noncircular (6)
Continuous Sheets

Circular
Non circular

Circular
Noncircular

Circular
Noncircular (7)

Circular
Noncircular

Circular (8)
Noncircular

Circular (1),(6),(7),(11
Noncircular

Swirler (6), (7)
Convolutions (9)
Circular ( )
Noncircular

Continuous Sheets ( )

(4),(5)

Noncircular (3),
Noncircular (10)

Elements and operation derivatives that have been tested with GH2/G02
) Program definition for particular orifice geometry derivative
Contract NAS3-14347, "H-0 Catalytic Ign. and Thruster Program" (TRW)
Contract NAS 3-14353, “High Pressure Reverse Flow APS Engine" (Bell)
Contract NAS8-21052, "Advanced Injector Concepts Investigation" (Aerojet)
Contract NAS 8-20672, "Stability Characterization of Advanced Inj." (Rerojet)

Contract NAS 3-14352, “"Space Shuttle Auxiliary Propulsion System" (Rocketdyne)
Contract NAS 3-14354, "H-O APS Engines" (Aerojet)

10. Contract HAS 8-26188, "Space Shuttle Main Eng. Definition Study, Phase B (Aercje
11. Contract NAS9-8285, "Apollo Optimized SPS Injector (OMS)" (Aerojet)

-7-
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1. Shear Elements

a. Coaxial
b. Increased shear area coaxial
c. Swirl coaxial

2. Premix Elements

a. Triplet
b. Pentad

3. External Impingement Elements

a. Triplet (impingement angle n/4 rad (45°),
7/3 rad (60°), and n/2 rad (90°))

4, Micro-Orifice Elements

a. Parallel sheet
b. Like Doublet

B.  ELEMENT EVALUATION

1. Shear Mixing Elements

Shear mixing elements mix by turbulent diffusion through the
shear mixing layer. In order to characterize this element analytically, the
Aerojet Turbulent Mixing and Chemical Reactions Computer Program was used to
parametrically investigate various coaxial element characteristics. This pro-
gram models the interacting effects of mixing and reaction by solving the
combined energy, streamwise momentum, and species equations using the Prandtl
boundary layer approximation. A nominal (66.6 N} 15 1bf thrust coaxial element
was studied and the fuel annular area was varied from half that of the oxidizer
area to twice the oxidizer area while mixture ratio was varied from one to
sixteen.

The results of this study are shown in Figure la*, where the
mixing efficiency Ep is plotted as a function of relative injection area and
mixture ratio for a chamber length to element diameter ratio of 10. This
analysis draws the conclusions that decreasing fuel annulus is in the direction
of higher Ep. Experimental data pertinent to the coaxial element is shown in
Figure 1b and 1c. The available gas-gas data for full scale coaxial elements
is shown in Figure 1b while the results of an ALRC sponsored single element
program are shown in Figure 1c. This data indicates that the following design
parameters are important for shear mixing elements.

*For reader convenience, the figures appear at the end of each Roman Numeral
section.



Relative area ratio

Relative velocity ratio

Absolute size

Shear area between the two propellants

O a 0O T @

Swirl

2. Momentum Mixing Elements

Since there is no available impinging mixing model which is
computationally tractable, impinging elements must be evaluated empirically.
Rupe and his coworkers at JPL as well as other investigators documented the
results in the 1950's of an orderly investigation into the impingement mixing
process for liquid propellants using inert propellant simulants (ref. 1, 2, 3,
4, and 5). By collecting immiscible fluids with a ganged probe, they were
able to map mass and mixture ratio distributions for the common impinging
elements (doublet, triplet, quadlet, and pentad) as a function of design and
operating conditions. From his investigation, Rupe was able to correlate the
maximum mixing potential for each of the elements using certain design vari-
ables. These correlations took the following form:

L (1)

K and a are constants which must be determined empirically for each configura-
tion. Rocketdyne used these correlations directly for gaseous propellants in
Ref. 6 and concluded that the correlations were in fair agreement with the
data. Aerojet's impinging premix (triplet) gas-gas cold flow data also was
examined to determine applicability of the Rupe criterion. The results are
shown on Figure 2 where it is apparent that the test data did correlate well

with momentum ratio and geometry parameters.

Based on this work it was determined that the following
physical and hydraulic parameters are important.

a. Relative stream momentum
b. Relative orifice size
c. Impingement angle

It was also inferred that the following parameters are likely to be important:

a. Physical size (thrust/element)
b. Spacing
C. Element orientation

-10-



C. BARRIER COOLING ANALYSIS

An evaluation of Hy film cooling vs barrier cooling was conducted
with the ground rule that the throat heat flux and wall temperature were to be
maintained at 1960 watt/cm? (12 Btu/in.2-sec) and 533°K (500°F) wall, respec-
tively, based on chamber life considerations. This analysis was conducted
using the mixing program developed in LeRC Contract NAS 3-14343, (Ref. 7).
Performance was computed by a mass weighted average Isp based on the barrier
and free stream at their respective throat mixture ratios.

Barrier coolant characteristics were calculated using the Aerojet
Barrier Film Cooling Program (BARFC). The BARFC Program is a film-cooling
model, where mixing of the film coolant with the mainstream combustion pro-
ducts is calculated via an empirically adjusted entrainment model. BARFC is
designed to calculate film temperature and mixture ratio profiles axially
along the chamber contour. It considers the simultaneous effects of momentum,
chemistry, and energy transport through the mixing layer. The profiles are
coupled via empirically derived shape factors.

The Attitude Control Thruster hardware was modeled with the 19 cm
(7.5-in.) Tong chamber composed of a cylindrical section and a 22° half-angle
cone. Total weight flow was fixed at 1.55 kg/sec (3.45 1bm/sec) and an over-
all mixture ratio (0/F) of 4.0 was maintained. Barrier or film coolant was
injected from the injector face.

Results are presented in Figure 3; no adjustment has been made
other than use of the inferred entrainment factor multiplier. Wall temperature
was taken to be 533°K (500°F) which is typical of throat values required to
meet the originally specified cycle life (106 cycles). Heat fluxes of 1934
and 1960 watt/cm? (10 and 12 Btu/in.Z2-sec), typical of those accompanying a
533°K (500°F) wall, were considered.

Figure 3a shows the heat flux at the throat vs the barrier flow/
total flow (injection point) ratio for three barrier injection mixture ratios.
For a constant heat flux (viz., wall temperature in a regeneratively cooled
system), the barrier flow fraction must be increased as the mixture ratio
increases to offset the higher combustion temperature. The heat transfer
coefficient remains fairly constant over the range of mixture ratios and
barrier temperatures predicted at the throat. Dashed lines on these figures
represent extrapolations, necessitated because of convergence failure of the
computer program.

Figure 3b is a cross plot of the preceding data and shows the injec-
tion barrier mixture ratio vs the barrier flow fraction for the two designated
heat fluxes. The increased flow requirement with increasing mixture ratio
is apparent.

-11-



Figure 3c is a plot of the barrier mixture ratio at the throat vs
barrier flow fraction at the injection point, and it indicates that throat
mixture ratio drops rapidly with increasing flow fraction. To achieve a given
flux level, the barrier mixture ratio remains almost unchanged over a wide
range of barrier flow fraction, reflecting the temperature sensitivity of flux
since the heat transfer coefficient is approximately constant. The barrier
flow fraction at the throat vs the injection barrier flow fraction is shown 1in
Figure 3d for the three barrier injection mixture ratios. This figure also
shows the two heat flux levels. Again, the dependence of heat flux on initial
barrier mixture ratio is demonstrated.

Based on this analysis, the decrement in performance was computed
using a mass weighted two stream tube model using the throat barrier mixture
ratio and barrier percentage weight flow as defined on Figures 3c and 3d for
a throat heat flux of 1960 watt/cm? (12 Btu/in.Z2-sec). The core mixture ratio
at the throat was then found by difference. The results of this performance
analysis are shown on Figure 4. This analysis indicates that barrier cooling
would penalize the engine system more than fuel film cooling [(Barrier O/F)

. = 0] for the same chamber life requirements and that the performance

In
pe%a]ty increases as (Barrier 0/F)Inj is increased.

The effects of element characteristics was beyond the scope of
this barrier cooling study, and therefore the results of this analysis did not
influence directly the selection of element types for cold flow evaluation.
However the analysis did provide a theoretical basis upon which to evaluate
the full scale barrier cooled designs fabricated and tested in Task IV
(See Section VII).

D.  STABILITY CONSIDERATIONS

Stability characteristics of gas-gas systems are significantly
different from liquid/liquid systems investigated to date. Recent experi-
mental results at ALRC and work at Purdue University (Ref. 8) suggest that
kinetics play the major roll in the stability of a gas-gas system rather than
the generally accepted causal mechanisms for liquid injectors such as pro-
pellant mixing and vaporization. The influence of kinetics is based upon the
observed sensitivity in the stability of a system to changes in mixture ratio.
This effect is predicted with a model such as the Geode model (Ref. 8) which
uses kinetics as the rate controlling process. The trends summarized in
Figure 5 reflect a strong influence of mixture ratio and some effect of
chamber pressure. Such trends in stability are apparent from the model of
Reference 8 which gives the following expression for this energy release rate:

—

20!
p

] (2)

+ By
T

roj —
—ﬂl

Q' =0f

X

where:

i

steady-state quantity

—~
— —ar
n

perturbation quantity
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From this expression, it can be seen that, increasing temperature
and pressure, and consequently, density, has a stabilizing effect. This would
imply that, as the stoichiometric mixture is approached (which generally gives
a near maximum steady-state temperature), the system becomes more stable.

Such a trend is shown on Figure 5.

The significance of such a mechanism being the driver for unstable
combustion is that the combustion process would not exhibit preferential fre-
quency. This will make the use of conventional damping devices such as liners
and baffles difficult because of their limited frequency range of effective-
ness and could result in a major development hurdle for gas-gas systems. Also,
with Kinetics playing such a key role in the stability area, it is difficult
to select elements on the basis of stability characteristics. Therefore the
primary criteria used for selecting the elements for cold flow evaluation were
based primarily on the Concept Screening and Element Evaluation analyses dis-
cussed previously.

E.  ELEMENT SELECTION

Based on the above analyses the element configurations listed in
Figure 6 were synthesized and selected as the most promising concepts. The
element geometry variations selected for cold flow evaluation are also included
in Figure 6. These geometry variations were influenced by the full scale
operating ranges specified for the Space Shuttle Attitude Control Thruster,
which are tabulated below:

Thrust 1790 - 8900 N (500-2000 1b)
Chamber Pressure 68 - 341 N/om® (100-500 psia)
Mixture Ratio 3-5

Propellant Inlet 167 - 333 °K (300-600°R)
Temperature

Propellants 02/H2

F. COLD FLOW HARDWARE DESIGN

1. Single Element Injector-Chamber

The single element hardware assembly is depicted in Figure 7,
and the selected element designs are shown in Figure 8. Element configura-
tions were changed by replacing the element plate and the oxidizer orifice
plugs, Part Nos. 105 and 106, on Figure 7. The element plates shown in
Figure 8 were removed and changed by unbolting the split ring (Part No. 103)
and lifting out the remaining assembly, which then allowed access to the

-13-



element plate. The oxidizer plug access was through Part No. 101. The plug
was removed and reinstalled by removing Part No. 101 from the assembly,
extracting the tested plug, inserting a new seal, installing the new plug,
and reassembling Part No. 107 to the test hardware. Hydrogen and nitrogen
(the oxygen cold flow simulant) were introduced to the test article through
Part Nos. 102 and 101, respectively.

A helium bleed circuit was incorporated into Part No. 104,
which permitted helium to be injected axially through an annular Rigimesh
plate that covered the injector face from the element to the chamber wall.
This helium circuit was designed to suppress face recirculation using the
criteria described in Reference 9. A recirculation parameter, CT, is defined
in Reference 9 which is a function of the source jet velocity, the field
velocity, and the radius ratio of the jet to the chamber. A jet velocity of
91.5 m/sec (300 fps) a radius ratio of 0.17, and a field velocity of 7.61 m/sec
(25 fps) suppressed face recirculation using the CT criterion defined in
Reference 9. The addition of a third fluid circuit does not compromise the
resulting test data as the mass spectrometer used to probe the flow field has
the capability of determining the mole fraction of any and all species.

2. Multiple Element Injector-Chamber

The design of this hardware was similar to that of the single
element hardware, with the same consideration given to versatility of element
configurations and test setup. The assembly of this hardware is shown in
Figure 9 together with the elements and face geometry. The basic purpose of
the multiple element test rig was to permit evaluation of inter element mixing
effects. This was accomplished in two ways. (1) The radial spacing of the
elements could be varied (three positions). The elements during testing were
arranged in a square injection pattern as shown in Figure 9. During testing,
the active elements were located in one of the three hole circies. The remain-
ing holes were blocked with blank elements. (2) The elements were rotated
with respect to each other such that the fuel-rich zones of one element were
directed toward the oxidizer-rich zones of the adjacent element. Based on the
single element cold flow work it was determined that the coaxial, swirl coaxial
and premix triplet elements would be investigated. The 6/N, (15 1bf) elements
are shown in detail in Figure 9. The helium face bleed shown in Figure 9 was
not operational. It was eliminated because the test facility did not have the
flow capacity to maintain the required He flow rate.

3.  Sampling Rake and Rake Assembly

The sampling rake shown in Figure 10 was used to acquire mass
and pressure data in the flow field downstream of the injector face. It was
a multiple entry type probe with 20 active positions. Each entry port performed
two functions: (1) it provided a local gas sample which was drawn from the
flow field and routed to a mass spectrometer and (2) it served as a total pres-
sure probe when the test apparatus was sequenced to the pressure scan mode.

-14-



The rake was located and held by the pintle assembly shown in
Figure 7. The rake and instrumentation leads were routed through Part No. 406
and sealed against chamber pressure by a Swage-lock fitting. Provision was
made to traverse the rake both axially and circumferentially. In operation,
chamber pressure was set by the remotely controlled, belt driven pintle that
enabled the throat area to be varied until the required pressure was obtained.

-15-



3oUBWIO J13,] Jdolaalul snoasvn [ 2aindyy
Canalan aj arrey morueuos;

orIvy BanIxyy
N IS Y « P 1 o o ‘ Y . .
o b
_ u — 1 ¥ i
TPIXee) o
an1atms Q@
xrunag O

TETXE0) JIE2YS P98sRdIdU] o

ot

% Y :
v oV
O .:- L3
- .
0 @ ol 06

{(®weradoay Eo.dhu

AATE A ST R R L TENEN q
RT0) IE G-LI-ZGUAT-C SVN Ideniuo) )

PRI AN SR TS PTIIRY O
¥=13-Z5091-€ SvN 10vniuen [ IOTIING et Gy tomqaes v
81015afuy juswory aTBurg jo aduewiojisd ‘o1 2AN314 001 gi01daful [ETXE0) JUBWATY-FITNK IO 3dUPWIOFIA4 QT aandryg
orIvy AINIXIW
a1 91 (34 141 ot ¢ ° " T 0
! . I ! o
s'0 O
0L
t V
1 © s
s
o] . b
u<\ v o :
T
O 0a o«
i
»e
(o] ]

oot

(0T = 4/1) T2poH uwofIenqmo)/Buyxyy Juanqianl Aq paidypaig ASuaydy3jd Burxyy ey eindyy
i

Y tANd ‘4dueidtrjy ReRITey A¥roun

-16-



(*ur 0" 1)
wo %6 g

£ous10T7374 SUTXTlR Juswayy Jujdurdw] XTWeid UO OTIBY WNJUDdWOW JO 3IJ933Fd -7 andtyg

00 33
A B/7ATH = OTIBY WNIUIWOR
0°QL 0°1 -0
T
[rrro— T ! ! 1!1!]!1 - — 0c
= y3i8ua] aydueg
.4, K11swosn Y O
_.<: %HUNEONO O o 09
=
=
=
© Yo *
=
m
e qo8 =
\O -
o 5"
\ -4 06
Q\4
S—
T \
Vmyv—Vv

00t

-17-



Heat Flux (lTU/lnzuc)

20

15

10

Barrier O/F at Throat

3270

2450

1634

watt/cam

817

C.

Throat Heat Flux

Barrier O/F

llcn1 lux

(BTU/ih’sec): (!'")
L

12

2

Barrier Throat O/F

.

pl”lnj

Twg = S007E, 533°K

.15

Figure 3.

.20

L.NN0.5

P

A

Barrier O/F

t
i

Results of Barrier Cooling Analysis

)Inj

" T1nroac Locatton

Twg = 500°F;, 533°%

Barrier Flow at Throat

-

Barrier Plow at Throat
Total Plow

= 1960

= 1634

Barrier F:-w at Injector

.20

14— (q/A)=12.BTU/ in=sec

2

watt/cm

L -(q/A)=10.BTU/in-sec

watr'cr



Loss v 7

I

8p

4.0

Throat

1 T

¢ = 1960

2

cm

Tyg = 534°K (500°F)

T \J

watt (12 Btu

in. -sec

)

|

|

Figure 4.

4 .6

Vacuum IS Loss for a Barrier Cooled Design

.8 1.0 1.2
(Barrier O/F)Inj

-19-

1.

8



(O/Fa//(O/F)Stoichiometric

1.

1.

PC (peak to peak)

Figure 5.

P
C
0
->,7
—;‘5'7 77
e BASED oy CULICK MODEL //_// /
: Lo T S s

68.9 138 207 276 344 413
(100) (200) (300) (400) (500) (600)

Chamber Pressure (P ),
N/em? (psia) ¢

4.448 N (1000 1bf) Thrust H2/02 Stability Map

-20-

482
(700)



Coaxial

Increased Shear
(2 Times Shear
Area of Coaxial)

Swirl Coaxial
(Tangential
Velocity Equal
0.5 x Axial
Velocity)

Swirl Coaxial
(Tangential
Velocity Equal
1.0 x Axial
Velocity)

n/4 rad (45°)
Impingement
Angle

n/3 rad (60°)
Impingement
Angle

n/2 rad (90°)
Impingement
Angle

SHEAR
F/Ey AQ/Af
N/E (1b£f/E) 0.50 1.0
13.35 (3) X X
66.75 (15) X
222.50 (50) X X
13.35 (3) X X
66.75 (15) X
222.50 (50) X X
13.35 (3)
66.75 (15) X
222.50 (50) X
13.35 (3) X X
66.75 (15) X
222.50 (50) X X
EXTERNAL IMPINGING
F/E, Ao/Af
N/E (1bf/E) 0.50 1.0
13.35 (3)
66.75 (15) X
222.50 (50) X
13.35 (3) X X
66.75 (15) X
222.50 (50) X X
13.35 (3)
66.75 (15) X
222.50 (50) X
Figure 6.
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Element Types Selected for Cold Flow Evaluation
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IV. COLD FLOW MODELING

A.  SINGLE ELEMENT COLD FLOW

Using the methods described in Appendix B some 223 single element
cold flow tests were conducted and analyzed. The data from these tests is
summarized in Table III, Table IV and in Fiqures 11 through 24. Table III,
Single Element Cold Flow Test Summary is a tabulation of the injection ele-
ment design parameters, test operating parameters, injection parameters and
calculated mixing efficiencies (Ep). Table IV is a summary of element design
and operating effects on mixing efficiency. The figures present both mixing
efficiencies and compatibility data at the chamber wall as a function of
thrust/element, (F/Eg, length, element area ratio (Af/Ag) and mixture ratio.
Compatibility at the chamber wall is indicated by the measured local mixture
ratio at the edge of the flow field (0/F)wall divided by the overall nominal
mixture ratio (0/F)nominal- The open symbols represent the most oxidizer-rich
composition measured at the flow field boundary, the closed symbols represent
most fuel-rich composition and the half-open symbols represent the average
boundary composition.

Figure 11 is a summary graph of Ep for all injectors as a function
of L/D, F/E, Ag/Ag and 0/F. The effect of sample position on L/D, where D is
the oxidizer orifice diameter or equivalent diameter if the element is non-
circular, is shown in Figure 11 for the area ratio one elements. The char-
acteristics of the elements are as expected, increasing En with increasing
length. The swirl coaxial, premix pentad, and triplet elements group together
at high mixing efficiencies, while the coaxial element has the lowest element
Em. The remaining elements group between the extremes of the shear coaxial
and the swirl coaxial elements. When these elements are compared on a thrust/
element basis, the same effects are noted i.e., the premix designs and the
swirl coaxial element are high mixing rate elements while the shear coaxial
is a low mixing rate element. With the exception of the swirl coaxial element,
the data trends are in the expected direction, reduced mixing with larger ele-
ments. The swirl coaxial element Ey is maximum at 89 N/Element (20 1b/element).
It appears that the fuel annulus size and radial oxidizer momentum are related.
It is interesting to note that the parallel sheet element at low F/E 3 1bf
(13 Newtons) approaches the mixing efficiency of the best elements. For small
thrust/element injectors (such as HIPERTHIN), these data indicate that the
parallel sheet element is an excellent element concept.

Area ratio influences for the basic element concepts are illu-
strated in Figure 11 as well. Both shear mixing elements, the coaxial and
increased shear element, decrease in performance as fuel to oxidizer orifice
area ratio is increased. It should be noted that the area ratio was varied
by changing only the fuel geometry; the oxidizer diameter was held constant.
Decreasing area ratio is in the direction of both smaller fuel annulus widths
and higher velocity ratios or delta velocities; effects which analytically are
predicted to lead toward increased mixing efficiency.
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