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FOREWORD

This report was prepared by the Advanced Engine and Technology
Department of the General Electric Company, Evendale, Ohio under Air Force
Contract AF33(615)-1586. This advanced technology program, ''Analytical and
Experimental Evaluation of the Supersonic Combustion Ramjet Engine'', was
administered and directed by the Air Force Aero Propulsion Laboratory,
Research and Technology Division, Mr, Ruben Canny, Project Engineer,

This Volume 1I presents the work performed under Item II Component
Evaluaticn, Task 2 = "Fuel Injection and Combustion' under contract AF33(615)-
1586. This work was conducted under the direction of J. W, Vdoviak, Manager
of Combustion and Augmentation. The principle contributors were A. Lingen,
Manager of Supersonic Combustion Unit, M. J. Kenworthy, W, C. Colley,

P. T. Harsha and D,.E, Nieser.

This report (Volume 1I) was published under General Electric report
numberR65FPD184 and diatributed as directed by Contract No. AF33(615)-

1586,

Volume II of this report, which includes SCRAMJET component experi-
mental evaluations and results together with state-of-the-art discussions and
vehicle design criteria, is classified Confidential except for sectiuns describing
the General Electric Hypersonic Arc Tunnel, the M = 3, 25 Cold Flow Wind
Tunnel and explanations of the calculation techniques used for data processing.

The classification of Volume II is Confidentiai as directed by the
DD Form 254 Security Check List, included in the contract.

"This document comains information affecting the National
defense of the United States within the meaning of the
Espionage Laws, Title 18, U, S. C., Sections 793 and 794,
the transmission or revelation of which in any manner to an
unauthorized person is prohibited by law, "




CONFIDENTIAL
wﬁ}ﬂ. Pl B 2V

AF APL-TR-65-103

ABSTRACT

This abstract is classified Confidential.

This final technical report describes the results of analytical and experi-
mental evaluations of the supersonic combustion ramjet engine. The principal
objective of this program was to investigate practical component and engine
designs, weights and performance levels leading toward the preliminary design
of a flight test vehicle, While concentrating primarily on information in
rupport of hypersonic (Mach 6-12) cruise missions, this program imparts
supporting technology for flight operations up to orbital velocity.

Volume 1I of this three volume re port is devoted to Item II =« Component
Evaluation, Task 2 - "Fuel Injection and Combustion",

This was an experimental and analytical inve:tigation to supply design
information for the aerothermo design of a supersonic combustor for a flight
test vehicle., The experimental investigations were conducted in two
separate facilities. The penetration of fuel jets into a supersonic stream was
investigated in a cold flow supersonic wind tunnel (Mach - 3.25). Combustion
tests of scale moudel combustors were conducted in General Electric's Hypere
sonic Arc Tunnel, The results from the cold flow tests and from Mixing
Theory were utilized in designing combustors. Combustion tests of several
configurations identified a burner having adequate performance characteristics
for achieving the vehicle mission. The aero«thermo dewign of the vehicle
combustor was based on this tested configuration.

PUBLICATION REVIEW

This technical document has been reviewed and approved by the Air Force
Aero Propulsion Laboratory, R&TD, Wright Patterson Air Force Base, Ohio.

Date: ] November 1965

111
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SECTION 1 - INTRODUCTION

Experiments related to the development of supersonic hydrogen combustion
systems for hypersonic ramjet engines have been conducted by the General
Electric Company during the past several years. Prior to completion of the
Hypersonic Arc Tunnel, these experiments were performed in a combustion heated
wind tunnel, using a Mach 2. 5 vitiated air stream with stagnation temperatures
characteristic of flight speeds up to Mach 6. Early experiments in this facility
were reported in Reference 2, and later experiments in References 10, 11 and
12, The major conclusivas from these studies were: (1) supersonic come-
bustion was feasible, (2) mixing was slow and ignition difficult when hydrogen
was injected parallel to the air stream, (3) cross stream injection facilitated
both mixing and flame stabilization, and (4) combustion induced boundary layer
separations could be used as flame stabilizers and mixing promoters.

Analytical studies disclosed that there were no performance losses
inherent in shock waves and boundary layer separations induced solely by the
combustion process (Reference 13), implying that these phenomena could
safely be employed as mixers and igniters, These studics also disclosed the
inadequacy of some of the performance parameters traditionally applied to sub-
sonic combustors for use with supersonic combustors, and suggested that new
performance criteria be developed. This was subsequently done (Reference 14),
the result being the Thrust Potential, a parameter related to the ability of the
combustor to produce thrust when installed in the engine, and which combines
the contributions of individual causes of performance defects.

The initial experiments conducted in the Hypersonic Arc Tunnel Facility
were studies of fuel injection from a flat plate into a Mach 3. 5 free air jet
having a stagnation enthalpy representative of Mach 8 flight, These studies con-
firmed that burner ignition was facilitated by injection of fuel perpendicular to
the air stream. They also revealed advantages of shaping the fuel jet to present
minimum frontal blockage. It was found that fuel injected from a slot in the plate
oriented with its long axds parallel to the airflow wo uld penetrate the air stream
without unduly disrupting the boundary layer.

Use of penetrating fuel jets to best advantage demanded that more extensive
penetration data he obtained. The quantitative effects of such variables as jet
nozzle geometry, injectant density and injection pressure on the extent of pene-
tration required detailed exploration. The Arc Tunnel Facility was ill suited

1
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environment, Since chemical reaction was judged to exert negligible influence
on the mechanisms of jet penetration, the needed study was undertaken in a
low-cost, low-temperature, supersonic wind tunnel facility.

Most experiments conducted to this point had investigated specific
phenomena contributing to the over-all combustion process, such as flame
stabilization, fuel-air mixing, or jet penetration. Few experiments had been
conducted with the object of fully evaluating over-all combustor performance
in a system directly applicable to an engine design, Developmcnt tests of a
practical combustion system, which were badly needed, are the subject of this
report,
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SECTION II - PROGRAM SUMMARY

Extensive testing of several combustor-injector combinations at con-
ditions simulating flight from Mach 5. 1 to 10. 5, resulted in the identification
of a configuration having suitable performance characteristics for an attractive
flight test vehicle, This combustor development was guided by cold flow
tests on the penetration of fuel and by analytical work on mixing theory and
combustion aerothermodynamics.

Cold-flow penctration tests were conducted to verify a simple penetration
theory which was developed. An existing Mach 3. 25 wind tunnel was modified
for Helium and air injection from a flat plate at the tunnel centerline, thereby,
providing a quick and reliable test technique. Many configurations were
screened and the relative merits of several geometries were evaluated on the
basis o1 a fixed quantity of injection flow. A general penetration theory, for-
mulated from simple momentum considerations, was found to fit the data well,

A long row of holes was identified as a superior injection configuration,
This geometry was found to produce a stream of fuel with a cross section which
was very high relative to the width, The latter observation led to the formu-
lation of a simple mixing model which coupled easily with the analytical pene-
tration model to allow definition of the effect of penetration parameters on the
combustdbr process mixing efficiency. The mixing theory was based on classical
two-dimensional wake mixing. The unified penetration theory was used to
generate the variation of mixing efficiency with combustor length and equivalence
ratio.

Presented in this report is a complete detailed description of the General
Electric Arc Tunnel Facility which was used as a hot-gas source for tests of
scale-model supersonic combustors, A complete combustor environment was
provided, with fuel injection type and spacing and all the details of combustor
geometry exactly as envisioned in a flight engine, This configuration had a
three-inch entrance diameter size and was made up of water-cooled test hard-
ware, Analytical studies were parformed ana methods of data taking and
analysis were reviewed, improved, finally formulated and put into use. A com-
bustor performance criterion was used, the net thrust potential, which expressed
the measured combusior performance in terms of system net thrust. Relative
merits of combustors are apparent from this criterion, as well as, absolute
merits, since the factor is a ratio of actual to ideal system net thrust with a
given inlet and nozzle.

3

CONFIDENTIAL

Las DU DOPRE Sy

- - ..




ar apL-TR-65-103 CONFIDENTIAL

The arc tunnel test program consisted of some 92 test runs which com-
prised a total arc time of nine hours 34 minutes. From this large number of
runs, 2] were nrocessed and yielded the measured combustor performance
presented in this report. These tests included enthalpy levels which simulate
flight over the range of Mach 5.1 to 10.5. The test program was concerned
with the following six facets of the combustor performance problem:

1) Evaluation of ignition methods for the Mach 6 tv 8 range.

2) Measurement of performance of step combustors with are2 ratio
2.5 over the range of enthalpies simulating Mach 6 to 9 flight.

3) Measurement of the performance of conical combustors ovzr the
same range.

4) Some brief observations on the characteristics of a constant-area
geometry with a wall-slot injector.

5) The formulation of a final design incorporating injectors with
downstream thrust and an advanced geometry.

6) The acquisition of test experience for a combustor/nozz.c sombination,

The experimental work in the arc tunnel was supported by continuing
evaluations of various combustor phenomena *hrough the use of several
analytical models. The concept of ''transonic combustion' was dealt with as
supersonic heat addition ending at a choked condition. Choking criteria were
developed for uniform (one-dimensional) and non-uniform flows. The particular
importance of momentum to the choking criteria led to a re-emphasis of early
ideas on the importance of the momentum quantity to the one-dimensionalization
of non-uniform flows. The study of choking phenomena also provided a basis for
correlations of minimumwall forces for "'transonic combustion''.

The final coinbustor design was formulated which was very close to the
step/cone geometry tested in the arc tunnel. The inlet design, with six
"barrels', provides six ''struts' which are believed to be effective in main-
taining efficiency at levels observed in tests, out to the vicinity of Mach 12,
Two stages of fuel injection are provided, one at the step area change and one
three diameters upstream of the step area c.ange. Only the fuel injectors at
the step are employed from Mach 6 to near Much 8 and both sets are used to
provide a smooth transition up to a point where all fuel flow is to the upstream
fuel injectors (at a Mach number near 9.5). All injectors are rows of six sonic
holes directed at 30 degrees downstream. There are eight equally spaced sets
at the upstream section in each of the six pipes (48 fuel injectors) and six
eqully spaced sets at the downstream station. The combustor area ratio is 2.0,
The geometry 1s identical to that of the step/cone geometry tested in the arc
tunnel with the exception of the multiple pipes.
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Performance values were calculated for the selected configurations
over the range from Mach 6 to 12, Heavy emphasis was placed on the experi- »
mental informat on hand. Wall force and friction drag were calculated in |
keeping with present cycle assumptions and the projected efficiency varied
from . 85 (at Mach 6 and ER = 1,0) to ,90 (at Mach 12 and ER = 1, 6).
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SECTION 111

ITEM 11 - COMPONENT EVALUATLON

TASK 2 - FUEL INJECTION & COMBUSTION

A, TASK OBJECTIVES

Aerothermodynamic analyses of mixing phenomena and loss mechanisms
shall be extended in order to provide theoretical comparisons for test results
and permit extrapolation of pertinent parameters over the Mach 6-25 flight
spectrum. This effort shall be compared with existing analyses and supported
by cold flow tests in the Mach 3 tunnel, which shall also provide preliminary
screening of concepts prior to flame tunnel testing.

Combustion testing of selected injector designs shall be accomplished in
an existing steady state facility., The most promising designs shall be further
evaluated in a closed combustor, in a steady state, arc tunnel facility. An
enclosed combustor shall be tested in the existing steady state facility, with a
reference velocity and stagnation temperature corresponding to Mach 6 flight,
This test model shall be designed such that data will provide adequate infor-
mation for determining combustion efficiency, wall friction factors, total
momentum coefficient for injected fuel, and realistic exit conditions for the
definition of nozzle thrust coefficient.

An enclosed duct for the arc tunnel shall be designed, fabricated and
tested at contained stream conditions. This model shall incorporate removable
sections to permit investigations of fuel injectors and film cooling effects at
reference velocities and stagnation temperatures corresponding to flights
from Mach 6 to 9.

B. SUMMARY OF WORK ACCOMPLISHED

The work accomplished under the topic of "Fuel Injection and Combustion"
is properly divided into three parts:

1) Cold flow penetration tests of injectors

2) Azc tunnel tests of scale-model combustors

3) Combustor design considerations for the fligh* test vehicle
7
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The subsequent summary of this work is divided into three parts, under
these three special headings.

.3
L

Coid flow tests were identified as a convenient technique for screening
injectors for use in scale-model and full-scale supersonic tombustors. The
data correlations of the cold-flow test data allowed generalization of the data
for ail impcrtant variables. Several injectors from this study were evaluated
in ecals-model combustor tests. The cold-flow tests also were instrumental in
allowing simple mixing calculations to be coupled to penetration calculations, a
procedure which resulted in a technique which is capable of showing the effects
of a wide range of injection variables on combustor mixing efficiency.

The General Electric arc tunnel was used as a hot-gas source for scale-
mode! tests of combustor geometry. An elaborate test setup was used to obtain
detailed measurements of all pertinent combustor parameters and multi-stream
analysis techniques were employed to obtain combustor performance criteria.
Teste were made to identify workable ignition systems for Mach 6 to 8 and to
evaluate combustor performance with several injector geometries and several
cormnbustor geometries. A step-cone tailpipe, used in conjunction with an 8
injector arrangement of 30 degree sonic holes, was found to have excellent per-
formance over the test range of Mach 6 to 9. This geometry was selected as
the basic type on which to base the design for the flight test vehicle discussed in
Volume I of this report.

Through consideration of analytical and experimental results, the details
of the flight test vehicle combustor were formulated and performance was cal-
culated for the range Mach 6 to 12. It was concluded that the combustor com-
ponent provided adequate performance for an attractive flight test vehicle.

Cold-Flow Penetration Tests

C'old-flow penetration tests were conducted to verify a simple penctration
theory which was developed. An existing Mach 3.25 wind tunnel was modified
for Helium and air injection from a flat plate a: the tunnel centerline, thareby,
providing a quick and reliable test technique. Many configurations were screened
and the relative merits of several geometries were evaluated on the basis of a
fixed quantity of injection flow. A gerneral penetration theory was formulated
from simple momentum considerations and was found to fit the data well.

| 5= B wo=s N wncn IR o= B <+ B ot B —— B o B == B e B an
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A long row of holes was identified as superior injection configuration,
This geometry was found to produce a slug of fuel , the cross section of which
was very high relative to the width. The latter observation led to the formulation
of simple mixing model which' coupled easily with analytical penetration model! to
allow the definition of the effect of penetration parameters on the combustion R

process mixing efficiency. The mixing theory was based on classical, two-
dimensional, wake mixing. The unified penetration theory was used to generate
the variation of mixing efficiency with combustor length and with equivalence
ratio.
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These studies provided several important results:
1) A general penetration theory which fit the data and pro- )
(- vided methods of extrapolation for all of the important
injection variables such as size, penetration pressure
and temperature, free stream Mach number, and fuel/air
ratio. !
2) The identification of a unique injector geometry of ]
practical proportions providing performance superior
. to single hole injectors.
3) A unified theory of penetration and subsequent mixing
which was used to examine trends associated with the
effects of combustor length and fuel/air ratios on the »
mixing efficiency of the combustion process. .
A penetration theory was developed by treating the penetrating je' as &
simple momentum exchange phenomenon associated with the drag of the l
obstruction which the injectant poses for the air stream. This theory was ]
found to adequately describe the trends of data from the penetration experiments. » I
Details of the theory are presented in this report. The form of the correlations, ‘
based on the theory, allows the evaluation of the effects of all the important in-
jection parameters; i.e., injection pressure ana temperature, injection Mach
number, freescream Mach number and respective fluid densities.
The penctration tests were conducted with a variety of injector geometries. ’
These terminated when improved configurations which had practical use were
identified. The tests were begun with single, normal round holes and corres-
pondence was establishe?! with the results obtained by other investigators. The
advantac:s of sunersonic penetration was found for the correct restraint of a
e given fuel flow, Note that, as used throughout this study, the non-dimensionalizing »
of the penetration distance with the throat diamete of the injector {or tF= diameter
correspon ling to the total throat area of an injector) placed on the penetration the
proper -estraint of a fuel flow. This practice was not adopied by other -
vestigators of penstration into a supersonic stream.
Theoretical gromnas for the improved penetration of supersonic injectors »

were found and uscd to identify injector configu:ations which had low aspect

ratio (that is, were long in the direction of the air stream and narrow in a

dmension perpendicular to the air stream). Of these high slenderness ratio or

low asp=ct ratio configuraticny, a series of round sonic holes which were axially

aligned were identified as thu most desirable from a mechanical standpoint. Both

normal and 30 degrc¢ downstream injecting rows were found to have equivalent »
penetr “tion and a theoretical reasoning for this was developed from momentum

consicerations, Both these promising configurations were applied to combustor
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geometries for subsequent scale-model testing in the General Electric Arc
Tunnel.

The observations of penetration phenomena from tests identified the
possibility of a simplified mixing theory which accounted for only the shear
mechanism between the injected jet and a freestream flow. Appropriate
treatments were found which concerned axisymmetric and two-dimensional
mixing models with confluent. (cocurrent) flow. From these analyses, a two-
dimensional model was chosen for two important reasons; it was the simplest
and was the method that best matched the fuel injectors. Mixing calculations
were made whirh accounted for confluent (cocurrent) flow by treating the system
as a wake at a distance far downstream of the fuel injection. The calculations
identified moderate performance for relatively long combustors, under conditions
approximating constant pressure fields. The method was then extended to account
approximately for axial static-pressure gradients, such as those normally result-
ing from combustion, and a degree of performance imnprovement was identified
for several size gradients. Variations in mixing eff:c.ency were generated for
a range of combustor length and equivalence ratio wich and without aixal pressure
gradients. These variations are presented in Section C.1l.e. Note that a relatively
constant pressure environment is typical of a divergent combustor at Mach 12,
while Mach 6 performance is believed to tend toward the infinite pressure gradient
case provided transonic combustion is involved.

Arc-Tunnel Tests of Scale Model Combustors

Presented in this report is a complete detailed description of the General
Electric Arc Tunnel Facility which was used as a hot-gas source for tests of
scale-model supersonic combustors. A complete combustor environment was
provided with fuel injection type and spacing and all the details of combustor
geometry exactly as envisioned in a flight engine, but in a 3-inch entrance
diameter size and in water-cooled test hardware. Analytical studies were per-
formed and methods of data taking and analysis were reviewed, improved,
finally formulated and put into use. A combustor performance criterion was
used, the net-thrust potential, which expressed the measured combustor per-
formance in terms of system net thrust. Relative merits of combustor are
apparent from this criterion as well as absolute merits, since the factor is a
ratio of actual to ideal system net thrust with a given inlet and nozzle.

The Arc Tunnel Test Program consisted of some 92 test runs which com-
prised a total arc time of 9 hours 34 minutes. From this large number of runs,
62 runs were processed as having yielded good data and 21 were performance
runs which yielded measured combustor performance as presented in this repert.
These tests included enthalpy levels which simulate flight over the range of
Mach 5.1 to 10.5. The test program was concerned with six facets of the com-
bustor performance problem:
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1) Evaluation of ignition methods for the Mach 6 to 8 range.

2) Measurement of performance of step combustors with area
ratio 2. 5 over the range of enthalpies simulating Mach 6 to
9 flight.

3) Measurement of the performance of conical combustors over

the same range.

4) Some brief observations on the characteristics of a constant-
area geometry with a wall-slot injector,

5) The formulation of a final design incorporating injectors
with downstream thrust and an advanced geometry.

6) The acquisition of test experience ior a combustor/nozzle
combination,

These facets are dealt with separately in the subsequent section on ''Data and
Results'.

The experimental work in the arc tunnel was supported by continuing
evaluations of various combustor phenomena using several analytical models.
The concept of '"transonic combustion' was dealt with as supersonic heat
addition ending at a choked condition. Choking criteria were developed for
uniform (one-dimensional) and non-uniform flows. The particular importance
of momentum to the choking criteria led to a re-emphasis of early ideas on the
importance of the momentum quantity to the one-dimensionalization of non-unmiform
flows. The study of choking phenomena also provided a basis for correlations of
minimum wall forces for ''transonic combustion'.

These studies had several important results: (1) re-affirmation of the
need for detailed combustor-exit messurements; (2) development of a workable
ignition system for the Mach 6 to 8 range; (3) evaluation of the concept of
abrupt area change in combustors having an area ratio of 2.5 for the range
Mach 6 to 9; (4) identification of conical geometries as having superior wall-
pressure force characteristics to step geometries; (5) formulation of a final
configuration incorporating both a step and c anical geometry in an area ratio of
2.0, (6) extension of choking criteria from one-dimensional flow to flow with
non-ur‘formity in Mach number and temperature; and, (7) formulation of
appropriate one-dimensional equivalent values for non-uniform streams with
severe variations in Mach number, composition, temperature and pressure.

11
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Analytical consideration was given to the various sources of loss in
combustor performance as evident from detailed test observations of the burner
exit flow. First among the sources of loss wae a profile of fuel/air ratio. Since
most cycles require burning at equivalence ratio equal to 1.0, losses due to

fuel/air profile are most severe because stoichiometric heat release is a maximum,

Rich streaks have unburned fuel and lean streaks have unused oxygen. The
independent variable for the variation or profile in fuel/air ratino can be either
area or time; and, because the supersonic combustor is basically a turbulent
mixing process, the usual case has losses from both sources. (The previously
mentioned mixing calculations accounted only for spatial or area profile). Pro-
files of temperature with area or time are also sources of loss in efficiency. As
temperature increases, heat release becomes unavailable due to dissociation at a
rate exponential with temperature. Therefore, peaks and valleys of temperature
produce different deviations from the average dissociation levels with large net
positive losses in heat release. A similar combustor loss results from the

heat transferred to the combustor wall. A further loss due to freezing of the
composition in the nozzle expansion process is believed to be properly attributable
to the combustor design, Lut is traditionally allocated to the exhaust-nozzle.

The Arc Tunnel Test Program was initiated at the lowest enthalpy level cf
interest, Mach 6. Even burners with normal fuel injection were found to be unlit
at enthalpies as high as that for Mach 7. 5. As a result, an experimental study
was made of ignition methods. Two appropriate methods were identified. For a
single fuel injection plane, a hot-gas source was successfully employed which lit
the burner without detrimental effects upstream of the fuel injection station and,
hence, without danger of causing inlet unstart. For combustors with two-stage
fuel injection, it was found that the fuel-air mixture from the upstream injectors
could be lit by normal injection from the downstream injection. In both cases, the
burner remained lit after the ignition method was no longer active. It was con-
cluded that Mach 6 to 12 flight test vehicles could easily be fired by either of these
convenient methods.

Initial configurations in the performance evaluation program were step com-
bustors, that is, the combustor area changed abruptly from the inlet value to the
exit value in one plane. This method of area change was studied as the simplest
approach to the area-change design problem. Despite reasonings to the contrary,
high step pressures were never obtained under supersonic conditions. However,
this type of combustor produced satisfactory performance for flight at Mach
numbers up to 8 by virtue of choking phenomena (transonic combustion). These
choking effects produced the high step pressures necessary for high performance.
Tests at high enthalpies (representative of Mach 3 to 10. 5) were conducted with a

wide variety of injector configurations and arrangements without success in
achieving high values of atep pressures, therefore, this method of area change was

abondoned in favor of more subtle area variations for Mach 6 to 12 combustors.
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Tests were conducted with combustors having conical area varic‘ion over
the entire length (10 entrance diameters as in the case of the step combustors).
These geometries were found to have high wall force and moderate efficiency at
conditions simulating Mach 8 and, therefore, adequate performance for a flight
vehicle at this Mach number. However, two serious drawbacks were noted.
First, the geometry was found sensitive to fuel loading at low Mach conditions.

A possible fix was identified as staged fuel injection. Second and more important,
the efficiency at conditions simulating Mach 9 to 10 was found to be very low.
Since the mechanism for obtaining high efficiency was felt to be the use of constant
area combustors, this entirely conical geometry was abandoned in favor of a

more subtle area variation,

At the conclusion of the preliminary studies of conical and step combustors,
a combustion area variation was devised which provided several important
characteristics gleaned from the previous geometries. Low Mach fuel loading
was to be provided by fuel staging. A geometry incorporating a short constant-
area section followed by a small step and a subsequent conical divergence to
the exit arza was decided upon as having all the right characteristics. The step
area change provides a resistance to upstream propagation of disturbances from
high fuel loadings at low-Mach conditions. The constant area section provides
maximum pressure disturbances for given fuel injection and burning, a necessary
situation if high-Mach efficiency is to be good. The over-all area ratio of 20 is
required so that stoichiometric fuel flow can be burned in a choked combustor at
Mach 6 conditions. Tests were conducted with such a geometry. At Mach 6 burning
to an equivalence ratio of 0.7 was achieved with a single fuel injection stage.
Measured performance was excellent over the range of enthalpies from Mach 6 to
9.5 and this geometry was selected for use in the design of the flight test vehicle.
Minor modifications were made to the geomnetry in the vehicle design to provide a
longer constant-area section after first-stage injection and,thereby, assure the
maximum achievable high-Mach performance.

Choking phenomena were studied in analytical work which supported the
step-combustor experiments. The usual one~-dimensional criterion of Mach 1.0
for choking was examined and found to be usual at real combustor exists. The
governing relationship which was selected was the minimum quantity of total
momentum for given flow and total temperature. For one-dimensional flow, this
minimum level is a characteristic of Mach 1.0 conditions. Two-part streams
were studied as characteristic of combustor exit conditions, with the unburned
stream at higher Mach number than the burned stream

The streams were found to be choked where the sum of the total momentum

quantities was a minimum for a given total flow and mixed total temperature,
When appropriate one-dimensional averages were taken for the case of equal
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velocity (which was close to the actual case in the experiments), the average
Mach number was 1. 0 (F, W, ht and A correct quantities, see next paragraph).

Particular care was taken in reducing the experimental data to provide
combustion efficiency values which would produce correct engine thrusts in the
one-dimensional cycle program. As is well known to those schooled in the art
of non-uniform flow thermodynamics, the quantities required to be correct for
the cycle calculations must be the total (integrated) quantities used by cycle
program to determine thrust. Inthe case of the General Electric cycle program,
these determining quantities for the combustor are: area (a), Flow (W), total
enthalpy or energy (ht)' and total momentum F. ln the analysis of data, multi-
stream techniques were employed and the resultant values reported are those
in which A, W, h and F are implicit. Hence, the reported values are directly
applicable to cyclte calculations,

Combustor Design Considerations

A final combustor design was formulated which was very close to the
step/cone geometry tested in the arc tunnel. The nature of the inlet design, with
six "barrels', provides six "strute’ which are believed to be effective in main-
taining efficiency at levels observed in tests, out to the vicinity of Mach 12,
Two stages of fuel injection are provided, one at the step arez change and one
three diameters upstream of the step area change. Only the fuel injectore at the
step are employed from Mach 6 to near Mach 8 and both sets are used to provide
a smooth transition up to the point where all fuel flow is tc the upstream fuel
injectore (at a Mach number near 9. 5). All injectors are rows of 6 sonic holes
directed at 30 degrees downstream. Theie are eight equally spaced sets at the
upstream section in each of the six pipes (48 fuel injectors) and six equally
spaced sets at the downstream station. The combustor area ratio is 2.0. The
geometry is identical to that of the step/cone geometry tested in the arc tunnel
with the exception of the multiple inlet pipes.

Performance numbers for the selected configurations were derived for a
range from Mach 6 to 12. Heavy emphasies was placed on the experimental infor-
mation on hand, Wall force and friction drag were taken in keeping with present
cycle assumptions and the projected efficiency varied from . 85 at Mach 6 and
ER = 1.0to .90 at Mach 12 and ER = 1.6,

C. DATA AND RESULTS

1. Cold Flow Studies

a. Introduction
The mixing of fuel and air has been a major feasibility problem in
the design of SCRAMJET combustors. Experimental work at General Electric
on mixing of hydrogen and air in 1961-1963 (Reference 1 and2 ) demonstrated
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the difficulty of obtaining uniform mixtures in short lengths., This mixing work )
included data on free-stream struts, injection parallel to a wall, and penetrating
Jets. Mixing theories were also explored. The available theories in the literature
- were found to be inadequate for handling the entire complex mixing problem ex-
pected in SCRAMIJET combustors.

- Test combustors for arc tunnel testing were constructed that utilized o
penetrating wall injectors in order to assure ignition and to obtain any mixing

P benefits that accrued. Penetrating jets provide a better initial fuel distribution

i that downstream wall injectors and produce faster mixing because of the large
velocity difference and resulting shear gradients between the freestream and the

1 injected gas.

The present cold-flow experimental program was conducted to find

additional information on fuel injection penetration into supersonic streams

J sufficient to permit design of SCRAMJET combustors and to correlate previous
data. One objective was to thoroughly investigate the governing relationships of

l penetration into a supersonic flow stream by: documentation and analysis of the
effects of test variables on the penetration phenomena; establishing design criteria
for fuel injectors; and defining promising injector configurations to be further

’ evaluated in future closed duct arc tunnel combustion tests. Another major

objective was to analyze the distinctions between normal injection and downstream

or partly downstream injection by defining the respective penetration characteristics.

The experimental investigation was carried out using a cold flow facility
with injection from a flat plate aligned in a Mach 3.25 wind tunnel. Gaseous
helium-air mixtures and gaseous nitrogen were used as the injection media.
Some of the injection penetration variables investigated were shape, size, aspect
ratio, angle of the injector and Mach number, ratio of specific heats and pressure
‘ of the injectant, »

Most other investigators studied penetration using single round holes or
slot injectors stationed crosswise with the freestream flow direction. Before this
program was initiated, combustion tests had been performed at General Electric
which employed fuel injectors of the following general types: round holes, a long
row of holes and a supersonic slot. Except for a limited amount of single round >
hole data to confirm agreement with other investigators, the major emphasis in
this cold flow program was on injector configurations of long rows of holes or low
L aspect ratio injectors. Although the experimental effort was confined to initial
: penetration of jets as distinguished from subsequent mixing, a mixing theory was
identified which treats the mixing of the penetrated jets.
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Mixing theories available in the literature was examined under
SCRAMJET Air Force funding in 1962-63 and were found to be inadequate for
treating the entire mixing problem in SCRAMIJET combustors. However, a
heoretical approach was identified which handled the effects of cocurrent flow,

ensity, Mach number, combustion and static pressure gradient. This approach
vas limited because it treuted only a single shear-generated mixing mechanism,
In general, it could not treat the effects of approach turbulence, overlapping
mixing zones, wall shear, or the effects of penetrating jets. The work in 1964
on penetrating jets has led to a quantitative desciiption of the flow field at the
injection station that is amenable to treatment by a single mixing mechanism
theory. This permitted extending the objectives of this work to include the
derivation of simplified mixing expressions, and the application of these equations
to the calculations of mixing efficiencies in a combustor, including explanations of
the expected effects of combustion and static pressure gradients.

The section of this report on Cold Flow Studies contains a theoretical
analysis of penetration, and a presentation of penetration data acquired from
Schlieren photographs. A comparison with the penetration data of other investi-
gators is included. Also an extensive section on Schlieren technique is presented.
Finally, a mixing theory based on two-dimensional wake theory is applied to the
penstrating jets with an example calculation of mixing efficiency for a combustion
configuration,

b. Experimental Techniques

1) Test Facilities

a) Mach 3,25 Wind Tunnel
The supersonic wind tunnel used for th's cold flow
penetration investigation is shown in Figures 1 and 2 . This wind tunnel was
designed for Mach 3,25 flow at the 10" x 10" test section.

A schematic of the wind tunnel test section showing the
centerbody flat-plate and injector inlet piping is shown in Figure 2. Figure 3 is
a photograph of the tunnel throat and test section with the centerbody flat plate
installed. The tunnel has a fixed contoured throat, 1.7" % 10' designed for a
Mach number of 3,25 witk paraillel flow at the test section. Air was supplied at
50 pps at 130 psia and heated to 150°F to prevent moisture condensation in the
test section. The air supply for the tunnel is tapped off the main high pressure
supply line from test faciiity house compressors. Since there is no suction or
return line to the compressors, the tunnel flow is discharged to atmosphere
after passing through the tunnel diffuser,

b) Flat-Plate Centerhody and Injectors
Gas injection was from the surface of the centerbody
flat-plate that spans the wind tunnel at the test section windows. The centerbody
wae supported by four bolts through the wind tuanel side walls. The injector gas
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was piped through the wind tunnel wall and through a hole in the centerbody to an
injector plenum chamber below the injector plate. The single injecto~ hole
configurations or the last hole in a long row of holes was located approximately
eight inches downstream from the lead edge of the centerbody flat-plate. The
injector plates were readily interchangeable by means of four screws through
the bottom of the centerbody flat-plate. Bottled helium, nitrogen, and a 100 psig
dry air supply were available for injection. The injector piping is shown on the
schematic 1n Figure 2. This injector piping facilitated mixing of the injector
gases. During some of the air injection tests, a trace of helium wae introduced
into the 100 ps'g dry air line to form a base for gas sampiing measurements of
concentration. Injectants were supplied at 70°F thus providing a temperature
difference between main air and injector gas that could be used for detecting
composition by temperature nme asurements. Figures 3 and 4 show the centerbody
flat-plate installed in the wind tunnel. The centerbody contained nine static
pressure taps and an instrumentation rake. Both impact pressure and total temp-
erature probes were included in the instrumentation rake. The position of the
interchangeable injector plates is shown 1n Figure 5. Some of the 14 different
injector plate cunfigurations that were tested are shown in Figure 6. Two of the
original injector configuratiors, the . 1 inch diameter hole and the 9-1/32 inch
diameter holes were modified 1n the following order:

9 - 1/16 inch diameter hcoles
14 - 1/16 inch diameter holes
14 - holes with increasing diameter aft
14 - . 154 inch diameter holes

Table I shows the shape and dimensions of all the injector plate configurations
testec,

2) Instrumertation
The experimental data gathered during this investigation con-

sisted . test section flow conditions, static pressure distributions on the test
section walls and on the centerbody flat-plate, injectant flow conditions, and
penetration and concentration m=asurements downstream of the injector port.
Penetration and concentration data consisted of Schlieren photographs, total
temperature and impact pressure measurements, and gas sample measurements
of concentration.

Static pressures were recorded by mercury marometers and
high pressure gages were used to measure the wind tunnel plenum pressure and
injector plenum pressure.

Copper Constantan thermocouples were used to measure the
freestream temperatur: in the wind tunne!l and injector plenum chambers. These
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TABLE |

INJECTOR CONF'GURATIONS TESTED IN MACH 3.25 WIND TUNNEL

No. Configuration De® LZ/A‘ L/Width  Hole Pattern Sketrhes

1 0.1" Diameter .090 o
Normal Sonic Hole

2 9- V32" Diameter .084 183 33 000000%00:
Holes 1/4°' C

3 0.3" Diameter 27 Q
Normal Sonic
Holes

4 Supersonic Slot 224 17 10 E—
.83 Long

000000000

5 9-'6" Diameter .168 46 17
Holes 1/4" C

6 .83" 1.0..g Sonic .224 17 17 —_—
Slot

7 Supersonic Normal 187 O
Round Hole

8 Supersonic 30° 157
Round Hole g
(Protruding)

9 14-1/16" Diameter 216 225 S3 00000000000000
Holes 1/4” C

10 14 Holes (Increasing . 409 70 22 /16' 3/32' 1/8" .154" (Dia.)
Diameter Aft) OOOOQDQOOQOOOOO’

}H 14 - . 154" Diameter .521 44 22 OOQOQOQOQQQOOO
Holes 1/4" C

12 12 - 30° 1/16" .191 227 48
Diameter Holes
1/4" C

13 3" Long Supersonic .409 61 36 =
Slot

14 12 - 30* Square .23 191 48 OCOoO0D 0000000
(.06 x .06") Holes
1/4" C
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thermocouples, connected to a multipoint scanner and recorder, were located
in the low velocity, low turbulence areas of their respective plenam chambers.

aj Wake Rake System
A stationary wake rake was located directly downstream

of the injector, approximately six inches downstream from the injector hole and
approximately fourteen inches downstream from the lead edge of the centerbody
flat plate. Two different wake rakes were used during this invesiigation. The
wake rakes are shown in Figure 7. The first wake rake contained six pressure
probes and six thermocouple probes; the second contained an additional thermo-
couple probe. The second wake rake was brought into use when approximately
75% of the testing remained.

Structural considerations were important in the thermo-
couple design. As shown in Figure 7 stainless steel tubing 1/16 inch diameter
shrouded the thermocouples. The large shroud with bleed holes facilitated
nearly true readings of total temperature. Without a shroud, bare thermocouples
read the recovery temperature of the stream instead of the total temperature;
the shroud and bleed hole combination reduce the stream velocity to a low subsonic
value.

The impact pressure probes were made of . 040 inch
outside diameter and .008-.010 inch wall thickness stainless steel tubing.
Wiancko pressure transducers with a 50 psi range measured the impuct
pressures from the pressure probes ard were also recorded by the multipoint
recorder. The tubing leading from the impact pressure probes could be dis-
connected from the pressure transducers and connected to a vacuum purged gas
sampling system which collected the samples in bottles. A Beckman GC-2A gas
chromatograph was used to analyze the wake downstream of the injector irom the
samples drawn through the pressure probes. During initial checkout testing, a
directly connected Gow-Mac thermal conductivity analyzer was used, but the
response time was too slow to obtain all the desired test data during short test
runs.

b) Schlieren Systems

Figure 8 is a schematic drawing of the Schlieren system
that was used for most of the penetration measurement in this program. The
system consisted of a 100 watt continuous arc light source, a focusing lens, a
rectangular slit, two mirrors, a knife edge, and a speed graphic camera.
Measuremerts of the outer boundary of the penetration jet were made from the
Schlieren photographs at approximately 5 inches downstream from the injector
hole and approximately 13 inches downstream from the lead ¢dge of the centerbody
flat plate,
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Other Schlieren systems were used for specific l
effects such as: a spark light source; a distributed light Schlieren systemn, and

a light disperaing prism for color Schlieren. Figure 9 is a schematic of the ‘
distributed light Schlieren system that was used with the 100 watt continuous arc
Light source as well as with a spark light source. “U
i
L

3) Test Procedures
Before this test program was initiated, a calibration of the
wind tunnel was conducted to verify the flow conditions in the test section. With
the centerbody flat plate installed including the wake rake, impact pressures
from the Pitot pressure probes were measures. From the ratio of these impact X
pressures to static pressures measured from tunnel side wall taps and using the h
Rayleigh-Pitot equation as tabulated in Reference 3 , the Mach number in the

test section was determined. Two additional measurements of Mach number were o)
available by assuming zero total pressure loss and ratioing the total pressure to :)
static pressure or ratioing the total pressure to the impact pressure. Also, the

Mach number was found from measurements of the angles of the Mach lines on

Schlieren photographs during conditions of no injector flow., The pressure U

measurements method of calibration was within approximately + 2% of the design
value of Mach 3. 25 for this wind tunnel,

-
st

The Wiancko pressure transducers were calibrated before -
each test run and it was found that only very minute adjustments of the recorder
were needed between runs. The injectant mass {low rate for each injector con-
figuration was calibrated previous to a test run by measuring the pressure drop
across a standard ASME orifice. Prior to a te st run, the Schlieren ystem was L]
aligned and focused, and a Speed Graphic camera was focused on the plane of
the injector in the test section. Dimensional calibration of the Schlieren photo-
graphs was established by two static pressure lines where were in view below the U
plate; these were two inches apart.

r———
[ p—

The test conducted during this investigation waere started by
establishing primary flow after a brief facility warm-up time. After the throat
of the tunnel was started and supersonic flow was established, the recorder
was started and performed continuous scans of temperatures and pressures.

At a predetermined injection pressure, gas samples were taken; after which a
full range of injection pressures were investigated with Schlieren photographs
taken at each pressure point.

¢ -
]

g

C. Background Analysis
Simplified models of the penetrating mechanism together with analy-
tical calculations based on the proposed models are helpful in understanding the
governing relationships that are fourd expe¥imentally. Appropriate correlating
parameters can also be identified from these models. However, the currelating
parameters adopted in the available hiierature on pene‘ration are rot all cunsistent
with one another and sometimes suggest inappropriate relationships between the
variable.
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This section of the report discusses the difficulties with the
available data correlations in the liaterature and explains the reasons for
the correlating methods adopted in this report. Analytical models for the
penetrating mechanism are discussed and a physical interpretation is given
for the effect of the shape of the injection hole, round versus low aspect ratio,
and sonic versus supersonic.

unes BEN some BN 2 |

c3

1) Definition of Penetration
Injecting fluid in a direction normal to another flow aids the
spread of fluid across the stream. Experimentally, this effect is not always
easily separated from the turbulent mixing that occurs simultaneously with
the normal penetration. i

——

Figure 10 is an illustrative sketch of a penetrating jet. The
initially normal jet is turned almost parallel to the freestream flow. Even
though the penetration is completed, the injected gas continues to spread
through the stream by the process of turbulent mixing. Actually, there may
also be some continued penetrating effect of the initial jet momentum at all
dovnstream distances. However, in this experimental study of penetration into
supersonic flow, the penetration phenomena itself seemed to be essentially
completed in a very short downstream distance.

A large body of the literature on jets penetrating into super-
sonic streams has not included freestream measurements; only wall static
pressures were measured. Much of this work was motivated by applications

for thrust-vector cont- °~ ° sxhaust nozzles. While these wall pressure
measurements or direc. -ce measurements might be adequate for thrust-
vector-control, they are : suitable for estimating the actual penetration

distance. The flow sepa. icns caused by normal injection and documented

in these wall pressure m ijurements are of intcrest in designing fuel injectors.
Since these separations b been found to be of small extent for the low aspect
ratio hole patterns deve! ' in this program, no effort was made to include

in this report discussiol .. .ne extenaive thrust-vector control work. (Reference
4 is a literature survey on work for thrust vector control.).

To properiy examine penetration, detailed freestream N
measurements of mixing jet are needed. To correlate these detailed profile ‘
measurements, some simplification is b- 'pful. The locus of maximum con-
centration of injectant at each downstreau: station is one simplified description
of the penetration. If the injected flow were found to be symmetric about this
locus, only an additional spreading narameter would be required to completely

describe the jet. Unfortunately, symmetry is not very good for many pene-
trating jets.
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Figure 11 indicates that the concentration of a penetrating
round sonic jet is noi symmetrical. Figure 12 shows that with low aspect ratio
holes, the concentratio. profile is fairly flat from the plane of injection to the
extremity of the jet, making the location of a maximum concentration difficult
to determine and, therefore, an inappropriate criterion,

Near a wall another difficulty occurs. As illustrated
schematically in Figure 13 after the penetration is nearly complete, downstream
riixing continues to spread the injected fluid. As the fluid mixes toward the wall,
the shape of the concentration curve becomes modified in such a way as to make
the peak concentration move toward the wall. This shift occurs because pure
air enters the mixing region only from the side away from the wall. When this
peak reaches the wall, the penetration based on maximum concentration becomes
zero.

In addition to shifting the peak concentration towards the wall,

the turbulence levels near the wall are modified, creatirg a variable non-symmetric

mixing field. Under these circumstances, it becomes difficult to separate the
concept of penetratio:: from the turbulent mixing phenomena.

Walls are not the only cause of considerable turbulence level
variation. Wakes adjacent to a mixing fuel jet, such as occur behind injection
spraybars, create high turbulence level fields on one side of the injected flow
which result in non-symmetrical mixing patterns.

Another approach to penetration measurements adopts the
outermost extremity of the injected fluid as the most significant measurements
to correlate. At distances far downstream, this technique suffers because it
primarily shows the effect of the turbulent mixing.

In experiments with subsonic free streams where high intensity
turbulence may exit in the approach stream, the outer boundary of the penetration
becomes a function of the approach turbulence, greatly complicating comparison
with other experiments. In general, supersonic tunnels have very low turbulence,
ard, therefore, only the turbulence generated by the jet itself and the wall
boundary layer affect the results. The Schlieren pictures obtained in this study
showed that penetration is essentially completed in a very short downstream
distance, and that beyond this distance the outer boundary propagated into the
freestream at a very slow rate, making the outer boundary a reasonable measure
of the penetration.

The penetration work presented in this report deals primarily
with the measurement of the outer extremity of the injected flow. This approach
was particularly convenient due to the considerable success of obtaining good
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Reprinted from Reference 5: - Zukoski, E.E. and

Spaid, F.W., "Secondary Injection of Gases into a s
Supersonic Flow,'" California Institute of Technology,

Pasadena, California, AIAA Preprint No. 64-110,

January 29-31, 1964
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Figure 11 - Jet Concentrstion Profile (from Reference 5)
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Schlieren pictures. Schlieren pictures can identify the high concentration
gradients near the edge of the injected flow easier than the more gradual changes
near the concentration peak. Since the supersonic tunnel flow Lad a near-zero
turbulence level, the edge of the injected gas flow was also the outer edge of the
turbulent mixing zone, again making for easy detection by Schliercn technique.
The very small increase in the distance to the edge of the jet as length was
increased aasured that only small effects of turbulent mixing were involved.

Reference 5 correlated the true increase in the distance to the
maximum concentration for round sonic jets and found a very small effect of
increasing distance, The Schlieren pictures in this study show the rate of
change with distance but no attempt was made to correlate this variable. The
fairly flat concentration profile detected by gas sample measurements and temp-
erature measurements for low aspect ratio injectors, together with a rapid
decrease in concentration at the outer extremity, suggests that this outer edge
is an appropriate measurement for characterizing penetration.

The available data in the literature based on maximum con-
centration determinations can be compared with the data in this report by
making use of available profile data to convert maximum concentration data to
outer edge correlations.

2) Ar.:lytical Models
Simple models of a penetrating jet can be postulated and
relationships can be calculated from these models. Many of these simple
models have obvious limitztions. Figure 14 shows three quite different models
that might be investigated.

A jet of water into an airstream may retain its cross-sectional
area and shape for a considerable distance. The cross stream will exert a force
on the water jet similar to that on a cylinder. F = Cp ._. This force accel-
erates the water jet in the direction of the air stream. 1 *'T A force balance
can be expressed and a trajectory derived.

The limitations of this model are severe. It assumes that no
mixing takes place between the jet and the surrounding air stream and that the
jet cross section remains at constant size and shape. This would nat be expected
with gas jets.

The second flow model shows a gas jet which mixes with the
surrounding streams as it penetrates. A mixing assumption is required; for
example, the mixing can be assumed to be similar to that which would be
measured or found in zero velocity surroundings; data are available for this
type of mixing. To set up the force balance between this jet and the surroundings,
requires assumptions about the character of the form drag. In subsonic free-
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A) WATER JET WITH CONSTANT CROSS SECTION

8) GAS JET MIXING WITH SURROUND INGS

ST TSI

c) NON=MIXING GAS JET EXPANDING AND TURNING DUE
TO PRESSURE FIELD

Figure 14 - Three Simple Analytical Models.
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stream flow, *he form drag on an aspirating jet is probably unknown, it depends
heavily on the nature of the wake flow which obviously is affected by the mixing
and aspiration phenomena. In supersonic flow where the form drag is primarily
due to the pressure on the front surface of the jet, better drag estimates can be
made. The momentum transfer from the freestream to the jet because of mixing
also enters into the equations,

In the supersonic flows studied in this program, the jets are
bent over before mixing should have reached the centerliae of the jet. Mixing
data in the literature for round holes indicates that the jet core begins to be
aifected by mixing with an equal-density zero-velocity surroundinge after about
eight hole diamcters. While it is unlikely that this relation will apply exactly
to high pressure sonic jets, it is of interest to observe that at an injection
pressure for which the injected density is equal to that in the M = 3,25 flow,
p)/pplenum = 0.7 for helium, the measured penetration was found to be five hole
diameters Thus it is seen that the jet is turned before extensive degeneration
of the jethas occurred due to mixing. This observation justified the use of a
penetration model that assumes zero mixing.

The third model is a model which assumes zero mixing with
the freestream flow and is, therefore, more consistent with the supersonic
freestream flow regime. With zero mixing, the frontal drag can be equated to
the downstream momentum acquired by the turned jet.

In Reference 6 the flow blockage created by a two-dimensional
slot across the stream was set equal to the flow area required to pass the injected
gas after 1t was turned 1sentropically downstream to the freestream static
pressure. The jet was assumed to cause a reaction in the freestream similar
to that which would ovcur from a forward facing step with the same area.

Reference 5 again utilized the assumption of isentropic
turning to the freestream pressure, and then suggested that the freestream
force on the jet be set equal to this downstream momentum. The penetration
height was determined by assurning that the disturbance in the freestream created
by the jet involved a flow field of constant shape. A quarter sphere shape was
selected. The actual size of this disturbance was determined from a balance
between the freestream force on the assumed shape and the downstream momentum
acquired by the jet

The assumption of 1sentropic turning used in both Reference 5

and Reference 6 supers  nic models is vbviously not quite valid; non-isentropic
shock waves certainly must occur in the jet as it is turned through the 90 degree
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turn. However, very useful correlations were obtained in Reference 2 using
these assumptions, This model, however, fails to offer an approach for deter-
mining the difference between a supersonic injection point and a sonic injection
point, and is not suitable for explaining the effects of low aspect ratio holes.

3) Proposed Model

a) General

Figure 15 is the penetration model proposed in this
report which leads to a better understanding of supersonic versus sonic holes
and other hole shape effects. In this model, it is suggested that the freestream
force is related to the blockage created by the jet as it expands to the freestream
pressure before turning in the downstream direction. This force should equal
the acquired downstream momentum of the jet for normal injection. The pene-
tration height is found from this equality. The turn need not be isentropic, in
fact, the available data seem to be consistent with a downstream momentum
roughly equivalent to sonic flow. From a physical standpoint, it is not unreason-
able to expect that a jet expanding into a low pressure region will develop shock
waves and expansion waves which could easily bring the jet Mach number to unity.

The penetration for a given mass flow of injectant and
will be greater if the jet presents a lower blockage to the freestream. The jet
will penetrate further into the stream until the blockage area is consistent with
the acquired downstream momentum. The advantage of a low aspect ratio hole
is easily seen in this model. It presents less frontal blockage width and hence
greater height than a round hole. A blockage advantage of supersonic holes can
also be seen, A supersonic injector hole if good design involves a lesser flow
area at the exit than if the flow haa been allowed to expand to the freestream
pressure from a sonic flow without the benefit of containing walls, The flow arca
required for an isentropic expansion in a contoured nozzle can be calculated from
the theoretical isentropic flow equations. The flow area required for a jet ex-
panding to freestream from the sonic hole must be determined from detailed
method of characteristic solutions.

b) Supersonic Injection
In order to get an analytical estimate of the difference

in blockage between sonic and supersonic injectors, detailed Method-of-Character-
istics solutions were accomplished with an available machine program (F233E).
These calculations defined the jet shape that would occur in a zero velocity,
on-mixing surroundings. The results showed a significantly greater flow area
for a sudden expansion than for a contoured nozzle, qualitatively justifying the
increased penetration that is actually found for a contoured, parallel-flow nozzle.

Figure 16 is a correlation of the calculated maximum
widths of expanded jets. Calculations reported by NASA are also included. Both
axisymmetric and two-dimensional expansions fell on the same line. The para-
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meters that were plotted were not derived theoretically, but were found empiri-
cally by fitting of the data. However, these parameters have a reasonable form.
The axes represent the available pressure ratio for expansion and the resulting
increase in jet flow area. Results from nozzles with different design Mach
nurnbers were made to fall on the same curve by using the correction showr in
Figure 17.

It is interesting that a ratio of the blockage reduction of
a supersonic hole over a sonic hole is almost constant for a configuration at high
injection pressure ratios independent of the exact pressure ratio. For a Mach 2
nozzle this correlation indicates 30% less blockage than a sonic hole. For the
same Cp, the penetration would be expected to increase proportional to this
percentage change.

At very low freestream q's such as occur in low
subsonic flows, the supersonic jets may degenerate through shock waves and
mixing to the larger size of sonic holes and the blockage of sonic and supersonic
injectcrs may approach each other. The available data are consistent with this
hypothesis but not conclusive.

c) Low Aspect Ratio Slots
From a fontal blockage consideration, a two-dimensional
slot (long long in the direction parallel to the mainstream flow) should penetrate
further than a round hole.

Several features of the flow phenomena can be postulated
to have a possible modifying effect on the relations. The turned flow from the
upstream portion of the jet must flow around the downstream portion creating
an effectively larger blockage to the flow than estimated from two-dimensional
method of characteristic calculations. The drag coefficient may increase on the
portion of the jet furthest from the wall, limiting its penetration. Also, as the
aspect ratio of an injector is made less, its penetration becomes significantly
affected by mixing with the surrounding gas. For the actual low aspect ratio
injectors investigated in this study, the slots were thin enought that turbulent
mixing with the surroundings would be expected to play a part in the penetration
phenomena.

With increasing injection pressures, the blossoming jet
begins to approach the shape from a round sonic hole. From the correlation in
Figure 16, it is possible to make a rough estimate of the pressure at which
this should occur. When the calculated maximum width of the expanded jet equals
the length of the slot, it would be acting very much like a round hole. This occurs
within the range of the experimental measurements in this study for the case of
the supersonic slot with an L/D of 17.
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By the reasoning presented previously as for round
holes, the frontal blockage relationship of the expanded jet would suggest that a
supersonic slot penetrates better than a sonic slot.

When penetration is affected by mixing, one might
expect different results for different density fluids. Injection into quiescent
medium shows different effects for different density fluids. However, it is
possible in the prnetration work described here, that much of the mixing that
occurs with the downstream portion of the jet as it penetrates is with the already
turned portion of the upstream part of the jet and, therefore, the mixing occurs
between equal density fluids and is very similar. The experimental data do not
seem to show any difference with injection density other than those accounted
for by the correlating parameters that were selected based on zero mixing con-
siderations,

d) Row of Holes
In order to minimize tolerance problems, simplify
manufacturing requirements, and to minimize friction lcss, it might be desirable
to replace a long slot with a row of round holes. As the jet from the round hole
expands to the low freestream pressure the jets begin to overlap. Under this
circumstance, the row would logically act very similar to a long slot.

e) Angled Injection

It would be expected that if the direction of the injected
flow is angled toward downstream that some of the injection momentum would
result in thrust for the engine and that the penetration distance might be somewhat
reduced. According to the adopted model, the downstream momentum acquired

by the jet injected in a direction normal to the flow, is equal to its final downstream

momentum. For angled injectors, it is equal to the final momentum minus the
initial downstream momentum. While this momentum difference consideration
should reduce the penetration of angled injectors, other features of the jet increase
the penetration at high injection pressures. One feature is that the injected flow
from a constant cross section angled hole expands around the leading edge of the
hole to supersonic velocities. The flow also turns in a direction more normal to
the freestream flow direction. Furthermore, a round sonic hole injecting at less
than a 90° angle to the wall presents a lower aspect ratio shape to the freestream.
These features of the flow tend to increase penetration. Experimentally, the net
effect was to produce about the same penetration with normal sonic holes or with
angled sonic holes flush with the wall.

4) Selected Correlating Parameter

Considerations based on the analytical model and theory suggest
that supersonic penetration shouid be related to the dynamic head, "q" or (P u®) of
the gases. The penetrating flow is turned parallel to the freestream flow by the
action of forces at the interface between the two streams. The force due to the
main stream is related to the body drag.

anCD Qe (1)
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At Mach numbers above 2, the coefficient of drag for blunt
bodies remains constant, so that F,&Xqe for a given geometry of a blunt
body or a given interface between two streams. The opposing due to the injectant
is related to the downstream momentum which the injectant acquires in the turn.

The penetratiun is, therefore, seen to be related to functions
involving momentum parameters, qor ( Y PMZ). Some penetration correlations
reported in the literature have utilized mass flow or velocity instead of
momentum possibly because the data involved did not include injectants with
large density differences.

A long injection hole should present less blockage thickness
to the freestream. The reduced force per unit height on the interface permits
penetration to a greater height than for a round hole. With moderate aspect
ratio holes and high injection pressures, the jet blossoms out to a shape approach-
ing that of a round hole. Thus, only with very long and narrow holes or hole
patterns, can significantly greater penetration, than that for round holes, be
expected at high injection pressures.

The data in this work are plotted in terms of parameters that
illustrate the validity of momentum dependence and the aspect ratio effect. The
following discussion explains the selection of parameters that were compared
in this study.

Jet penetration should scale linearly. Reynolds number effects
are negligible in the penetration mechanism if the boundary layers and boundary
layer separations are small compared with the penetration. If the hole diameter
is doubled while the injectant pressure remains the same, the shape of the jet
should remain exactly similar; and the jet should penetrate twice as far. In
comparing penetration data from different hole sizes, the penetration can be
made non-dimensional by expressing it as the number of hole diameters,
(penetration/D). Round sonic holes with different diameters should exhibit
identical (penetration/D) for the same injectant conditions of total temperature,
total pressure, molecular weight and specific heat.

To correlate penetration from geometrically dissimilar jets,
care must be used in defining the jet diameier. For the injectors used in this
work, the penetration was made non-dimensional by using the effective hole
diameter, Dg*, which is defined as the diameter of a round sonic hole that will
pass the same flow as the injector configuration. For the same injectant stag-
nation conditions, two configurations with different injection hole designs, but the
same D * will pass the same mass flow of gas. In a combustor the fuel mass
flow is fixed by the mission and it is desirable to select the injector configuration
having the greatest penetration for a given mass flow. The configuration with the
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better penetrating shape will have the greater (penetration/De‘) for the same
injectant conditions and mass flow. The ratio would not necessarily be greater
for the better penetrating shape if the physical injection diameter (which might
be much larger for a supersonic hole) were used toc make penetration dimension-
less By the scaling consideration discussed in the previous paragraph, com-
par:sons can be made between configurations with different Do*. For identical
inrectant conditions of total temperature, total pressure, molecular weight, and
specific heat a better penetrating shape will exhibit greater (penetratxon/D %)
regardless of the differences in flow area.

In these experiments, the total pressure of the injectant,
P er) Wasa basic test variable. This parameter can be made nondimensional
by éxvxdmg it by a pressure in the freestream. Since the Mach number of the
freestream was not a variable. the data will correlate in the same manner with
either static or total freestream pressures. The total pressure, (P o ), was
selected because it is a primary measurement 1n the testing.

It was proposed to correlate the non-dimensional penetration
by one of two parameters: the mass flux of the jet, p U, or the momentum
flix,. # U2 | Using the well-kn wr definition of Mach number

N

M= =
a
anu the perfect gas relations
P =9 R,T/M
a = Jyg R,T/M
Yol 2
T,/T = 1+ — M
i Al
P /P - (TI/T) T

the proposed parameters may be expressed as

V n\
PM/ s8I
t R() l!

cuU : Yy -1 2 Y +1
(s 2 M) 251 (2)
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(3)

As long as the total pressure is sufficient to choke the throat
of the jet, the Mach number is determined by the jet geometry, and is independ-
ent of the total pressure and temperature, Both parameters are thus proportional
to the total pressure of the jet. The maass flux, P U, is a function of the temp-
erature _and molecular weight of the injectant, whereas, the momentum flux.
o Uz/g. is independent of these properties.

Theoretical considerations predict that, of the two proposed
correlating parameters, the momentum flux should be superior. When two
supersonic perfect-gas flows collide obliquely, the trajectory of the boundary
streamline is determined by the Mach numbers, static pressures, and the
specific heat ratio existing locally in the two flows. The static pressure is,
in turn, a function of the local Mach number and the total pressure and specific
heat of each flow. [he solution is independent of the molecular weights and total
temperatures of the flows. Since the trajectory of the bounding streamline
determine s penetration of one flow into the other, the correct correlating para-
meter for penetration should also be independent of molecular weight and total
temperature. The momentum flux is independent of these properties, whereas,
the mass flux is not.

The superiority of the momentum flux as a correlating parameter
was demonstrated experimentally by comparing the penetration of jets of helium

and air injected through the same nozzle at the same total pressure and temperature.

With these two gases there is a slight but complex modification of the Mach number
field due to the difference in specific heat ratio, gamma. The net effect of the
differences in gamma and molecular weight at the injection pointis to make p u?
larger by a factor of 1,22 for the helium, but the max flux ( » U) is lower by a
factor of 2. 5. Thus, if mass flux were an adequate correlating criterion, the
penetration of helium would be much less than that of air at the same injection
pressure., Consistency withthe ( p U®) criteria is established if the experi-
mental data show nearly equz] penetration for the two jets; nearly equal pene-
tration was acutally found experimentally.

In this report, penetration is represented by the symbol 2
and the term (Z/Dg*) is plotted against the ratio of the jet total pressure to
the freestream total pressure Pj/P &« . This method of plotting was adopted to
illustrate an approximate straight line relationship. A straight line through the
origin in such a plot is consistent with penetration being proportional to the
square root of momenturn as illustrated in the following equations:
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([%-)z = Cl Per = C (‘ﬂj 1

k (4)
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Critical insight into the effects of the various properties affecting penetration
can be gained ty expanding this correlation. Using the previousiy derived
expression for the momentum flux of a perfect gas, the correlating equation
may be written

P
— -

Zz). Cr Y P

2
Jet M
D, s

(105 ) 75

(S)
. n 2 ,
Noting that A* = - (D.‘) , the absolute penetration may be expressed as

2
C3 Y li’)et Ax M

(l+ Yz-l MZ)TY_-T_

N
"

The equation for the flow through a sonic orifice is
/Y gm
cht A* ROTT
Y.l Y 4]
we = ( 2 ) 2(Y - 1)

The product pjet A* may be eliminated between the last two equations, producing

Y+l
Z2 = C; Y w MZ ( ) Y
3 { Y gm 2

0
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P
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Inspection of this last equation reveals that, for a given
nozzle geometry, injectant and injectant flow and temperature, the penetration
is independent of the injection pressure, as long as the pressure is sufficiently
high to make the Mach number a function of nozzle geometry only. For a fixed
fuel flow, the same penetration is attained by injecting at low pressure through
large holes as would be attained by using high injection pressures. The equation
also shows that the penetration is proportional to the fourth root of the fuel
temperature; heating the fuel from 500°R to 2000°R will produce a 41% increase
in penetration.

5) Other Empirical Correlating Parameters
Correlating parameters and methods are sometimes selected

incorrectly or at least arbitrarily. Frequently a proper relation is not
identifiable from either the available data or from analytical models or reason-
ing. Difficulties with sorne of the individual correlating parameters that have
been used in the literature are discussed in the paragraphs that follow.

a) Downstream Length
There should be some effect on the penetration

measured depending on the downstream distance at which the measurement is
made. X/D expresses this distance in dimensionless form. In correlating
data, the ?fe S&vs downstream distance has been represented as a power of this
function & (— . However, it seems more consistent with the physical
phenomena, wgich involve an initial penetration followed by downstream mixing
as illustrated in Figure 2, to use a term of the form:

2-E) 1 @)
initial

Alternatively, a virtual origin.upstream of the actual injection point may also
be used:

T~ &Y

The available data do not seem adequate for determing the most appropriate
function; partly because of the very small change with distance that is observed
with supersonic flows, It is suspected that basic differences may exist in the
length effect between supersonic and subsonic flows. In subsonic freestream
flows, the injection momentum of the jet creates a secondary flow field in the
mainstream, which is quite different from flow that results from the shock waves
in a supersonic stream. In general, the available correlations for subsonic flow
show a greater cffect of (X/D), than the correlations for supersonic freestream
flows.
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d) Injection Rate
One of the most significant test variables is the injection

flow rate or pressure. For subsonic injection flows, this variable can also be
expressed as injection velocity. In high pressure injection from sonic holes;
the density of the injected gas is the variable. Data are frequently correlated
by terms which include both the density and the velocity. In some experiments,
the correlating parameter has been determined from data which did not include
independent variations of density and velocity, resulting in the selection of a
parameter that was inappropriate for their independent variation. The work in
this study investigated both density and velo :ity effects. This was done by vary-
ing injection pressure and molecular weight of the injectant.

One correlation was found in the literature in which
the injectant velocity was varied and seemed to be proportional to the pene-
tration that resulted. However, instead of plotting the results vs. velocity or
a specific experimental variable such as injection pressure or injected flow,
the results were plotted as a function of ¢ U. This plot inferred an experimental
result that was not supported by the experiments; it suggested that penetration
was proportional to P U for either density or velocity variations. The relations
found by other investigators who varied both density and velocity showed that
penetration was made nearly proporational to the square root of p ul,

Another penetration study concluded that the temperature
of the injectant was unimportant (Reference 7 ). While it is true that Z/D was
found to be proportional to the square root of P U independent of temperdature,
the diameter of the hale required to pass a given mass flow is greater for the
higher temperature gas; hence, the over-all penetration was greater. Another
example of a misleading implication of the (Z/D) parameter is discussed in the
section below on Mach number.

While conliderabie analytical justification has been used
to support the selection of the term P U®, it can also be argued that the impulse
function is appropriate. It is not certain that the existing data are adequate to
confirm advantages for the impulse function. In this work (P U€)* at the sonic
throat was used. The relative compariscns between sonic and supersonic holes
does not change when impulse function at the throat is used. However, con-
ditions at the injector exit were used to correlate injectign at greater than design
pressure ratio, the impulse function is better than ¢ U~ because impulse is a
continuously increasing function of Mach number at constant total pressure. The
proposed model qualitatively relates the increased penetration of supersonic holes
to the reduced flow blockage, instead of to the increased impulse function,

e) Mach Number
The Mach number of the flows can also be used in
correlating the data. Reference 7 found the following correlating expression:

S1

CONFIDENTIAL




- p— S —— - e ———— - ——— " - — T~ - 7 ST it 11 R W g

CONFIDENTIAL

AF APL-TR-65-103

d) Injection Rate
One of the most significant test variables is the injection

flow rate or pressure. For subsonic injection flows, this variable can also be
expressed as injection velocity. In high pressure injection from sonic holes;
the density of the injected gas is the variable. Data are frequently correlated
by terms which include both the density and the velocity. In some experiments,
the correlating parameter has been determined from data which did not include
independent variations of density and velocity, resulting in the selection of a
parameter that was inappropriate for their independent variation. The work in
this study investigated both density and velo :ity effects. This was done by vary-
ing injection pressure and molecular weight of the injectant.

One correlation was found in the literature in which
the injectant velocity was varied and seemed to be proportional to the pene-
tration that resulted. However, instead of plotting the results vs. velocity or
a specific experimental variable such as injection pressure or injected flow,
the results were plotted as a function of ¢ U. This plot inferred an experimental
result that was not supported by the experiments; it suggested that penetration
was proportional to P U for either density or velocity variations. The relations
found by other investigators who varied both density and velocity showed that
penetration was made nearly proporational to the square root of p ul,

Another penetration study concluded that the temperature
of the injectant was unimportant (Reference 7 ). While it is true that Z/D was
found to be proportional to the square root of P U independent of temperdature,
the diameter of the hale required to pass a given mass flow is greater for the
higher temperature gas; hence, the over-all penetration was greater. Another
example of a misleading implication of the (Z/D) parameter is discussed in the
section below on Mach number.

While conliderabie analytical justification has been used
to support the selection of the term P U®, it can also be argued that the impulse
function is appropriate. It is not certain that the existing data are adequate to
confirm advantages for the impulse function. In this work (P U€)* at the sonic
throat was used. The relative compariscns between sonic and supersonic holes
does not change when impulse function at the throat is used. However, con-
ditions at the injector exit were used to correlate injectign at greater than design
pressure ratio, the impulse function is better than ¢ U~ because impulse is a
continuously increasing function of Mach number at constant total pressure. The
proposed model qualitatively relates the increased penetration of supersonic holes
to the reduced flow blockage, instead of to the increased impulse function,

e) Mach Number
The Mach number of the flows can also be used in
correlating the data. Reference 7 found the following correlating expression:
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The effect found for the injector Mach number was
made dimensionless by ratioing it to the freestream Mach number. However,
the freestream Mach number was not a variable in the experiment. Other
evidence indicates that it was improper to ascribe this effect to the freestream
Mach number.

It is interesting to notice that the correlation predicts
a decrease in Z/D with an increase in the design Mach number of the injector.
The penetration itself actually increases with increasing injection Mach number
for a given mass flow of injectant in the above correlation although that is not
obvious from the parameters used in the correlation. The Z/D term decreases
because the diameter of the injector increases with Mach number for a given
massflow. In this study, this difficulty was avoided by ratioing the penetration
to the diametar of the sonic throat, D¥. In the usual combustor problem, the
fuel massflow to the injector is the important given quantity; therefore, it is
desirable that the correlating equation indicate whether injector modifications
increase or decrease the penetration for a given massflow of injectant. It is
not of much interest to know how penetration changes in terms of D as the
design Mach number changes. For injectors with the same D* and injection
pressure, the mass flow will be the same, independent of the supersonic con-
tour of the injector. The correlation, therefore, becomes more closely
related to the combustor problem of interest when the penetration is ratioed
to D* rather than D.

The effect of injectior. Mach number on penetration
is explained in this present study as an effect of the frontai blockage of the
resulting jet.

d. Discussion and Test Results
1) Methocs of Penetration Measurements
a) Measurement Criterion

During this investigation, injector penetration was
determined by three methods: temperature measurements, gas samples, and
Schlieren photographs. Figure 12 shows a drawing of the idealized penetration.
Penetration distance was identified from temperature and gas sample concen-
tration profiles obtained by measuring the height above the flat plate where the
concentration had fallen off to within 10-20 percent of the maximum concentration.
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Penetration measurements using Schlieren photographs were made by

measuring the height above the flat plate to the line of the outer boundary of

the penetrating jet . Schlieren photographs identify the shape of the edge of

the mixing region in the main flow direction, while the temperature and gas
sample measurements identify the profile at a single downstream location.

The three methods were consistent in identifying the position of the outer
boundary of the penetrating jet; although the temper ture difference measure-
ments indicated richer concentrations of injected gas than did the gas samples.
The agreement of identification of the outer boundary of the penetrating jet is
shown in Figures 18, 19 and 20. The line for temperature measurements denotes
the range where the concentration had fallen off to within 10-20 percent of the
maximum or peak concentration. Approximately 5 to 6 inches downstream of
the injector, both Schlieren photographs and gas samples indicated a fairly
uniform concentration of injectant from the wall to almost the outer boundary

of the penetrating jet. From Schlieren photographs, the penetrating jet was
found to accomplish most of its penetration in a very short downstream distance.
The accomplishment of penetration in a very short distance simplified analytical
models for penetration by eliminating the need to consider mixing between the
two streams in postulating the penetration mechanism. Also measurements of
penetration were simplified because a measurement at only one downstream
location provided a reasonable indication of the extent of penetration. The uni-
formity from the wall, and the rapid completion of penetration suggests that the
outer extremity of the jet provides a good characteristic dimension of penetration;
the measurement of this edge was, therefore, used extensively in the work for
correlation of the data.

b Temperature Measurements
Total enthalpy per pourd mixes in free turbulent flow

by the same mechanism as the mass flow. Hence, it is possible to calculate
local composition from local total enthalpy measurements. In low Mach number
uniform temperature flow, the total enthalpy or composition can be determined
from a thermocouple immersed in the stream. For supersonic flow, a bare
thermocouple measures recovery temperature. To get a nearly true reading of
total temperature, a shroud is placed around the thermocouple so that a low Mach
number flow passes the bead. In a stream which varies with time, thermocouples
do rot provide a mass average temperature; the averaging process is affected by
heat transfer rates to the thermocouple. However, at the ouiset of this investi-
gation, it was expected that this error would be small and that temperature pro-
files would be a good indication of composition profiles.

c) Gas Sample Measurements

To study the mixing of the injectant and the primary flow,
a profile of the concentration was produced from the analysis of gas samples
drawn at a single downstream location. As mentioned earlier, the temperature
measurements indicated a richer concentration of the injected gas than did the
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gas samples. In a series of tests to attempt to discover these differences
between gas samples and temperature measurements, a number of modifications
were performed on the total temperature protes and on the gas sampling pro-
cedure. No significant differences in the original measurements of composition
by each method were detected. Considering the difficulties of measurements of
freestream temperature, and the difficulties in agreement of concentration pro-
files, it was decided to place reliance on Schlieren photographs tc document the
penetration of the injectant gases. Because of the good Schlieren techniques
that were developed during this program, providing very rapid data gathering,
efforts to improve the other techniques were discontinued.

d) Schlieren Measurements

Schlieren photographs were obtained to document the
penetration and mixing and also to develop techniques suitable foruse in com-
bustion tests. The windows for combustion testing in the arc tunnel combustion
facility are detrimental to conventional Schlieren systems. A method using a
distributed light source which overcomes the window problem was, therefore,
investigated in this testing program, in addition to the more conventional
Schlieren techniques.

Figures 21 and 22 are some of the first Schlieren
photographs obtained. The instrumentation rake is seen at the right of the
picture. Straight Mach lines are seen throughout the flow field at an angle
consistent with Mach 3.25 flow. The jet orifice is just to the left of the picture.
The strong curved line is the interaction shock in the main airstream caused
by the jet. The edge of the penetration is a dark region a short distance above
and parallel to the boundary layer. The photograph in Figure 21 was taken with
the Schlieren system of Figure 8 with the knife edge in the horizontal position.
In this position, the density gradients perpendicular to the horizontal were
emphasized, and horizontal gradients did not appear. Light passing through the
test section was bent toward the high density region . The knife edge cut off the
light that was bent downward. The boundary layer was at a higher temperature
than freestream and bent the light vpward toward the higher density freestream
and over the knife edge, showing as white in the photogm ph. The light passing
through the shock wave was bent down toward the higher density region downstream
of the shock; and was cut off by the knife edge, appearingblack on the film. The
shocks at the bottom of the picture appear white by the same physical procese.
The jet itself was at a slightly lower total temperature than the freestream, but
local Mach number was probably a more significant factor affecting the density.

Figure 23 is an enlargement of Figure 21 which s*ows

the shock waves on the front of each probe and also the waves created ", the
thermocouple bleed holes. The holes themselves can also be seen.
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Figure 21 - Initial Schlieren Photograph.
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Figure 22 - Initial Schlieren Photograph
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Figure 24 shows the same flow phenomena as in
Figure 21 with the knife edge turned 90° to emphasize the horizontal density
gradients. The boundary layer had gradients primarily in the vertical direction,
and is, therefore, not as pronounced as in the first photograph. The jet and ehock
wave show up dark, consistent with the density increasing in a downstream
direction. The jet flow Mach number was low after the interaction phenomena
at the injection point, perhaps subsonic. As the injected gas went downstream,
its Mach number increased and hence, its density increased.

In addition to providing an indication of the jet path,
these photographs also verify that the tunnel was started, both top and bottom,
and that the probe was not creating separations in the flow.

One very disturbing feature in both Figures 21 and
23 is the presence of unexplained light intensity variations, the dark region in
the upper right hand corner, for example. It was noticed that there was some
vibration of the Schlieren components. It was postulated that the amount of
light passing over the knife edge was changing due to vibration as the focal
plane shutter in the camera moved across the film. To establish if this were so
and to eliminate its possible effect on the position of the jet boundary, the
camera was turned 90°,

Figure 24 is one example of the vibration effect
detected, this was with a pParticularly severe vibration. It is not believed that
variation of intensity of the D. C. light source contributed to this phenomena since
attemnpts to reduce vibration with rubber mounts substantially eliminated the
problem in subsequent photographs. The next Schlieren photograph, after
identifying the vibration problem, was taken using a spark (3 micro-second)
light source. Vibrations did not change the knife eige position significantly
during the 3 micro-second exposure.

Figure 25 is one photograph obtained with spark
Schlieren. In these photographs the view was moved upstream to show the
injection point region. The shock wave is much sharper than in the longer time
exposures. Near the injection point two separate shocks are seen apparently
crossing. This is partly a three-dimensional effect; the waves do not really cross
through one another. The most upstream wave is the interaction shock from the
baindary layer separation upstream of the jet. The jet itself is not visible. The
mottled eftect may be caused by imperfect windows or side wall boundary layers.
One prominent feature of the injected jet should be its interaction shockwave.
In this photograph, the wave should appear white and was, therefore, masked by
the already white boundary layer.

Schlieren photographs are frequently taken with half of
the direct light passing over the knife edge. This causes deflections in one
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Figure 24 - Vibration Effects.
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direction to appear as dark regions and deflections in the other direction to
appear bright. However, the sensitivity of the method is increased if all of
the direct light is blocked by the knife edge. Figure 26 is a Schlieren photo-
graph with full cut off. The injection pressure was higher than in Figure 25
bringing the interaction shock in the jet well out beyond the boundary layer.
The edge of the separated boundary layer ahead of the jet can also be seen. Of
special interest is the very close similarity of Figure 26 to Figure 27
(Reference 9 , Figure 17); a spark shadowgraph with a total pressure ratio,
jet to freestream of 13.9. W

T m e

T T/

To avoid the effect of window imperfections and
boundary layers a distribuied light source was employed, Figure 9 is a
schematic of the light path, With this method, the imperfections on the windows
were out of focus and did not appear in the photograph. Figures 28 and 29 are -
photographs using the distributed spark source. The turbulent nature of the jet
region was illustrated and the edge of the jet was definite. Figure 30 was
trken at the same conditions as Figure 28 except that the spark light was re-
placed by a continuous light source. This test was run with the supersonic slot . !
and with helium as the injected gas. No interaction shock is visible in the jet |
becauss the density of helium is low compared to air. Figure 31 was taken with
nitrogen injection at a pressure identical to that of Figure 30, The jetinteraction .
shock was visible here, but the flow boundaries are not shown clearly.

Another method of showing the jet flow more clearly .
involved a time exposure with all of the direct light blocked out. Theoreti- !
cally, the exposure of the deflected light can be increased to any desired level, '
However, stray light from partly unidentified zources limit the sensitivity of -
this method. To avoid the horizontal-vertical emphasis the light source and the
light cutoff were made round, thus deflections in all directions appeared white on
the film., Figure 32 is a photograph taken with a rcund light source and a spot
cut off. The faintly exposed region just above the boundary layer is the penetratio.
region., The strong triangle shaped wave over the injection point at the left is
the interaction shock wave in the jet gas. The light specks in the background are
from nicks in the tunnel windows. Figure 33 is a photograph with helium injection
and is presented in the contrast to Figure 32 (air injection). The density of helium
is so low that the interaction shock in the helium was not usually visible. The
den~ity gradients that show up are gradients in the air or gradients of air con-
centration. The density differences in the mixing region are greater with helium
injection than with air injection; this allows the mixing region to be more easily
photographed., -

Spot Schlieren with helium injection provided the most
sensitive indication of a boundary of all the methods attempted. If all the
indirect light is blocked out, the gradient regions will have the least exposure;
but this method is not as sensitive to the time varying gradients involved in
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Figure 26 - Full Light Cut-Off.
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Figure 28 - Turbulent Mixing of Helium Using
Distributed Spark Light Source.
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Figure 29 - Turbulent Mixing of Nitrogen Using
Distributed Spark Light Source.
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Figure 30 - Helium Penetration Using Distributed

Continuous Light Source.
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Figure 31 - Nitrogen Penetration Using

Continuous Light Source.
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Figure 32 - Air Penetration Using Spot Light Cut-off. ¢
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Figure 33 - Helium Penetration Using Spot Light Cut-of:t.
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turbulent mixing.

Coior photographs were also obtained that not only [}
identify the regiona of gradients, but also provide qualitative indications of the
degree cf light bending that occurred and the direction. The white light just up-
stream of the knife edge was separated into color components by prisms. The
color of the light passing by the krife edge or edges was different, depending on
the bending that occurred in the test plane. It is interesting that maximum
color sensitivity was obtained when the knife edges were not located exactly at [ ]
the light focal points.

e TR 2 T e

1

Figure 34 is a close-up of the injection region for

Py
. '

Configuration 5 . In this photograph some interesting details of the jet
structure are visible, The shocks in the jet originate at the apex of the V's

at the region where two adjacent jets expand and meet each other. The indivi- ®
[ dual jets remain unaffected by the freestream flow until they are affected by the

interaction shock wave. Clearly, the downstream jets penetrate further than the

upstream jets before being turned by the pressure field.

Another interesting feature of a jet is illustrated in
Figure 35. The photograph is of the sonic slot (Configuration é ) with no 4
freestream flow., The fine shadows in the early part of the jet are from file
marks in the throat region. More interesting is the three part structure in the
upper portion of the jet, This interesting structure is believed to develop from
the evpansion and compression waves from the front and back of the jet,

2) Presentation of Data

a) Methods of Presentation

As mentioned earlier in this report, the objectives
were to thoroughly investigate the governing relationships of penetration by:
documenting the effects of test variables on the penetration.phenomena; and
establishing design criterion for fuel injectors. Before this investigation was
initiated, combustion tests had been performed which employed fuel injectors of
the following general types; round holes, a long row of holes and a supersonic
slot (Reference 1 ).

Except for a limited amount of single round hoie data
to confirm agreement with other investigators, *the major emphasis in this test
program was on injector configurations of long rows or low aspect ratio injectors.

In the following section, the square of the ratio of
0 Schlieren penetration neight to effective hole diameter of the particular injector
configuration was plotted against the ratio of the total pressure of the jet to the »
total pressure of the freestream. For identical injectant conditions of total
temperature, total pressure, molecular weight and gamma, a better penetrating
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Figure 34 - Long Row Injector Penetration.
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Figure 35 - Sonic Slot Injector Flow.
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shape will exhibit greater (Z/De")Z regardless of the differences in injection
flow area. This method of plotting was adopted to illustrate an approximate
straight line relationship. As discussed earlier in the theoretical analysis
section of this report, for a straight line the penetration of a given mass of
injectant having a sonic velocity was indeperdent of simultaneous changes in
injection pressure and hole size.

b) Single Hole Injectors
The first injector investigated during this program was

the .1 inch diameter round normal hole. Configuration 1 listed in Table !
The penetration distance was too small for accurate measurements tc be made
with the temperature gas sample rake. This resulted from the fact that the
injected gas etayed partly within the boundary layer on top of the centerbody
tlat plate. Also Schlieren techniques were not adequately developed to provide
reliable data at the beginning of the test program, therefore, data for this con-
figuration are not presented.

Schlieren data for the . 3 inch diameter hole Con-
figuration 3 , are shown in Figure 36. A data point from a previous combustion
test in the arc tunnel of a , 186 inch diameter hole injector (Reference 1 ) is
seen to agree with the cold flow data. The dotted line in this figure represents
the extrapolated normal sonic round hole data of Reference 5 . The technique
used to produce the correlating line in Figure 36 will be explained in greater
detail later in the report in the section, Comparison of Test Data.

The .3 inch diameter hole data in Figure 36 agree well
with the data from Reference 5 and are consistent with the straight line re-
lationship through the origin. Also, the data from the previous arc tunnel test
agree fairly well with the correlation. This dotted line of correlation of single
round hole penetration data was reproduced on the succeeding figures so that
visual comparisons can be made,

An adjunct to the single round hole configurations is a
supersonic round hole injector., The data for the normal supersonic round hole
configuration 7 , are presented in Figure 37. This supers inic hole showed
an increase in penetration over the sonic hole. The data at low injection pressure
are conristent with a straight line relationship through the origin, but at pressure
ratios above approximately Pj/Pa = 0.8 the penetration is close to that of the
sonic holes,

c) Slot Injectors
A slot with the Ibng side ir the same direction as the
freestream flow was used to achieve a lower aspect ratio and to reduce the frontzl
blockage of the jet. A sonic slot, configuration 6 , was the first slot tested.
The data for this 1njector are shown in Figure 38. The penetration was better
than that for tie round sonic hole at low injection pressures, but not at high
tnjection pressures.

78

CONFIDENTIAL

(S B e B == I <5 B~ B —o B oo B <o B o S cano

‘-Q :AQ




-

r
-

b d L4 S D D N o G I B S B EE ) o3 Lo

-

|

B e B

AFAPL-TR-65-103 CONTFIDENTIAL
10C =
{ °) .3" Dia. NomrmaL Sowic Hort
N "
— o 86" Dia. NommaL Somic HoLt
]
- 80 p
g
~
g 60 | O Ht InJecTioON
é @ Air INJECTION
:.2; | QP HL-AIrR INJECTION
W
a
3 ©F
5 ~
o
é 20 /
S P
! o~
~
~
o A l e l A l A l re A
0 .2 .4 .6 .8 1.0

TOTAL PRESSURE RATIO Py/Po

Pigure 36 - Single Normal Round Sonic Hole Schlieren Deta.

7

CONFIDENTIAL




e
[

NON-D IMENSIONAL PENETRATION (Z/Dc*)

T-—___>
. » o]
¢

AXAPL-TR-63-103

100

®
o

3

&

n
(o]

CONFIDENTIAL |

(o]
fo) (o]
(0]
~

~

o] / Rouwndo HoLt

~ CORRELATION
~

1 i ! i 1 A 1 -

.2 .4 .6 .8 1.0

TOTAL PRESSURE RATIO Py/P..

o
| oA et B e B qpens BN comus BN cvuettd S ey S conene BN cume B oy IR

Pigure 37 - Supersonic Normal Round Hole Data.

e T et TTe gt em age am B =

P pe————
—— s

=
v

78

CONPIDENTIAL

——y
A d




AYAPL-TR-65-103

CONFIDENTIAL

TOTAL PRESSURE RATIO Py/Pos

Figure 38 - .83" Long Sonic Slot Data.
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Just as for round holes the blockage relationship of

the expanded jet wonuld suggest that a supersonic slot penetrates better than a
sonic slor.

The data for configuration 4 , a supersonic slot
which was a factor of 2 times the dimens ons of a similar supersonic slot used
in open jet and closed duct arc tunnel tests (Reference ! ) is presented in
Figure 39. These data show an improvement in nondimensional penetration vver
the sonic slot of the same size in Figure 38. The nondimensioni] penetration
was similar to that found with a supersonic round hole, except that greater pene-
tration was found for the supersonic slot at low pressure ratios.

The data for configuration 13 |, a three-inch long
supersonic slot, are shown in Figure 40, thesp da'. indicate that by continually
reducing the aspect ratio or increasing the 1. “/A term of a given supe rsonic
slot, the nondimensional penetration could be increased particularly at the
higher injection pressures. These data show a significant increase in penetration
over the short supersonic slot and also appear to follow a linear relationship
through the origin throughout the complete range of documentation. The range of
data was limited to low injection pressure by facility capabilities; but it was
postulated that the data are beginning to deviate from the straight line through the
origin at the maximum pressure, Pj/P. = 0.3. Looking back at Figure 39, it
can be seen that the nondimensional penetration for low injection pressures of
the shorter slot may also have been consistent with this same linear relationship.

d) Long Row Injectors
In order to minimize tolerance problems of long slots,
simplify manufacturing requirements and to minimize friction losses, it might
be desirable to replace a long slot with a row of round holes. At high injection
pressures at the jet from the round holes expands to the low freestream pressure,
the jets begin to overlap and act very similar to the long slot.

The first long row injector tested consisted of nine (9)
1/32 inch diameter holes, configuration 2 . Data are not presented for this
configuration because the small mass flows with this injector did not provide
enough penetration to be accurately documented by the temperature gas sample
rake and the Schlieren techniques were not adequately de~eloped at the time these
tests were run. Configuration 2 , the nine (9) 1/32 inch diameter hole
injector, was modified into a number of other configurations as mentioned in the
Experimental Technique section; the first modification was to a row of nine (9)
1/16 inch diameter holes (Configuration 5 ).

80

CONFIDENTIAL

c I 'S i

S a e LG g w B B B D B &3 &9 B /| /™




R

s DD G & & aEa aE B & ey 3 o

J S Ll E3

—d

-

ATAPL-TR-6£-103 CONFIDENTIAL
100 =
NA
‘ -
é 80
]
4
o
: 60 -
o 4
heng
W
z 4
a
8
g’ a0} o
@ { 0 o° - ~ Rounp Hott
g 00 o - CoRRELATION
? 2}
3 o. ~
g ¥ ~
o /
o
o o L, 1 l 2 ] g 1 e . |
0 .2 .4 .6 .8 1.0

TOTAL PRESSURE RATIO Py/Fe

Figure 39 - .83" Long Supersonic S8lot Data,

8l

CONFIDENTIAL




AFAPL-TR-65-103 CONFIDENTIAL

100

2

80

60 I

NON-D IMENS IONAL PENETRATION (Z/Dc*®)

40 |-
~
/ RounD HoOLC

C) - — CORRELATION

20 - 8 /
/
-
@8/ -~
o " 1 2 1 N I 2 1 N |
0 2 4 .6 8 1.0

TOTAL PRESSURE RATIO Pu/P,

oy B Gooue BN avnes S s B emg B cn B v B s B e B e B s B vsuns S e RS et S QU

Figure 40 - 3.0" Long Supersonic Slot Dats.

——
[——

===

82

CONFIDENTIAL

e &=
=




R T ey e R T SR P S RS S B (TG

AF APL-TR-65-13 CONFIDENTIAL

Figure 41 is a documentation of the data for the nine
(9) 1/16 inch diameter holes. Large nondimensim al penetration is exhibited in
the low pressure ratio range up to approximately Pj/P o, = 0.3. The data follow
a linear relationship through the origin similar to the long slot data, but at higher
pressures the penetration begins to approach that for the round hole data. The
differences in the data for helium and air were due partly to the Schlieren
technique. The air data for this particular configuration were taken with a
technique that did not provide a sharp indication of the penetration boundary and
were, therefore, not as reliable as the helium data.

The second modification in this series was to a row of
fourteen (14) 1/16 inch diameter holes (Configuration 9). This injector ex-
hibited the greatest nondimensional penetration of allthe injectors tested during
this investigation. The data are shown plotted in Figure 42,

This Configuration 9 had the largest ratio of length
squared to arsa term Ltz/A of all the configurations tested as shown in Table 1.
This large L,“/A or low aspect ratio points ou&that there was a direct para-
metric relationship between penetration the 1;“/A term. The large nondimen-
sional penetration with associated large ratio of L, /A is consistent with the
deep penetration that was apparently detected from the forty-eight (48) 0. 04
inch diameter hole injector configuration of previous cell 5 combustion tests.
Figure 42 includes a data point from these cell 5 combustion tests converted
to a freestream Mach number M = 3,25 by a techique which utlized Figure 3
of Reference 5.

Figure 43 shows the data for another modification to
the original row of holes. This modification was Configuration 10; a row of
fourteen holes with diameter increasing in the freestream direction as shown
in Table I. This modification did not produce any increase in nondimensional
penetration over the fourteen 1/16 inch diameter configuration,

The last modification to the original Configuration 2
that was made was Configuration 11, a row of fourteen (14) . 154 inch diameter
holes, the data for which appear in Figure 44. The total jet to freestream
pressure ratio range was limited because of the large flow area of this injector.

e) Normal/Downstream Injectors
As stated earlier, one of the major objectives of this
investigation was to design a fuel injector that produced acceptable penetration
while conserving a portion of the downstream thrust. It would be expected that
if the direction of the injected flow was angled slightly downstream that some of
the injection momentum would result in downstream thrust for the engine and
also that the penetration height might be somewhat reduced.
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One of the previous arc tunnel tests used as injector
the same size as Configuration 7 , but angled at 30° downstream and protruding
into the freestream (Reference 1 ). This same injector design and a 30° down-
stream protruding hole, Configuration § , were tested in this cold flow in-
vestigation. From the results presented in Figure 45, it was evident that this
downstream injector suffered some penetration penalties, At low injection
pressures the nondimensional penetration is shown to be greater than for the
single round hole correlation line, but this is because the injector hardware
protruded into the freestrearn. If the penetration height at the data point,
Pj/Pe = 0.0378 and (Z/De"‘)Z = 7.64, is adjusted by half the height of the injector
protrustion, it moves down to (Z/De‘)z = 2.1?2. This adjusted penetration
agrees better with previous observations of other injectors. These Schlieren
data also agree qualitatively with the 30° injector Schlieren data from the
previous arc tunnel tests (Reference 1), Figure 46 is a comparison of
Schlieren photographs at similar total pressure ratios (Pj/R, ) of the 10°
injector in the arc tunnel tests and the 30° injector, (Configuration 8 ) of this
investigation.

Configuration 12 , a row of twelve (12) 1/16 inch
diameter holes at a 30° downstream angle, was an attempt to combine low
aspect ratio and downstream injection. The data are presented in Figure 47.
The nondimensional penetration for this configuration was almost. the same as
the penetration for the row at fourteen (14) 1/16 inch diameter normal holes.
Above Pj/P o = 0.8, the results fall below the straight line correlation for the
data of lower injection pressure. This row of twelve (12) 1/16 inch diameter,
30° holes exhibited good nondimensional penetration characteristics while pro-
viding some downstream thrust.

A set of Schlieren photographs of the penetration, over
a range of pressure ratios, for the row of twelve (12), 1/16 inch diameter, 30°
holes (Configuration 12 ) is shown in Figure 48. With air at high injection
pressures the pattern from the individual hles was clearly visible. It is inter-
esting that the individual jets seem to inject at an angle to the freestream con-
siderably greater than 30°. As discuassed earlier the jets over expand toward
the 90° direction, as they leave the injection hole. The photcgraphs of helium
injection produced the most distinct outer boundaries of the penetrating jet while
the air injection tests showed some evidence of mixing between the two air
streams.

Figure 49 contains the data for the last configuration
tested during this investigation. This was Configuration 14 , a row of 12
square holes at a 30° downstream angle. The total arca of injection between
Configurations 12 and 14 was held similar, as shown in Table I, to study the
differences hetween round and square hole injectors. The data deviate from
the s*raight line relationship through the origin at a lower pressure ratio than
for the 30° round hole.
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Figure 46 - Comparison of Protruding 30° Supersonic
Injector Schlierens.
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3) Comparison of Test Data

a) Data from Mach 3.25 Wind Tunnel
All of the penetration determinations for the low aspect
ratio injectors are plotted in Figure 50. The correlation lines for single round
holes and for the fourteen (14) 1/16 inch diameter hole configuration are included
for compari® n with the data points.

The low aspect ratio holes or hole patterns show
greater penetration than the basic round hole. At low injection pressures
(Z/Dg ) data for all of the low aspect ratio holes fall on the same straight line.
This corresponds to 40% more penetration than for a round hole. The lower the
aspect ratio, the higher the injection pressure at which the data continue to fall
near the straight line. As injection pressure increases, the expanding jet from
the low aspect ratio holes approaches the shape of a jet from a round hole, with
the penetration decreasing toward that of a round hole. At low pressures, the
different aspect ratio injectors fell near the same line suggesting that this may
be a penetration limit.

The injectors made up of a series of small holes showed
the same increase in penetration over round holes that was achieved with long
slots. This may provide significant simplifications in injector design.

The long row of fourteen holes gave better penetration
at high injection pressures than the supersonic slot that was constructed for the
first arc tunnel combustor tests, Configuration 4 . At the pressure ratio ex-
pected in the arc tunnel tests, the fourteen hole configuration gave 40% greater
penetration than the supersonic slot, or equal penetration for a jet with half the
mass flow. This suggests that twice as many of these fourteen hole fuel injectors
could be used while maintaining the same penetration distance. Furthermore, the
row of twelve, 30° injectors achieves this same improved penetration, while also
providing some injection thrust to the engine.

For all configuration:, Lelium exhibits about the same
penetration as air at the same injection pressurz, even though its mass flow is
less by a factor of 2.5 because of its low molecular weight. This establishes not
only the effect of a fuels molecular weight on penetration, but simultaneously the
effect of fuel temperature. As discussed earlier in the section on The Selected
Correlating Parameters this correlation of helium and air confirms that total
momentum is a better correlating parameter than mass flow. Also, as previously
explained, in the range of injection pressures over which the straight line re-
lationship is valid, the penetration of a given mass of injectant having a given
sonic velocity is independent of simultaneous changes in injection pressure and
hole size. This means that high injection pressure is not needed to achieve
penetration.
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A straight line, Figure 50, defines the following relation:

2
(z/D)"a Py, /P

(7)
Now, since
4

and

P. 2 (o Ud.
The following relation also holds

2 2y a / 2

(Z/D)" a2 (pU®) jet o UM, (8)

Figure 52 shows the straight lines from Figure 50 replotted with these
alternate parameters.

These parameters were selected to be consistent
with the analytizal models discussed in the Background Analysis Section. The
resulting correlations based on momentums are expected to be more general
than the previous expressions based on total pressures.

. - 12 2" 2
For round sonic holes: (Z/Dg) =16 (p UT) / (p U°) & )

For low aspect ratio holes: (2/Dg*) = 41 (p UZ)¢ / (p U?).
(10)

Since (p Uz)‘ was held constant during these tests,

experimenta' verification of its generality will be established by other data in
the literature,
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b) Comparisons with Other Investigators
Zukosk: and Spaid (Reference 5 ) correlated pene-
tration data taken from freestream Mach numbers of 1. 38, 2.0}, 2.56, 2.61,
3,50 and 4. 54. Figure 51 shows most of these data points plotted, as non-
dimensional penetration divided by effective diameter (Z/D,) vs. the momentum
ratio of the injector to the freestream

2
(e U%).,

(o U%),

The correlation of these data from different freestream Mach numbers provides
a considerable simplification over the correlating equation 6 of Reference 5

p 1/2

h :(1.) (°j y J z) X

d Jc M

(vyj+D/(y j-1) - | 1/4
[Yj.zl (Y jfl ) (l-(_Pf-)NJ 1) I‘YJ))]

The simpler equation expressing this present correlation i>-

2 . C 2
(Z/D)* = 16 (P U )jet [ (PU ){reentream

In Reference 5, the penetration was defined as h, the height above the plate

of a dense line above the injector hole. It was suggested that this line of density
change was the region of maximum concertration of the injectant, Close examin-
at.on of Schlieren photographs from this present investigation indicates that this
line is a shock wave in the injector gas produced by the interaction with the
freestream, The measured concentration profiles in Reference 5 , Figure 6,
were used to convert penetration measurement (h) to numbe:'s consistent with

the measurement of the outer boundary in this investigation. It was found that
the compuousition was 10-20% of the peak concentration at 2. 7 times the height of
the measured penetration (h). The following relationship was, therefore, used.

Z-2.7h (11
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Table II is a listing of some injector configurations,
sizes and shapes for which penetration data are available, other tha. those tested
in this cold flow program. All of these data are presented in Figure 52 together
with the data obtained in this study. The 10-20% of peak concentration criteria
was again used to define the outer boundary.

The solid line in Figure 52 for the data from Reference
was determined from the correlating equation 6, from Reference 7
evaluated at M = 3,25, The line in Figure 52 representing the data correlation
of Reference 7 was obtained from Equation 11,

5 . 0866

o oo [(758) (Epeosd " ()
J

By evaluating this expression at the Mach number for which the data were taken,
M = 3, and by using a typical (X/D)

x 0866 . 0866
(D—) = (15) = 1,265
Mj - 1
cos?o:1

The following relationship was found

pUZ.
2/D=13.7 (p U!). (12)

In Reference the definition of penetration (Z) was the vertical distance above
the plane of the injector where the mole fraction of injected fluid was 0.005. .
These measurements were made from concentration profiles produced fron: gas
samplss of the downstream wake,

The data for measurements of penetration a! the outer
boundary of the penetrating jet are shown in Figure 52. The comparisons are
shown between the results of this ‘nvestigation and the correlations of Zukoski
and Spaid, {Reference 5 ), Dowdy and Newton, (Reference 9 ), and Vranos
and Nulan {(Reference 1 ), The penetration’characteristics of all round scnic
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were found to agree well,

2
(Z/De) =

TABLE II

16 (° UZJ) / (P U%). (Single Round Holes)

INJECTOR CONFIGURATION FROM THE LITERATURE

Hole
Configuration De* L2/A* L/Width Pattern Sket _hes
C.I1.T. Ref. .12 e)
Round Sonic Holes .04 °
J.P. L. Ref.
Round Sonic Holes Ll O
G.E. Ref.
. 186" Dia, Round Sonic
Hole - Arc Tunnel
Tests . 168 O
G.E. Ref,
.83" Lorg Supersonic
Slot - Arc Tunnel [S=—==]
Tests . 224 17 10
G. E. Ref,
48 - . 04" Dia 48 Holes——ay
Hole, . 08" C Cell oooaoo{oauuooo'
Tests 2139 95
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4) Injector Designs Selected
A major objective of this investigation was to identify and
select alternate injector configurations to be further tested in arc tunnel com-
bustor tests.

The row of fourteen (14) holes produced the best penectration
of any of the configurations tested while the twelve (12) 30° holes gave nearly
equivalent penetration with some downstream thrust. Arc tunnel configurations
were, therefore, constructed incorporating these two injector types.

The generalizations and correlations established in this pene-
tration study no! only identified improved configurations, but also suggested
that these two injector types should be sufficient for the evaluation of low aspect
ratio holes in general. All low aspect ratio holes exhibit the same penetration

characteristics a. sufficiently low injection pressure. Any injector obeying the
relation

(z/D0% = 41 (P VR, /(P UF),

will proauce the same desired improvement in penetration, thus eliminating
the need for tests on other injector types -- long slots for example.

Furthermore, the penetration from an injector obeying the
above relation is independent of the flow area of the injector. As explained in the
Background Analysis Section, the penetration will be proportional to the square
root of tle injectant momentum,

Zza (p * Ae‘p U*Z), which is the mass flow rate times the
sonic velocity.

Thus the flow area of the injector can be selected tc achieve
convenient injection pressures without affecting the penetration, and only one
injector size need be tested.

The onlv injector design variable affecting the penetration is
the number of injectors per combustor, since this affects the mass flow rate to

each injector. The penetration for low aspect ratio injectors can be expressed
as follows:

2 (rotal fuel flow rate) (sonic velocity of injectant)
Z = 26 X
(No. of Injectors) (Freestream q)

(14)

all 1n consistent units,
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Eight injectors per combustor were selected for the arc tunnel
tests. The penetration data showed that these injectors would pcnetrate the same
distance as the four supersonic slots in the origin~l designs. Improvements in
circumferential mixing would be expected while the radial profile might remain
unchanged. For the M = 6 arc tunnel conditions and at a fuel equivalence ratio
of 1.0, the calculated penetration is .7 combustor radii.

Variations in penetration during combustion tests can be
investigated by several techniques. The fuel flow rate or equivalence ratio is
easy ‘o vary. With the fuel equivalence ratio constant, the penetration can be
increased by increasing the fuel temperature. The increase in the sonic velocity
of the injectant resulting from the increased fuel temperature increases the pene-
tration. Alternately an inert, nitrogen, could be added to the fuel in combustor
tests to change the penetration without changing equivalence ratio,

e. Application of Mixing Theory to Penetrating Jets

From the work discussed in the previous sections on penetration of
jets, it is possible to define the flow field j.st dcwnstream of the injectors.
Since the jets are turned nearly parallel to the freestream flow before appreci-
able mixing has taken place, the downstream mixing can be estimated by mixing
theories for shear gradients in parallel cocurrent flow. Both axisymmetric
and two-dimensional wake mixing equations are available which can be applied
to the mixing of cocurrent flow, By using these equations, estimates of mixing
efficiency for a combustor design. .an be obtained, and trends due to changes in
configuration can be predicted,

1)  Flow Field Downstream of Penetrating Jet
Schlieren photographs indicate that jets penetrating into a
supersonic stream are turned to the downstream direction in a very short
distance. The data on low aspect ri‘io injectors showed a nearly uniform con-
centration profile from the wall to nearly the outer boundary of the jet, suggesting
that these jets can be approximated by two-dimensicnal cocurrent flow.

Figure 53 is a schematic representation of the penetrating jet
as the flow is turned to a direction parallel to the freestream flow direction.
It is postulated that a jet penetrating into a supersonic flow is turned to a down-
stream direction through strong shock waves that result in a downstream velocity
that is near sonic jet after the jet has been turned. The case of a hydrogen jet
penetrating into an arc tunnel flow stream simulating M = 6 flight conditions is
used in some of the examples that follow. For the case of M = 6 conditions,
simulated in arc tunnel tests, the sonic fuel velocity is 80% of the freestream
velocity., The penctration was calculated from the correlations of the previous
section and found to be . 7 times the duct radius. The width of the resulting fuel
flow was found to be one-fifth of the penetrating height, calculated by assuming
the flow was distributed uniformly along the penetration height at a Mach number
of sre.
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A) Fuet InJrcrion MooeL

8) COCURRENT FLOW MODEL IN PLANE A=A
ofF Ficure A,

Figure 33 - Fuel Injection and Wake Mixing Models.
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The mixing problem to be solved is seen to be a problem of
parallel cocurrent flows. Early in tht mixing process, the problem is two-
dimensional in character, with the end effects near the wall and at the pene-
tration extremity being negligible. Far downstream as the width cf the mixing
region approaches the penetration height, the end effects become important and ’
the problem approaches that of an axisymmetric problem with an important
boundary influence at the wall, In the development that follows, the calculations
are confirncd to a two-dimensional treatment; this permitted the use of some
recently d.rived simple expressions to illustrate the effects of variouc para-
meters on the mixing.

by meq Gemy Smmy ey i

»
2) Wake Mixing Theory for Cocurrent Flow
a) Theoretical Approach
v The presentations of classical mixing theories for jets
. and wakes in the available textbooks, Schlichting (Reference 26 ) for example,
does not include a complete explanation of the effects on a mixing jet of density, ’
) Mach number, or of a cocurrent flow. This is partly due to a lack of accurate
. experimental data for comparison with theories. However, the simple equations
available for wake development far downstream of the origin, provide a means
for approximating the mixing of cocurrent jet flows.
.
»

A jet in a faster, equal-density, parallel, cocurrent
flow is very similar to a wake in character, in that both are low velocity
. regions in a flow field; therefore, these cocurrent flows should be treatable by
the same theory which applies to the wake. In the development of a wake, the
. shape of the velocity profile at a point far downstream is independent of the
‘ shape of the original profile in the wake; it is characterized only by its width and »
its momentum defect,

* It is postulated here that the very useful principle of

"similar solutions' that has been successful in so many free turbulence and

boundary layer problems can also be applied to the mixing region downstream of

a cocurreit flow jet, i.e., a jet with the same momentum defect as a wake will »
develop the same prcfile shapes as the wake, This momentum defect is the

momentum required to bring the jet flow to the freestream velocity.

For a jet with different density than the surroundings,
the mixing with the surroundings gradually eliminates the initial density differences
Far downstream from the initial station, the developed jet or wake has the profile »
o0 shape of a constant density jet, The size of the mixing region for a given cen-
terline defect is characterized by the total momentum defect of the jet or wake,
For a jet with different dens.ty surroundings, this momentum defect is taken to

' ep—-———-
.t e Yty e 8 S
,

= be the momentum required to bring the jet flow to the velocity of the surroundings.
o Utilization of this "Momentum Defect Principle' permits problems far downstream
of the jet origin to be treated by the equal-density theory. »
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This far-downstream theory was considered adequate
for estimating mixing trends for this report and for {llustrating the important
affect of static pressure gradient on mixing. Perhaps the best data in the liter-
ature on density differences in the near field are those of Kaegy and Weller
(Reference 28 ) for a helium jet issuing into a quiescent surrounding of air.
Those results on a jet could have becn used to determine near field effects in
a cocurrent flow jet, but no such work was done.

b) Wake Equations
Equations for turbulent wake development are given
by Schlichting for both two-dimensional and axisymmetric wakes, Because the
penetrating jets to be treated in this analysis are to be approximated by a two-
dimensional wource; only the two-dimensional mixing theaory wi'l be presented
here.

Equation 23, 37 of Schlichting (Reference 26) for
two-dimensional wakes behind circular cylinders is:

- 172 3122
Uj =/ 10 ( X [1 y ]
u. 18; ch) ) (15)

where 8 = 0.18 and the constant is 0.97¢.

X

For the centerline decay, b = 0, and the equation becomes

2

-1/2 1/
L - g 97¢E - 0.976 FD"] e
where:
U) is the centerline velocity defect (U, - U)
U is local velocity
U. is freestream velocity

X is the distance downstream

The Cpd term was introduced into this expression from the following equation
in Schlichting p. 493 (Reference 2¢ ).

B 2
D, - 1/2 Cphd h(p U, (17
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The momentum defect of the drag, D., was set
equal to the wake by Schlichting. The postulate of this present treatment cf
cocurrent flows is that the momentum defect equals the product of the fuel
mass flow and the difference in velocity between fuel jet and freestream.
This product is the amount of momentum required to bring the fuel jet to
freestream velocity:

g Gy

1

i‘ D, = W (Uy - Ugey) (18)

By solving these last two equations for Cpd and
l substituting into the wake equation, an equation for the centerline velocity of

a cocurrent flow jet is obtained.
i (fuel mass flow)(lgo - UfuelL-
Cpd = h(1/2p U%) .
. i (19) »
\ =
U, Euel mass flow) (U= Ug ) |°
by ma 1.38 r4 J
‘ Us X h (0 U% (20)
This equation can be further simplified by examining the two-dimensional ]
model of the penczirating jets.
3) Two-Dimensional Model of Combustor
a) Description of Model
In Figure 54a, fuel jets that have penetrated into a »
: circular duct are represented by two-dimensional cocurrent flows. Figure 54b
shows these same jets in a two-dimensional field having the same airflow and
area as the carbureted area of the circular cross section which is stown shaded
in Figure 54a. With this rectangular, two-dimensional model, the ''fuel mass
flow' term in equation 20 can be replaced by terms involving the injector
spacing »
(fuel mass flow) = f/a (air mass flow) = f/a (p AU) , =£/a (p U) ., NSZ
[ air air
¢ where
Z is the penetration height
. | . S . »
1 S is the injector spacing
i ¢ N the number of injectors
_ L.
i
r »
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Figure S54a - Cocurrent Flow Sources from Penetrating Jets.
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Substituting this expression for the 'fuel mass flow' of one injector into
equation 20

1/2
U, flafe U),,  SZ(U_ -Ug.) ]
— =1.38
U.

X h(p UY, ]

T ey

Reducing this expression and noting that h and Z both represent the height of
[ the two-dimensional wake.

1/2
.‘.’.L:l.ss[i e v___tz_nj
|09

u. X
(21)
U, s U 1/2
— = 1,38 [— (f/n)(l- —-ﬂ—j
U, X U.
(22)

This is the desired expree=ion for mixing of a cocurrent fuel jet, in terms of
the initial velocity ratio of the fue) and ai=, the fuel/air ratio of the carbureted
region, and the injector spacing.

Returning t. e original circular duct, the injector

spacing can be replaced by a term containing duct diameter npe as indicated
below:

we= (f/a) Wo = f/a(p U) 0 /4D

The area under c%naideration for the two-dimensional
mixing is somewhat amaller than nm /4 D" since the penetration. Z, is usually
not equal to the duct radius. The relation between these areas is:

NSz = (n/4)  [B° - (D -22)%)]

| NS -1 (D-2)
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Combining this relation into equation 21

U " Dp.z u, -U W

—1  =1.38lt/a e~ fuel

u. N X u, o)
b) Velocity of Penetrated Jats

A fuel jet injected normal to the freestream flow
has zero downstream momentum. It creates a momentum defect in an infinite
flow field equal to its mass flow times the freestream velocity.

Momentum Defect = (fuel mass flow) u,
If this momentum defect were concentrated in the mixing region, the term
(U, - Uf l) !/ U, in the wake expressions should be set equalto 1.0,
giving from equation 15:

1/2
U)oL 3s [ir/.]
X (24)

However, the penetrating jet absorbs momentum
from the freestream as it is turned in a downstream direction, by mechanismas

other than mixing. The resulting momentum defect is not all concentrated near the

jet flow. In a supersonic stream the shockwaves generated in the freestream

by the penetrating jet, transfer momentum to great distances from the jet origin,

This entire momentum defect is encompassed by the mixing wake only at
infinitely long distances.

The actual momentum defect most appropriate to the
earlier portion of the mixing problem may be more closely associated with the
momentum defect of the jet itself just after it has been turned downstream. It
15 postulated that the supersonic jet is turned to a downstream direction through
strong shock waves that result in a downstream velocity that 18 near sonic, For
this case, the wake equation becomes

1/2
e 1.33{; (/a Y= = Uuel
U U

Both equations 24 and 25 are of interest, since as discussed later, the effect
of a combustion generated static pressure rise :s to drive the initial Juel
velocity from sonic to lower values,
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Figure 55 shows the relation for the decay of the
centerline velocity difference for both conditions expresscd by equations 24
and 25 at an equivalence ratio of one. The lines were drawn for hydrogen
fuel at stoichiometric overall, f/a = 0.0291. The term (U_ - U‘Iuel) / U,
was evaluated for conditions expected in arc tunnel combustion tests at inlat
air enthalpies simulating M = 6 conditions,

(Ugy - U= )/ Ugq = 0.2 (25)

fuel

c) Com.position in Wake
If composition or mass is assumed to mix at the
same r e as momentum, then equation 24 for the centerline velocity decay
can be simply converted to composition dacay.

DL Vet Ve N q Yoy Fac
I'( u, ) < u.) (i m:) (27)

if K c=OwhenUc=O

A

where

K is the mass fraction of air at the centerline and

Ac
KA is the mass fraction of air in the {reestream
since
KA = 1,0, and since the mass composition of fuel, KF, = (l-KA)
K
Ac
b- K ) (l-KAC) ) KF’c , or
A.
U
1 - K
- 2
u. Fc, (28)
This gives:
R r 1/2 (29)
Ko = 1.38 (S/X) (f/a)
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Figure £3 - Centerline Decay of Velocity Defect for
Stoichiometric Conditions.
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Thus the line for velocity decay in Figure 55 “'so represents the line for
centerline mass {low composition for an initial downstream momentum of the

fuel flow equal to zero.

When the initial downstream momentum of the fuel is
different from zero, pure fuel exists in the wake when Ul = (U, - Ufuel)'
The composition decays at the same ratio that U, decays giving

U,

KFC : U. - Ufuel

Using equation «¢1
p u, 1/2
Kp, = 1.38 \F-Tmel) Es/xy (/a) (U - U )/ UEI

(30)

Figure 56 shows this composition decay for two
cases. Withthe initial lownstream momentum of the fuel equal to zero, the
composition curve is the same as the velocity defect curve shown in Figure 55.
The second case is the composition decay for an initial downstream fuel velocity
equal to sonic fuel velocity at the conditions expected in the arc tunnel. Much
longer distances are required to achieve good mixing. To mix the centerline
concentration to below stoichiometric requires a downstream length of 63
injector spacings for zerc downstream velocity, and 320 for sonic fuel velocity.

For the eight injectors in the circular arc tunnel
combustor, the predicted penetration is . 7R and the corresponding injector
spacing in the two-dimensional model is:

’ 4
S =nmn (D - 2)/N = ,51D

The mixing lengths 1n terms of duct diameters are indicated 1n Figure 56 on
the top of the plot.

Figure 57 indicates (he length required to inix below
storchiometric for different initiai fuel velocities. The relation is piotted two
ways to 1llustrate the straight line relationship X/Sa Ug / (U, - Ufu 1) as well
as to illustrate infinmite mixing length requir=d when the fuel and air are at equal

velocity

Figure 58 1llustrates the shape of the wake profile.
The expression for this wake shape consistent with equation 15138,

2
't(JJc TE'(Y“’)}/Z] (31)
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Figure 37 - Bffect of Initia' Velocity Ratio on Mixing.
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For equivalent mixing of mass and momentum

U/U. = KF/Kp,

Figure 59 represents a fuel jet that has mixed to a
peak equivalence ratio of 2.0.

To indicate the quantity of fuel that is over stoichio-
metric and, therefore, unavailable for combustion, a "mixing efficiency' will be
defined.

Quantity of fuel unmixed with air because of poor
Mixing efficiency =N ;= 1 - mixing

Total fuel up to stoichiometric overall
This excess fuel is shown cross hatched in Figure 59,

Figure 60 is a plot of the "mixing efficiency' versus
the centerline fuel concentration. In Figure 61 this mixing efficiency is plotted
versus length, by utilizing values from Figure 60 and Figure 56.

The rigorous application of wake equation theory
beyond the point where adjacent wakes touch each other, was not investigated
under this contract. It should be noted, however, that Schlicting's text incluldes
an approach in Chapter 23, Section 4, presented by R. Gran Oleson, for the
treatment of overlapping mixing zones. For the calculations presented telow,
mixing efficiencies were determined in this overlap region by simply adding
the fuel concentrations predicted for each wake. The condition at which one
mixing zone reaches the centerlinie of the adjacent zone can be determined as
follows. To find the region of overlap, the half width of the wake is taken from
Schlhichting's equation 23, 36

b =/10 B8 (XCDd) 12 for 8 - .18

Again, substituting the relation derived here for C_d for a cocurrent flow,
equation 20, and the expression for (fuel mass flow), equation 2] for one
injector:

s [raveu sz, v 11”2
b = 0.57(X) " =

h(1/2 0 U%)_ J
1/2

U, -u
B 1/2 - fuel
=, 805 (X) li(f/a)S U, (13
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Solving for the composition at which complete wake overlap occurs,

S=>b, and
= 1/2 1/2
/.E. 805 (x)!/ [(f/.) =S
(34)
and by substituting for S in equation 30 and cancelling terms:
K. (at centerline overlap) = 1. 12 (f/a)
(35)

For a stoichiometric over-all fuel/air ratio, the overlap of one mixing wake

to the centerline of the adjacent wake occurs when the centerline concentration
has mixed to very near stoichiometric, indicating that a nearly uniform mixture
exists at this condition.

The mixing zones began to first touch each other when
S = 2b giving

‘-c = 2,25 (f/a) for touching mixing zones (36)

The assumption of equivalent mixing of mass and
momentum used in the above derivations is known to be incorrect. Mass com-
position and temperature mix faster than momentum. A discussion on mixing
of scale quantities such as temperature and composition in two-dimensional
wakes is presented in Hinze's textbook (Reference 27), section 6-5.

The simple expression comparable to equation 21 for
agrrement wiith temperature profile data in a two-dimensional wake is

% [ J_}/z
lCCI 1 - 3 (37)

Equal mass and momentum mixing is equivalent to assuming that the Schmidt
number equals one, fcr relations that utilize this dimensionless group. On
page 426 of Hinze's text a Schmidt number of 1/1,85 = . 54 is indicated from

the available two-dimensional wake and jet me. urements. This value i1s a more
accurate representation of the data than equation (36), it is consistent with a

profile shape of
/2
1/1.85 [ A ]
u (
& (Uc) or |l -\b (38)

1.08

K|
KC
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and 18 consistent with a faster centerline decay for mass composition corre-
sponding to:

fuel {37)

Ul

The measur«d profiles predicted by the above ex-
pressions are averages of the instantaneous values, taken over a pericd of
time. The mixing is not as compkte as indicated by these time-averaye meas-
urements. For example, when the centerline concentration on a time-average
basis in a mixing fuel jet has decreased to stoichiometric, some of the fuel is
still at over stoichiometric conditions. A sampling probe mixes this over
stoichiometric region with lean regions to indicate an average composition
near stoichiometric. One measure of this time-average feature is the inter-
mittency factor in the wake, discussed in section 6-6 of Hinze's text,
(Reference 27 ); this intermittency factor indicates significantly less mixing
than the time-average measurement. Another indication of the problem is
observable in the work of Hawthorne, Weddell and Hottel (Reference ). They

showed that mixing was not sufficient to complete combustion in an axisymmetric

turbulent, diffusion flame, until the centerline time-average composition had
mixed to lees than 1/2 of stoichiometric.

This time-average consideration predicts a reduction
in instantaneous mixing greater than the increased mixing rate found for mass
when compared with momentum mixing. The equations and illustrations used
for composition mixing in this report give a slower more conservative estimate
of the mixing rate than if the Schmidt Number = 0. 54 is used. This reduced
mixing rate assumption partly compensates for the time-average problem.

4) Effect of Static Pressure Field
Most mixing theories are developed for application in a can-
stant static pressure field. However, in supersonic combustors large vari-
ations in 5 atic pressures are expected to occur at axial distance from the

injectors increases. The static pressure field affects the mixing by changing
the velocity gradients or in the case of wakes, by changing the magnitude of
the momenturn defect in the wake.

A change in static pressure along the mixing path results in
a velocity change. If the Mach number is uaiform, all the velocities will be
changed by the same ratio and the resulting velocity gradients would not 1ndi-
cate a change in the mixing. However, large Mach number variations are
expected throughout the mixing proc:ss. Even if large Mach number gradients
do not exi1st i1n che early part of the mixinyg, the combustion process wil( lower
the Mach number in the burned portion of the flow.

122

CONFIDENTIAL




L ] [ S

AF APL-TR-65-103 CONFIDENTIAL

Quantitatively, the effect of static pressure is to alter the
velocity field and, thereby, alter the momentum defect of the mixing wake,
In the case of a M » 2.7 freesiream and a M = | cocurrent fuel flow, a pressure
rise of a factor of two will stop the M = 1 flow while permitting the freestream
to remain supersonic. The subsequent mixing will occur at the rate for M = !
injection but at the faster rate of the cocurrent flow with zero downstream
momentum,

In constant area burners or step burners, the calculations
accounting for axial pressure gradient are simplified because the pressure field
is fairly uniform, except for an intial pressure rise. For these cases, the
pressure rise can be approximated by assuming it occurred all at one stage
of the mixing process.

The magnitude of the pressure rise changes with flight
Mach number or inlet air enthalpy and is also a function-of the combustor
geometry. The arc tunnel step-combustor operating at M = 6 conditions has
a pressure rise grea.'r than a factor of two. Thus, if the downstream velocity
of the fuel after completion of penetration were sonic, the pressure rise in
the burner would reduce the average fuel velocity to zero or even to a negative
value., At higher flight Mach numbers, the pressure rise decreases, but the
supersonic combustor configurations tested at Genera: Electric that attained
high efficiency, also involved pressure rise near the burner inlet of at least
two. This provides justification for using a zero downstream momentum in the
cocurrent flow equations to simulate arc tunnel combustor conditions.

5) Effect of Combustion and Mach Number on Mixing
The effects of Mach number and combustion on mixing are
accountable as effects due to density and static pressure,

Combustinn in a constant static pressure field does not
change the flow velocities, instead, the flow area increases to accommodate
the hotter, lower density burned gases. Since the velocities do not change,
the momentum defect of the wake also remains unchanged by combustion. The
wake equations predict that the mixing will not be affected by combustion in a
constant static pressure field. However, some density effect, not accounted
for by the far-field equations, may be involved because of the near-field
type of problem that is associated with the large density differences generated
by combustion,

More important than the direct density effects on mixing
are the efects of the s*~tic pressure gradients that are generated in SCRAMJET
combustors., The combustion process in a constant area duct results in a
pressure rise, The e’fect of this static pressure rise, as described 1n the
last section, 18 to change the flow velocities and also the momentum defect,
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The result 13 a large increase in the mixing rate for combustors that have
large pressure rises early in the combustion process.

One important intluence of Mach number, may be associated
with 1ts effect on the rate of static pressure rise. At very high burner inlet
Mach numbers, oblique shock waves may require long axial distances to
transmit pressure disturbances across the burner. The beneficial effects of
pressure rise on mixing may be delayed at high Mach numbers. The other
effects of Mach number either through density effects or due to interaction
with a static pressure field, are properly treated, in the wake equations with
the momentum defect adjusted as indicated in the last section on pressure
gradients.

6) The Eight Injector Configuration
A fourteen (14) hole normal injector was selected for
incorporation into a comoustor design, having a total of eight wall injectors,
for testing in the arc tunnel. This injector, configuration 4 in the pene-
tration work, was labeled Injector "G'' when incorporated into arc tunnel com-
bustor hardware.

From Figure 61, the predicted mixing efficiency for the
two-dimensional model of this configuration 1s 80%. This is for an equivalence
ratio of 1.0, and a combustor length of ten (L/D)'s. This corresponds to a
nearly umiform {/a profile in a two-dimensional region. However, if the jets
are actually two-dimensional sources, then the f/a in the round combustor
will tend to decrease toward the outer wall. This was experimentally observed
in some arc tunnel tests. Figure 62 shows three constructions to illustrate
this three-dimensional problem. First the carbureted region 1s shown uniform.
Then, the fuel 18 distributed inversely proportional to the radius in the car-
bureted region. Finally a construction of mixing toward the centerline 1s added.
This final construc*ion was made assuming that fuel mixed toward the center of

the duct from the carbureted region at a rate consistent with the two-dimensional

jet mixing, The lean center, prominent in all of the constructions, was a
significant feature 1n many of the measured f/a profiles in arc tunnel) combustor
tests. The presence of the wall and the shear gradients in the wall boundary

layer ahould have a significant affect on the mixing in the outer region, however,

no effort was made 1n this study to treat the mixing due to the wall shear.

Figure 63 shows the calculated penetration for a set of cycle
data { r a Mach 6-12 vehicle. This particular vehicle for which the curve
was obtained, required a cooling equivalence ratio of 2 21 for cooling at
M 12, The calculated penetration from equation 14 shows that the penetration
remained almost constant over the entire mission. Obviously, this greatly
simplifies the problem of optimizing penetration for all flight speeds. The
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effect on fuel penetration of the increasing velocity of the freestream with
increasing flight Mach number is approximately compensated by either the
fuel velo ity Increase due to increased fuel temperature or at high flight
speeds by the equivalence ratio increase required to maintain the maximum
permissible temperature.,

A Mach 6-12 vehicle requiring only an equivalence ratio of
1.5 at Mach 12 for cooling, would have a pereetration the same as in the Mach
6 arc tunnel tests, Z = . 7R. Fuel jets 1n arc tunnel tests with a total fuel
temperature limited to 500-550R, will penetrate less than . 7R at air
enthalpies greater than M = 6,

The "G ' injector 18 1n a constant area section at the burner
inlet. It s instructive to examine the mixing efficiency in the short distance
from the injector to the diverging portion of the burner. In Fig re 61, a
mixing efficiency of 50% is given to X/D equals 3.0. However, if the pressure
rise upstream of the divergence is small, the mixing should proceed at the
slower rate predicted for sonic fuel velocity, From Figure 57, it requires
five times the length to achieve the equivalent mixing for sonic fuel velocity,
this correspords to a mixing efficiency of only 25% in the 3 (X/D)'s upstream
of the divergence.

Figure A4 18 a mixing efficiency performance map made
from calculations for several over-all equivalence ratios. Lowest perform-
ance always occurs at stoichiometric fuel/air ratios. With rich mixtures,
a.l of the oxyger. is mixed with fuel before the fuel distribution becomes uni-
form. For lean mixtures, it 18 only necessary to mix the peaks below stoichio-
metric, not to uniformity, to achieve a mixing efficiency of 100%.

The reamilts in the figure were for an assumption of zero
downstream fuel rmomentum at the or:gin of mixing consistent with an imtial
sonic downstream velocity, followed by a two-to-one pressure rise. The
location and extent cf the pressure rise dueto the combustion should have an
important effect on the mixing efficiencies actually achieved, lower mixing
efficiency estimates result for constant pressure processes,

2, Arc Tunnel Combustor Tests

a. Experimental Technige

1) The Arc Tunnel

The tests reported herein were performed on water-coo'ed

heavyweight supr rsonic combustor models assembled into the Hypersonic Arc
Tunnel, located in AETD Cell 2 at the Evendale Plant, A description of the
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i facility foliows:

! a} Combustor Inlet Air Supply

Air for combustion tests was compressed by a piston-
type air compressor and stored in pressure tanks. The compressor was rated
| 100 scfm (. 123 pps) at 3100 psi output pressure. The tanks contained 3000
pounds of air at 3000 psiy pressure, A portion of this air was used for pumping
the remainder, and was not available to the combustor. The fraction of air
available for test was dependent upon the flow rate required and the combustor

! inlet total pressure.

The airflow rate was controlled automatically by a
pressure regulator which maintained a pre-set pressure upstream of two
venturi flowmeters sized for choked flow at their throats., The air from the
two venturis was delivered to two air injection points on the air heater by
electrically insulating flexible hoses. The flow split through the two systems
was fixed by the relative size of the venturis. Piping was sized for a maximum
flow rate of four pounds per second.

e
prar T S B

b) Air Heater Power Supply
Electrical power for the arc air heater was drawn

from the commercial source through a three phase autotransformer having a
power capacity of 25, 700 KVA for 15 minutes. Output voltage to ground for
each phase could be regulated from zero to 4000 volts. Output current capacity
was a function of voltage setting, with a maximum of 4350 amperes per phase
at the 2000 volt setting. Voltage regulation was accomrplished by a mechanism
: which varied the location of the autotransformer's se.ondary taps. A coarse

n control changed the output voltage in 400 volt steps over the entire 4000 volt
range, and could only be actuated with no current flowing. A verrier control
provided 12.5 volt steps over a 400 volt range, and could be changed during
operation.

Circuit breakers interrupted power to the transformer
when the electrical systemn became overloaded or unbalanced.

Arc ballast was provided by a reactor coil in series
with the arc gap in each phase. The inductance of each coil could be changed by
| manually connecting the power cable to one of six coil taps provided. Inductive
reactance from . 352 to 1. 73 ohms was available. The function of the arc
ballast was to limit the current when the arc gap resistance was low, and to
allow high gap voltage when the resistance was high (as when the arc was ex-

tinguished)  The latter function is particularly important in alternating current
arcs, as the arc1s extingruished and must be re-struck twice during each current
| 1’ cycle. Note that the reactor coil dissipated little power, but reduced the power
4 L factor considerably.
e
b -
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c) Air Heater
Combustion air was heated by dissipation of electrical
energy in an arc within the air stream. By this method, a continuous flow of
air could be heated to temperatures above the melting points of structural
materials. The construction of the air heater is shown schematically in
Figure 65. The air heater, partly disassembled, is visible in Figure 6¢.

The arc was struck within a cavity termed the

"“arc chamber'', enclosea by a stainless steel pressure vessel designed for
1500 psi1 pressure and conforming to the ASME Boiler Code. The vessel was
cylindrical, 24 inches inside diameter, and was 31 inches long. One end was
c'osed by an integral head having an opening in its center into which was fitted
the hot air exit nozzle. The opposite end was flanged, and was closed by a

41 inch OD, six-inch thick, bolted blind flange, termed the "'end closure', on
which were mounted the arc electrodes and air inlet fittings. The pressure
vessel was protected from the hot air within it by close-wound helical coils of
one-inch copper tubing through which water was pumped at high velocity. The
end closure was similarly protected by a water-cooled fabricated copper liner.

Three 1aentical sets of arc electrodes were mounted
within the arc chamber, projecting from the end clusure as shown in Figure 65
Each set consisted of a center electrode and an outer ground electrode. The
center electrode consisted of a copper disc 0. 3 inches thick and 3.0 inches in
diameter, mounted on a 1 5 inch diameter support post. The support post
passed through the end closure and was electrically insulated from the closure.
To each center electrode post was conrnected one of the three power cables from
the three-phase electrical power supply. Within the post were passages carry-
ing air and cooling water. The cooling water circulated through passages
within the rim of the center electrode disc. The air was injected 1nto the arc
chamber through holes drilled diagonally through the boron nitride 1nsulating
sleeve.

In addition to the air inje~ted through the center
electrode 1nsulators, additional "by-pase' air could be injected through the end
closure into the space between the pressure vessel and its cooling coil. This
air entered the arc chamber by bleeding between the turns of the coul.

The ground electryde was a water-cooled copper -ing
positioned concentrically around the center electrode disc. The diameter of
the ring determined the arc gap, wh'ch was varied to suit the arc chamber
pressure and power level The ring was attached by two tubular supports to the
end closure and was electrically grounded to the closure.

15v

CONFIDENTIAL




:
;
]

Eir il ST

q G

b=

AFAPL-TR-65-103

ARC CHAMBER

——a AR
—— WATER

CONFIDENTIAL

END CLOSURE

OC FIELD COIL

AIR NOZZLE

Figure 65 - Electric Arc Air Heater (Schematic).
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Figure 66 - Arc Tunnel Combustion Test Apparatus.
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The arc was struck across the annular gap between
the center and ground electrodes. The intensity of the arc was such that, had
the arc been allowed to remain stationary, the electrode material would have
been consumed within seconds, despite the vigorous water-cooling, Electrode
life was ex*~nded by forcing the arc to rotate around the annular gap. Each
point on the electrode surface was thus exposed to the arc column only for
brief instants., Rotation of the arc coiumn was accomplished by establishing
a powerful magnetic field within the arc chamber, oriented parallel to the axes
of the electrodes. Since the current flow through the arc column was radial,
hence perpendicular to the field, a force was exerted on the arc columnna
direction perpendicular to both the field and the current. The force caused
the arc to rotate about the annulus. The magnetic field was generated by a
water-cooled D.C. coil outside of the pressure vessel. To prevent distortion
of the field, only non-magnetic structural materialse were used in and about

the air heater.

Electrode life was normally in excess of ten minutes,
depending upon power level and chamber pressure. Contamination of the air
stream by electrode material was very low, about .05 percent. Electrode
failure was evidenced by the appearance of amall holes in the electrode ccoling
water passages. When the hot air pressure was less than the cooling water
pressure, water was sprayed directly into the arc column, extinguishing the arc
without further damage. Had the arc chamber pressure been higher than the
water pressure, hot air would have entered the cooling water passages, causing
catastrophic damage to electrode supports and the end closure. As the maximum
cooling water supply pressure avajlable was 700 psi, the arc chamber pressure
was limited to 500 psi by this consideration.

The electrical voltages used were insufficient to
strike an arc with cold air in the arc gap. Starting was accomplished by
bridging each gap witi a stainless steel fuse wire. The initial surge of current
vaporized the wire, establishing a conductive path for the ar.. The normal
restrike that occuried at the beginning of each current alternation was easily
accomplished, as ionized gases remained in the gap from the previous
alternation. Starting was accomplished with reduced air{flow, Full airflow was
established ten to fifteen seconds after ignition,

d) Fuel Supply
Gaseous hydrogen fuel was supplied to the combustor

from transport trailera through two parallel systems each capable of delivering
0 15 pounds per second at 1500 psi. Flow control was accomplished by dome-
loaded pressure regulators which maintained a pre-set pressure upstream of
standard thinplate orifice flowrneters. On-off control was provided by electro-
pneumatically actuated ball cocks.
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Parallel systemas permitted nitrogen tc be substitu.ed
for the hydrogen flow for purging or for non-burning combustor operation.

An automatic switching system normally started the
hydrogen flow when full air had been established. This system could be
overridden when necessary. An interlock stopped the hydrogen flow when the
arc power was interrupted,

e) Exhaust System
The combustor exit stream was dumpted abruptly into
a large rectangular chamber, about four feet square, shown in Figure 66.
The burner exit instrument rake was mounted through the roof of this chamber.
A movie camera observed the burner exit stream through windows in the chainber
side walls. The chamber walls were heavily constructed of stainless steel,
and were uncooled.

Any fuel not consumed in the combustor was burned
in the dump chamber as the kinetic energy of the jet from the combustor was
dissipated. To assist this purging action, secondary air was drawn from the
shop air supply and injected into the dump chamber through a distributor pipe.
The combustor could be ¢perated at equivalence ratios up to about 1.2 without
discharging unburned hydrogen to the exhausters.

From the dump chamber, the exhaust gases flowed ‘
through a large pipe to the exhaust cooler. The pipe was 27.6 inches in
diameter for 12 feet, then enlarged gradually to the ten foot diameter of the
exhaust cooler. The cooler was a shell-and-tube heat exchanger capable of
transferring 9000 BTU/sec of heat to its cooling water,

The cooled gases were pumped to the atmosphere by
multiple stuges of mechanical compression followed by a steam ejector. The
functions of the steam ejector were to assist the mechanical compressors, to
maintain the entire systemn at subatmospheric pressure to avoid release of
nitrogen dioxide through seal leakage, and to dissolve the nitrogen dioxide,
preventing formation of a frightful brown cloud at the exhaust stack. The
exhaust system was capable of maintaining the dump chamber pressure at
less than 3 psia at the maximum facility flow rates.

2) Combustor Hardware

a) Combustor Inlet Air Nozzles
The arc heated air was expand=d to supersonic
velocity ard delivered to the combustor. This was accomplished by cne of two
water-cooled axisymmetric converging-diverging nozzles close-coupled to the
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air heater, One of these nozzles is depicted in Figure 65.

The nozzles used for these tests had an exit diameter
of 3.0 inches, and were contoured to provide a uniform exit flow. The ratio of
exit area to throat area was 3, 86 for nozzle "A'" and 7,00 for nozzle "B', pro-
vid.ng exit Mach numbers of approximately 2.7 and 3.2 respectively, varying
slightly with the enthalpy level for each test. Current engine cycles show burner
inlet Mach numbers of 2. 7 and 3.2 at flight speeds of Mach 6.7 and 7. 7,
respectively.

The nozzle contours, estabiished by the method of
characteristics are tabulated in Table III and IV. No correction for boundary
layer was made. The boundary layer was calculated by the technique of
Henderson (Reference 15 ),which predicted a displacement thickness of 0. 03
inches for nozzle A sufficiently small to be neglected.

The nozzle walls were constructed of beryllium copper,
this material providing a reasonable compromise between high strength and
high thermal conductivity. Wall thickness was .06 inches. The walls were
cooled by an axial {low of high pressure water over the outer surface. Water
velocity at the nozzle throat wae 110 feet per second.

b) Fuel Injectors
The fuel injectors employed for these tests were of
two types: step injectors and cylindrical injectors.

The step injectors, shown schematically in Figure 67,

were denoted as injectors "E', "F', and ""J". All were similar in that they
were uf circular crose section, had flanged ends 9.0 inches apart, and were
water-cooled. Their outer casings were of stainless steel, their flanges of ’

monel, and their inner liners of copper. Heatced air at superm nic velocity

entered one end, having a 3.0 inch diameter bore. Fuel and air flowed out

through the opposite end, which had a 4. 75 inch bore. Inlet and exit bores were

concentric. The increase in bore diameter occurred in a single step located

part way through the injector. The injectors differed in the location of the step,

and in the method of fuel injection. »

In injector ""E'', the step was located 6.0 inches
from the exit end. Approximately 0. 75 inches aft of the step, four pedestals
1.0 inches in diameter protruded radially inward from the 4. 75 inch bore to
the height of the step as shown in Figure 68, These were oriented at the 3,
6, 9 and 12 o'clock positions, The fuel nozzles were located in the radially 4
innermost surfaces of the pedestals. The exit of each nozzle was rectangular,
0 03] inches wide and 0. 3] inches long set flush with the surface of the
pedestal, as shown in Figure 69. The long axis was oriented parallel to the
airflow. The fuel was directed radially inward, perpendicular to the airflow.
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TABLE 1lII: WALL CONTOURS, NOZZLE "A"

— 1.52 RAD
Ay
- et
X
X Y
IN. IN
0 .760
.333 .797
400 .812
.600 .863
.800 914
1.000 .965
1.500 1.084
2.000 1.190
2.500 1.274
3.000 1.341
3.500 1.395
4.000 1.439
4.500 1.462
5.000 1.481
5.500 1.491
6.000 1.500
7.900 1.500
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TABLE IV: WALL CONTOURS, NOZZLE "B”

ri‘ 1.13 RAD

.

X
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X X
IN. IN,
0 .5670
.310 L6105
.323 .6140
.386 .6325
. 487 .6630
S77 L6915
.618 . 7050
.645 L7135
.671 L7215
675 .7230

1.078 .8470
1.325 .9180
1.620 . 9960
1.775 1.0340
2,228 1.1335
2.643 1.2105
2.902 1.2525
3.591 1.3435
3.638 1.3485
4.422 1.4195
4.708 1.4385
5.260 1.4665
6.005 1.4850
7.053 1.5000
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Pigure 87 - Supersonic Coabustor Models (Schematic).
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Figure 68 - Injector E.
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The fuel nozz'es were converging-diverging, of constant length, but having
a throat width of 0.019 inches,

The step of the injector "F' was located only 4,25
inches from the exit end. The fuel nozzles were similar tc those of injector
"E', but were set flush with the 3. 0 inch diameter bore 1.2 inches upstream
from the step. The bore was thus left unobstructed. Again, the fuel was
directed radially inward from four points around the periphery of the injector.

The step of injector "J" was located 6.0 inches
from the exit end. Fuel was admitted from four small, irregular prctrusions
spaced around the periphery of the 4. 75 1inch bore, 0. 75 inches aft of the step.
The fuel nozzles were shaped to direct the fuel roughly circumferentially, ina
r~ swirling manner, perpendicular to the airflow.

— =g oy O E3 CLJ

The intended purpose of the step in the wall of the

9 injectors was twofold: it provided a seat for combustion-induced boundary
layer separations, stabilizing their location and preventing their propagating
further upstream and 1t provided a sheltered region for stabilization of a pilot

. flarne to maintain combustion when conditions prevented auto ignition of the

fuel-air mixture.

Five cylindrical type injectors were employed.
These were denoted us injectors "K', 'G'"'. "H", "Hm'', and an "F-type"
injector integral with Tailpipe "Q"".

——

3
‘ l Injector "K' is depicted in Figure 70. This
injector was constructed of stainless s'eel and formed a '"flange", 1.5 inches
1 ‘ thick, which was sandwiched betw~en the air nozzle and the end flange of the
L. tailpipe.
| 4 ‘" Hydrogen was injected from an annular slot circling
: i the perimeter of the 3.0 inch bore. The slot was oriented to direct the fuel
1 downstream as a film on the tailpipe wall. The slot had an exit heaght of . 040
= inches, with a minimum height of . 024 inches further upstream, so that the
- injection velocity was supersonic. Injector "K' waws cooled only by the fuel
flowing through it,
Injectors "G", "H" and "Hm'' also formed ""flanges"
to be sandwiched between the air nozzle and tailpipe, but were water-cooled.

They were of two-piece construction, having an outer casing of brass or
aluminum and and inner liner of copper. Aninjector liner 1s shown in Figure 71
and a casing in Figure 72. Liner and casing were joined mechanically with
o-ring seals, this method of ccnstruction proving much more reliable than
welding. These injectors were all 4.0 inches long, and had 3.0 inch bases.
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Figure 70 - Injector K.
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Figure 71 - Liner, Injector G
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Figure 72 - Injector Casing.
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They differed in the method of fuel injection.

Injector ""G'" is shown in Figure 73. Fuel was ad-
mitted normal to the airfiow through 112 holes, .06 inches in diameter,
drilled radially through the wall of the 3.0 inch base. The holes were arranged
in eight rows of 14 holes each. The axis of each row was oriented parallel to
the airflow. The rows were spaced 45 degrees apart around the circumference
of the base. The hole spacing in each row was .25 inches.

Injector "H'' is also shown in Figure 73. Fuel was
admitted through 96 holes, .06 inches in diameter, arranged in eight rows of
12 holes each. This arrangement was similar in Injector '"G'", except that
the holes were drilled at an angle of 30° to the axis of the base, so that the
fuel was directed obliquely downstream.

—_— e =y ey D GO

-l l Injector "Hm", not shown, was a modification of
Injector "H''. The modification was to close, by brazing, every other hole in
{ every other row. This injector thus contained 72 holes, arranged in four rows
: of 12 holes each, with .25 inch spacing, separated by four rows of six holes each,
with . 50 inch spacing. The purpose of this modifcation was to allow part of the
‘l fuel to peneirate further than the rest, to improve the initial distribution.

Tailpipe ""Q", described below, contained provisions
for mounting fuel nozzles near its 3.0 inch diameter entrance. These nozzles
1 were identical to those of step-type Injector "F', hence are referred to as
"F-type'" injectors. Tailpipe "Q'" did not contain a wall step. This arrange-
I ment is illustrated in Figure 73.

c) Tailpipes
3 The fuel injectors were followed by one of five mixing
pipes or 'tailpipes', in which mixing and burning of the fuel and air occurred.

Tailpipes ""N' and ""P" were used with the step
injectors, and tailpipes "Q", "R'' and "3" were used with the cylindrical in-
jectors. A cylindrical injector could be assembled to tailpipe "N" or "P"
only by using a step injector as a transition piece.

-

Tailpipe ""N" is shown schematically in Figure 67.
It consisted simply of a 24 inch length of water-cooled flanged pipe having a
4.75 inch diameter bore. The outer structural shell was fabricated of stain-
less steel, the flanges were of monel, and the inner liner was copper. Tail-
pipe '"N'' is faintly visible beneath the tangled plumbing in Figure 74. Tailpipe
"P'", not shown, was similar to tailpipe '"N'', except that is length was 12
inches.
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3110\ F-TYPE INJECTOR
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| Figure 73 - Supersonic Combustor Models (Schematic). »
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Figure 74 - Combustor Model Installation.
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Tailpipe ""Q' is shown in Figure 73. Its 'ength l
was 33 inches. It had a 3.0 inch diameter bore at the inlet, and a 4. 75 inch
diameter bore at the exit. Its internal contour was a straight taper over nearly
its entire length, with short (. 75 inch long) cylindrical sections at either end.
As explained above, tailpipe "Q' contained provisions for mounting "F -type"
injectors 3.7 inches {rom the inlet end. Its construction was similar to tail-
pipes "N' and "P'. The installation of tailpip~ Q" i# shown in Figure 75,

Tailpipe "R'" is shown in Figure 76. Its over-all
length was 27 inches At the inlet end, it had a 3.0 inch diameter cylindrical
bore for a length of 3.0 inches. At this point, a wall step increased the base
diameter to 3. 5 inches. In the remaining length, a straight taper increased
the tore diameter to 4. 25 inches at the exit. Tailpipe "R' had an outer casing
and end flanges of stainless steel, a copper liner with helical cooling water
passages, and a brass spacer between the liner and casing. Figure 77 is a
photograph of the base of tailpipe "R'', looking upstream,

Tailpipes "N, "P'" and ""Q" we=e of welded con-
struction. The monel flanges were welded to the stainless steel casings, and
the copper lirers were welded to the flanges. In service, thermal expansion
resulted 1n repeated flexing of the copper-to-monel welds, producing trouble¢-
some water lea:s. Tailpipe "R' was assembled with mechanical fasteners
and o-ring seals, which allowed some movement of the liner within the
casing. While more expensive to manufacture, this part was free of water
leaks.

Tailpipe "E'" was designed for use in heat transfer
studies described in Volume III of this report. It consisted of a 3,06 inch
ID cylinder 18 inches long, constructed entirely of stainless steel and
designed to be either water-cooled or air-cooled. The base was heavily instru-
mented with thermocouples for heat transfer measurements. It is included i
in this list of combustor apparatus because some useful combustion information
was obtained from the heat transfer tests.

d) Combinations Tested

The various items of combustor hardware described
above were compined in numerous ways during the course of the experimertal
investigations. The code used to describe an individual test configuration con-
s1sts of a lecter representing the air nozzle used, followed by one or more
letters designating the fuel injector(s), and firally a letter denoting the tailpipe.
For example: Configuration BHN contained air nozzle '"B'", injector "H",
injector "E'" used only as a trangition piece between the cylhindrical injector
and the larger tailpipe, and tailpipe "N''. No fuel was injected from injector
"E'" when used as a trarsition piece. Configuration AGFQ contained air
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Figure 75 - Combustor Model Installation.
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INJECTOR Hm
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Figure 76 - Tailpipe L (Schematic).
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Figure 77 - Tailpipe R - Aft Looking Forward.
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nozzle "A", injector "G'" and tailpipe "Q' with its integral "F-type' injectors.
Both injectors were active,

3) Measurementz:

Pressure and temperature data were recorded in one of
two ways, Measurements requiring a continucus record were recorded by
two eight-channel Sanborn strip-chart recorders. Measurements requiring
only intermittent sampling were printed on paper tape by & digital recorder.
The digital recorder was capable of handling up to 600 channels of data. Its
normal sampling rate {or combustion tests was five readings per second.

Airflow to the combustor was inetered by a pair of critical-
flow venturi meters fed from a common plenum. The plenum pressure was
fed to a pressure transducer and recorded by a Sanborn recorder, The air

temperature was measured in the vicinity of the flowmecters by a chromel-
alumel thermocouple, and was also recorded by a Sanborn recorder.

Hydrogen flow was metered by a Daniel thin-plate orifice
meter, Upstream pressure and differential pressure were fed to transducers
and recorded by the digital recorder. Hydrogen temperature was measured near
the meter by a capped chromel-rlumel thermocoupie and also recorded on the
digital.

The pressure of the air in the arc chamber was measured at
a point behind the helical cooling coil. Pressure drop through the coil was
negligible, This pressure was recorded continuously on the Sanborn.

The ,as pre :sure at the wall of the fuel injector and mixing
pipe was measured at numerous p~ints, located as indicated in Figure 67, 73
and 76, Wall pressures were tapped through a 0.04 or .06 inch iiameter hole
drilled cleanly through the combustor wall. Each tap was connected to one of
four pressure scanning valves. Each scanning valve contained a pressure trans-
ducer which waa sequentially connected to each pressure tap. The scanning
valves were synchronized with the digital recorder. In operation, the pressure
indicated by one of the transducers was recorded, then the scanning valve was
actuated to change the transducer connecticn to the next tap. Each of the four
transducers was recorded in turn, so that the cycle was repeated 0.8 seconds
later. The wall pressures were thus recorded at the rate of five per second.

For some tests, six to eight selected wall pressure taps
were connected directly to indi- idual pressure transducers and were recorded
continuously on a Sanborn recorder. This was done to facilitate momtoring of
cembustor behavior during changes in test conditions.
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Heat loss to the water-cooled combustor walls was derived
from measurements of cooling water flow and temperature rise. Water flow
was measured by a thin plate orifice meter. The differential pressure was
recorded on the digital. Water temperatures were measured by chromel-
alumel thermocouples at the inlet and discharge, and were recorded on the
digital.

The combustor exit stream was surveyed by the gas sampling
and impact pressure rake illustrated in Figure 78. The rake was 0. 33 inches
wide, and had a wedge-shaped, sharp leading edge with a 35 degree included
angle. The leading edge was constructed of copper, and was water-cooled.
Measurements were obtained through six holes 0. 04 inches in diameter spaced
0.5 inches apart along the apex of the wedge. The rake was oriented veritically
in the burner exit stream, with the leading edge approximately 0.6 inches aft
of the exit plane. A remote-controlled actuating mechanism swung the rake
laterally to one of four preset locations in the stream or to a fifth location
outside the stream.

Connection to the measuring ports of the rake was made
initially through about 5 inches of 0.04 inch ID copper tubing, followed by 38
inches of stainless steel tubing of similar size within the water-cooled body of
the rake, and finally through larger diameter tubing leading out of the test
rig. A system of solenoid valves permitted each of the six ports to be connected
to a pressure scanning valve to record the impact pressure, or selectively to
one of four gas sampling bottles. A total of 24 gas samples could be obtained
during each test. This system is illustrated in Figure 79,

The procedure for gas sampling, at a preset rake position,
was to first purge the sample lines. This was accomplished by opening sole-
noid valves on both sides of the selected set of sample bottles to allow gas to
be drawn through the lines and bottles by a vacuum pump for 20 seconds. The
downstream valves were then closed and the botties allowed to fill for 10 seconds,
after which the upstream valves were closed to isolate the samples.

Closing the upstream valves connected the rake ports to the
pressure scanning valves. When the pressure had been recorded, the rake was
moved to another position and the procedure repeated.

Following a test, the bottled gas samples were removed to
a laboratory and analyzed quantitatively fcr hydrogen, oxygen, nitrogen and nitric
oxide on a dry basis by gas chromatography, and for nitrogen dioxide by wet
chemistry. The latter technique was to react the sample with sulfanilic acid
and measure the color change of the liquid.
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A special rake was designed to permit the sample to be
expanded quickly to a very low pressure before cooling. Rubins and Rhodes
(Reference 16 ), used such a probe and successfully obtained samples from a
supersonic combustion zone which had combustion efficiencies throughout the
range from 0 to 100%, with the efficiency increasing as length increased in
the experimental combustion zone. Although these measured combustion
efficienciee could nct be quantitatively verified, the qualitative results were
very encouraging.

By cooling or quenching the samples at the low pressures
in the probe, the reaction rates of the three-body heat-releasing reactions
are suppressed in comparison with the faster two-body reactions. It is
postulated that the radicals H, O and OH are converted to stable molecules by
these fast two-body reactions, which release or absorb very little eat,

Figure 80 shows the dimensiuns of this quick-quench probe,
The samples from this probe were drawn intc large (1 to 1.5 liters) evacuated
samples bottles. The collected samples at less than 1 psia pressure, were
then analyzed with the chromatograph.

In addition to the rake survey of the burner exit stream, a
traversing line reversal pyrometer was also employed. This instrument is
fully described in Reference 17 . The sensing device was mounted on the
same traversing mechanism which held the rake, and measured an average
stream static temperature along a path parallel to the rake, 1. 75 inches from
the rake and 1.2 inches from the burner exit plane.

4) Data Analysis Procedures

a) Types of Data

For the tests reported herein, two different types of
data were taken. Pressure and ten.perature data from Sanborn charts and
digital tapes were transposed into tabular form as part of the test operation.
This transposition operation also included the conversion of thermocouple
readings from millivolts to degrees F or degreee R, and the conversion of
pressure transducer readings into psi or psia. Pressure and temperature
data were comprised of etatic pressure measurements within the arc chamber,
along the length of the combustor, and in the test chamber section, measure-
ments of the pressures and temperatures of the air, hydrogen and cooling
water flows, gas sample rake impact pressure and the dump chamber wall
temperature and arc power measurements. In all, pressure and temperature
data comprised approxirmately eightly measurements per reading, with each
reading corresponding to one set of six gas samples.
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Gas samples taken with the gas sample rake located
0.6 inches aft of the combustor exit plane formed the second distinct series of ®
measurements that were taken during an arc tunnel test. Normally twenty-four
individual samples were taken at known locations in the exit stream. The gas
sampling positions were altered occesionally during the course of the experi-
mental program. The locations of the sampling positions for the various test
runs are charted in Figures 81, 82, 83, 84, 85 and 86.

For Run 154 and all succeeding tests, the gas samples
were first analyzed for NO, by wet chemistry. In this procedure, the bottle
containing the gas sample was connected to a second bottle containing a liquid
reagent which would change color upon reacting with NO,. The amount of
liquid in the two bottles was adjusted until the pressure was atmospheric and
the displaced liquid measured to deterriine the quantity of gas present. The
color intensity of the liuqid was then measured to d=t2rmine the amount of
NO, originaliy present in the gas sample.

b et S e

SR

Next, all the gas samples were analyzed for Oy,
H,, N; and NO by means of gas chromatography. In this operation the con-
centration of each of these three constituents in the sample was determined
through use of a thermal conductivity cell after the sample had been passed
through a molecular seive, ln addition to the seive, which was used to separate
the constituents sufficiently to allow the thermal conductivity cell to react to
each individually, the sample was also passed through a cold trap to freeze out
whatever water exists in the same before it entered the fractionating column.
The result of this procedure was a set of curves of the response of the cell to
each sample from which the concentration was determined in a manner described
‘ below. In addition to traces corresponding to each gas sample, calibrating
mixtures were run through the chromatograph before and aft:r each set of
twelve gas samples to provide a consistent sensitivity determ.nation.

b) Initial Data Reduction
The analysis of the data obtcined from an arc tunnel
combustion test was a complex process which required the use of high-speed
computers. Four separate computer programs, were written for use in the
data analysis and were used in the reduction of the data from the tests that are
the subject of this report, However, before the computer program could be used Y
a certain amount of hand analysis of the data was both necessary and desirable.

From the pressure and temperature data, the input
i air and fuel flows were calculated, as well as the over-all equivalence ratio
and the approximate air enthalpy, from which the simulated flight Mach number
] of the tests was determined. The approximate air enthalpy is obtained from a [}
relation developed in NASA TN D 2132 (Reference 18) suitably modified t
fit the relatively narrow range of conditions encountered in these tests. The
NASA relation, suitable over a wide variety of conditions, i3
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W _ 280

A*P, . .397

hy .

where W is the airflow rate in pps, A¥* the nozzle throat area in square feet,
Py the air stagnation pressure in stmospheres and h, is the air enthalpy,
Btu/lbm. For the conditions of these tests, it was found that a more accurate
representation is given by:

W = 325 for nozzle "A" LS = 388
AXP, . 457 AXxP . 444
ht and 4 ht

for nozzle "B"

Further, the static pressure distribution along the length of the combustor . ®
was plotted directly from data supplied by the digital recorder.

In the gas sample analysis, point equivalence ratios
and mole fractions of each sample point were hand-calculated directly from
the gas analysis output sheets and charts, As mentioned above, before each
set of twelve gas samples was run through the chromatograph, a calibration
mixture of hydrogen, oxygen and nitrogen of known composition and total
pressure was tested, and the output of the thermal-conductivity cell recorded.
Since the composition and total pressure of the mixture was known, the partial
pressure of each component was known, and from this and the peak output of
the thermal conductivity cell, the '"sensitivity" ci the cell to each component
was determined. The '""sensitivity'' was expressed as mm (partial pressure)

/ div (T.C. C. output) and was determined for several different mrixture total
pressures. The resulting data were used to develop sensitivity curves which
were then used in analysis of the test samples. Since the calibrating mixture
used contained less hydrogen than the average sample, a special pure hydrogen
calibration was made for an additional sensitivity determination. Figure 87, 88
and 89 present sample sensitivity curves developed from test data from Run 110,

f In the actual sample analysis, the contents of each
sample bottle at a known pressure were passed through the chromatograph.
Each constituent of a given sample produced a specific output of the thermal
conductivity cell, which was recorded on a chart. Ideally, the cell output for »
each component would be a discrete curve, as shown schematically in Figure 9Ca,
but due to the finite response time of the cell and the manner of separation of
the components the output was recorded as a smooth curve, This curve shown
schematically in Figure 90b, The peak of this curve and the sensitivity deter-
mined the partial pressure and thus the concentration of the component being
analyzed. In rich samples a further determination was made before the actual »
peak output of the cell could be measured. This determination was made
necessary by the fact that, with a large amount of hydrogen present in the
sample, some hydrogen back-diffused through the molecular seive resulting in
t he peaks for the oxygen and nitrogen curves falling on the tail of the hydrcgen
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curve, as shown in Figure 80c. A systematic correction was develcped and
used in this test series to allow for this possibility in rich samples., This
involved determining the time taken for the hydrogen trace to return to the
zero of the recording chart using the hydrogen sensitivity curves. The result
of these calculations expressed as hydrogen-curve trace height/peak height
was plotted vs. time and used as a systematic correction for the apparent peak

heights of the oxygen and nitrogen traces. A sample curve is shown on Figure 91.

Once the actual peak heights of all constituents were
known, the concentration of hydrogen, oxygen, nitrogen in each sample was
determined and thus the point equivalence ratio. The expression used to obtain
the point equivalence ratio, given the mole fraction of hydrogen, oxygen and
nitrogen after decomposing any NO or NO, present is:

ER = 1+1.8638 M.f. H, - 2 (M.f. 0;) / m.f. N,

The derivation of this expression is given in Colley and Kenworthy
(Reference 2 ) report, This process was repeated for each sample point,
and the result plotted as an exit ¢equivalence ratio profile.

As an aid to the clarification of the above discussion,
a sample calculation is given below, Selecting data point 5 from Run 110, the
following data were available from the chromatograph output chart and data
sheet:

Sample pressure = 420 mm
H, divisions = 837.5
O, divisions = 59,6
N, divisions = 1860
NO divisions = 0

The latter four pieces of data are the peak heights,
uncorrected, of the traces of Hy, O, N, and NO for data point 5 appearing on
the chromatograph chart. The absence of NO is normal for a sample containing
OZ' as NO oxidizes spontaneously at room temperature toform NO,. Measur-
able quantities of NO were found only in samples containing no O,. From cali-
brating mixtures, the sensitivity of the chromatograph to these tﬁree components
was determined and is given as Figures 87, 88 and 89. Since calibration for
oxygen and nitrogen was mare before each set of 12 samples, two curves appear
on the sensitivity figures for each of these components. From the data sheet
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included with the chromatograph output, it was known that the curves labeled
0035 are the ones that correspond to data poirt 5,

From Figure 89, the sensitivity for H; at 837, 5
division was found to be . 01108, Multiplying the peak height of the trace by
the sensitivity and dividing by the total pressure gave the mole fraction of
hvdrogen in the sample:

B837.5x.,01108
420

. 02209

The apparent height of the O trace was given by
the data as 59,6 divisions, From the chromatograph chart, it was found that
the time lag between the hydrogen peak and the oxygen peak was 0. 53 minutes,
From the previously determined hydrogen tail curve, Figure 91, the H, tail
height at this & t was 8. 38 divicion, thus the actual oxygen peak height was
51. 22 divisions, and from Figure 87, the sensitivity at this point was . 13769
mm/div. Thus the mole fraction of O, in the sample was given by

41,22 x , 13769 :
420

.01679

Determination of the mole fraction of nitrogen in the
sample was exactly the eame as for oxygen. In this case t = 0.86 min., the
hydrogen tail height was 2.09 div., and thus the actual nitrogen peak height
was 1857,9 div. Using Figure 88, the sensitivity was found to be 0.21035,
Thus, the mole fraction of N in the sample was:

1857.9 x_.21035
420

= .93054

With the mole fraction known, the equivalence ratio was determined as:
ER = 1+ 1.8638 {[ 02209 - 2 (. 01679)) / .93053: 0.977

and the initial gas analysis for point 5 was complete.

c) Computed Data
The first use of computer programs in the data
reduction procedure involved use of program SSCPAI (see Appendix A). This
program was used to compute the input air and ruel flows and conditions, and
by assuming an ideal combustion process, to compute an ideal burner nozzle
thrust,
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Input data for this program were taken from the
pressure and temperature data section of the test output, and from the hand
calculated input parameters discussed above. Given the air and fuel plenum
conditions and flows, SSCPAI computed flow parameters such as Mach number,
impulse, temperature, pressure molecular we ight, etcy, at the burner inlet
plane for air and fuel and for combined inputs at the burner inlet plane. TkLis
was accomplished in the program, given plenum conditions, hy computing
equilibrium isentropic expansions through area ratios that corresponded to the
actual physical air and fuel nozzles,

Since the air and fuel enthalpies are known only
approximately from the raw data, it was desirable to obtain more exact
values through iteration of the program. This was possible because SSCPAI,
given the approximate enthalpy for the air and fuel plenum conditions, and
the nozzle area ratio, computed as part of its procedure the nozzle throat area.
Since this was a physical nozzle, throat area was measured, and thus iterations
were performed on the enthalpies until the calculated throat area was identical
to the actual throat area (see NASA TND-2132, Reference 18 ), In this manner
exact burner inlet conditions were calculated.

The ideal combustion process was arbitrarily defined
as a constant area, adiabatic, frictionless combustion process from actual
inlet streams to a uniform stream in chemical equilibriur.., If thermal choking
made the process as defined above impossible, the combustion process was
redefined as a diverging area process with wall pressure equ:l to terminal
pressure and terminal velocity equal to sonic velocity. Once the calculation of
either of the two possible processes was made, the ideal burner nozzle thrust
was obtained by allowing the calculated exit stream to undergo a frozen expansion
through a hypothetical nozzle. The nozzle exit area was the same as that used
to determine the thrust produced by the test combustor under the same inlet
conditions, Once the thrust potential of the test combustor was known, a
relative thrust potential efficiency was obtained.

The input weight flow of air and the iterated air and
fuel enthalpies from program SSCAI were used, along with c mposition deter-
mined from the gas sample data, vake impact pressures, and exit static
pressures, in program SSCDR. the function of this program was to calculate
stream composition, temperature and pressure, exit Mach numbers and point
combustion efficiencies for each gas sample point. A description of the details
of these calculations appears in Colley and Kenworthy (Reference 2 ). These
calculations were performed using the following quenching process assumption:
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1. No H,0 is formed during the gas sampling process.

2. OH, NO, H, O formed are in equilibrium with the HZ' OZ’
Nz present,

Point combustion efficiencies greater than 100%
were commonly encountered. It was postulated that this was a corsequence of
the first asaumption listed above.,, and that the assumgtion was, at least in the
case of rich samples, not entirely valide. Thus a correction was made during
the analysis which involved modifying the sample data. The correction postu-
lated that a certain amount of water was formed during the quenching process
at a lower {emperature than that of the sample stream. The amount formed was
estimated from the sample composition computed by the CDR Program, and
this amount was analytically decomposed into hydrogen and oxygen which was
then added to the sampled arnounts of hydrogen and oxygen, This procedure
was then iterated until the point efficiency was reduced to 100%. In the case
w here a point efficiency less than 100% was computed from the initial data,
no correction was made.

A further correction to the measu:ed gas sample for
the runs prior to Run 154 involved a correction for the NO, in the stream.
The presence of NO2 was a consequence of the operation of the arc tunnel, but
it was not possible to measure this concentration using techniques available
until Run 154. However, later tests succeeded in measuring the NO, levels at
various simulated Mach numbers, and the results of these tests were applied
back to the earliar tests. Measured amounts of NO and NO, were analytically
decomposed to N, and Oz before being input to program SSCDR.

d) Continuity Check

With the completion of the iteration on the point com-
bustion efficiencies, the data available comprised tiae input flow condition
(from SSCPAI) and the measured flows and conditions at the burner exit (from
SSCDR). These burner exit flow parameters must, of course, satisfy con-
tinuity conditions. The measured gas sample points were taken essentially in
the core of the burner streams, leaving an unprobed area arcund the circum-
ference of the burner duct. This unprobed zone was used to satisfy continuity
: conditions in the following manner.

To each probed point, a portion of the burnzr exit area
was aribtrarily assigned, and property values in each area were assumed tc be
constant at the level of the values at the probed point. The sum of these areas
was less than the burner exit area. For each of these areas, program SSCPAII
calculaied flow parameters from the SSCDR output of temperature, pressure,
stagnation enthalpy and composition. The fuel and airflows were then summed
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and the enthalpy mass-averaged, and these results were ccmpared with the
input conditions calculated as part of program SSCPA]l, The difference in
these quantit.»s was then assumed to be satisfied by the properties of the
stream in the unprobed area.

An additinrnal correction to the measured data was
made at this point., Since the combustor was water-cooled, a certain amount
of heat was lost to the cooling water during the combustion process and this
heat loss had to be accounted for. This heat loss resulted in a enthalpy
decrease of the burner exit stream, and was calculated from the known cooling
water flow and temperature rise. This enthalpy correction was also applied to
the ideal thrust calculation of program SSCPAI, necessitating an additional use
of this program to avoid biasing the thrust-potential efficiency calcula:ion
against the actual combustor. It is worth noting at this point that in an actual
engine design, the combustor would be regeneratively cooled and thus the heat
loss described above would not occur. Rather, the heat transferred to the com-
bustor walls would return to the combustor in the fuel stream,

The estimation of the flow properties in the unprobed
portion of the stream was done in this manner for the following reasons,
First, the wide variation in flow parameters across the exit stream that was
exhibited in each run made it impossible to extrapolate the known data into
the unprobed i-ea. Further, in three runs at nominally similar conditions
(Run 107, 117 and 111), no significant pattern was found. Thus, deterriniti-n
of properties in the unprobed area by other means than » continuiiy balan.-~
could not be¢ justified.

Once the properties of the outer zone, such as air
and fuel flow rates and enthalpies were known, the composition was calculated
by assuming a pressure on the basis of the known data and using tables of
H,-Air combustion data. This involved calculating the temperature of the
unpi >bed stream (assumed uniform), the known mass flow and interpolating in
the tables to reach the correct temperature and equivalence ratio. In the
early tests, these calculations and interpolations were made by hand; in later
teogts, they were incorporated into program SSCPAII,

e) Eta-NT
With continuity satisfied and the composition and
o‘her properties of the burner exit stream Fnown, the ''net thrust potential'’ of
the actual combustor was determined. This thrust potential was determined
in two ways. In both methods a hypothetical nozzle was assumed, as for the
ideal burner nozzle thrust calculation. In one method, each zone of the burner
exit stream was expanded isentropically with frozen compostion to a uniforrn
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pressure at the arbitrarily assigned total nozzle exit area. In the second
method used the burner exit stream was mixed without reaction at constant
area and the resultant mixed stream expanded isentropically through the
nozzle. These two means of determining the thrust potential give results

that vary by only a few percent. The quoted performance figures were derived
by the first method.

The net thrust potential efficiency, N was

N7
detined as

_ nozzle exit impulse - engine inlet impulse
NT ~ ideal engine net thrust

For this calcu ation, the nozzle exit impulse was
obtained from the thrust calculation for the actual burner as made in program

SSCPAII while the ideal nozzle exit impulse was obtained from program SSCPAIL.
The engine inlet impulse was computed from the burner inlet stream of program

SSCPAI, using equations of continuity of mass and energy. As here defined,
Eta-NT relates the calculated performance of the actual burner to that of an
arbitrarily defined ideal burner.

Th=* next step in the data analysis procedure was to
evaluate the over-all combustion efficiency, N . This combustion efficiency
calculation related the data for the actual burner to a cycle-defined combustion
efficiency which itself is defined essentially in terms of an enthalpy loss. For
this calculation, the combustor exit flow was considered as a single stream.

Using the appropriate analytical expression for the effect of combustor efficiency

as total enthalpy,

(hy) g = Ry = (1- 1) £ (LHV) /(i +1)

where
hy = stagnation enthalpy, Btu/lbm
M4 = combustion efficiency
LIV = 51,600 Btu/lbm
f = fuel/air ratio
f' = fforf < .0291618
f' = .0291618 for f > .0291618
the enthalpy of this single stream was calculated for various ™ . Program

SSCCKO was then used to determine the composition, temperature, and pressure
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of a single stream at enthalpy values corresponding to various ¥ pgy,. After
the compotion and properties were calculated, the resulting data were used
in Program SSCPAII to calculate the nozzle exit impulse corresponding to
various combustion efficiencies. With the nozzle exit impulse of the actual
burner known from the thrust-potential calculsation, the combustion efficiency
at the test conditions was determined as that producing the same impulse as
the actuai combustor,

The final series of calculations made as part of a
normal data reduction procedure involved the hand-calculation of the wall
shear stress, skin friction coefficient and wall force factor of the actual com-
bustor under test conditions. These calculations used data from all four data
reduction programs and also rcw data from the test cell data sheets and com-
pleted the data reduction procedure.

b. Test Resultc for Performance

1) Step Combustors

a) Coafiguration AEN
Thirteen tests in which nozzle A and Injector E were
employed produced useful data. Nozzle A providzsd a burner inlet Mach number
of about 2.7, corresponding to the engine cycle at flight Mach 6. 7.

Plotted in Figure 92 are combustor wall pressures
measured at various stations along the length of the combustor. Test conditions
include various burner equivalence ratios. The enthalpy levels are relatively
low, typical of flight Mach numbers in the range 5.2 to 6. 0. With no fuel
flowing, the pressures were at a relatively low level, especially in the wake of
the step. Equivalence ratios up to about 0.20 produced pressures little different
from the no-fuel case, indicating little or no combustion. Higher equivalence
ratios produced pressures much higher than the no-fuel level. The step wake
pre<sure increased with increasing equivalence ratio. Step wake pressures
nearly twice the inlet static pressure were attained with no apparent effect on
the inl=t stream. Pressure increased still more downstream of the step,
characteristically reaching a plateau along the length of the mixing pipe, then
falling somewhat toward the burner exit,

At none of the eathalpy levels shown in Figure 93 did
ignition of the burner occur with a low pressure in the dump chamber behind
the combustor. When fvel was admitted with a dump chamber pressure of say,
3 psia the pressures in the combustor remained at the no-fuel level, Movies
of the burner exit confirmed no combustion. When the dump chamber prersure
was increased to about 10 psia, the burner pressures rose to the higher levels.
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When the equivalence ratio was greater than about
0.29, the burner would remain lit when the dump chamber pressure was re-
duced. Gas samples drawn from the step wake region indicated little fuel in
the wake with burner pressures at the lower level.

Similarly plotted in Figure 93 are combustor wall
pressures at higher enthalpy levels, typical of flight Mach number of 7.8 to
8.0. At equivalence ratios below abcut 0.7, the step wake pressure was low
and nearly independent of equivalence ratio., The pressures downstream from
the step increased gradually along the length of the mixing pipe. As equivaleace
ratio was increased above 0.7, the step wake pressure increased and the
pressures downstream assumed the peaked characteristic of the lower enthalpy
levels.

At stagnation enthalpies above about 1200 Btu/'lbm,
burner ignition occurred spontaneously at all equivalence ratios, even with low
dump chamber pressure.

Six of the tests produced buraer exit surveys
sufficiently complete to permit full analysis of burner performance. The test
conditions and the derived performance parameters, are tabulated in Table V,
Combustion efficicncies were generally high, Wall friction and step base drag
were major contributors to the over-all performance deficit. Net thrust
potential was in the range . 76 to . 84 at the lower enthalpy levels, falling to
.49 to . 73 at the higher enthalpies,

Figures 94 through 99 show contours of Mach number
and equivalence ratio derived from rake surveys in the burner exit plane. All
plots are drawn looking upstream, Arrowheads at the perimeter of the stream
indicate the circumferential location of the fuel injectors, The eighth-segment
maps were plotted by averaging equivalence ratio measurements at pomta
similarly lccated with respect to the fuel injectors.

Figure 96 is typical of conditions of high equivalence
ratio and low enthalpy, characterized by wall pressures high in the step wake,
rising to a higher plateau further downstream, then diminishing siightly toward
the burner exit., The tests conditions of Figure 9] correspond to those of curveO
of Figure 92, The local equivalence ratios in the burner exit plane were cir-
cumferentially uniform but were lean in the center of the stream and rich near
the walls, The Mach numbers are seen to be highest in the lean regions of the
stream. The density in these regions is also higher than in the rich regions,
due to the lower temperature and higher molecular weight in the lean regions,
The lean regions, therefore, contain mass flows disproportionately higher than
their relative areas,
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TABLE V - SUMMARY OF TEST RESULTS - STEP BURNERS

Run Number
Configuration

Alr Stagnation
Enthalpy, “Tz»%%ﬂ

Simulated Flight
Mach Number,Mp(l)

Burner Inlet Mach
Number, M)

Burner Inlet
Velocity,V2,FT/SEC

Burner Inlet Static
Temperature,T2, °R

Burner Inlet Static
Pressure, P, PSIA

Burner Inlet
Impulse, LBF

Burner Equivalence
Ratio, ER

Step-Base Pressure
Ratio, PW/P;

Burner Friction
Coefficient,Cf(2)

Burner Exit
Impulse, LBF

Ideal Thrust of

Optimum Burner,LBF(3)

Ideal Thrust of
Actual Burner,LBF(3)

Combustion
Efficiency,ETAEM

Net Thrust
Potential,ETANT

104

AEN

1328

8.1

2.71

6130

2260

7.53

569.4

1.193

.870

.0038

577.2

264.3

211.3

.946

.7125

107

AEN

963

6.8

2,75

5310

1610

7.09

561.3

. 817

1.225

.0025

612.9

306.4

218.5

.955

.838

110

AEN

906

6.6

2.76

5160

1510

7.09

565.4

.769

1.312

.0025

623.5

311.8

214.6

.925

.830

111

AEN

870

6.4

2.76

5070

1450

6.54

524.3

. 785

1.371

.0019

595.7

308.9

203.2

.882

.824

117

AEN

598

5.2

2.80

4260

980

6.08

505.4

.683

.0035

498.0

188.4

164.6

.988

.765

Notes: (1) Mp based on an Ambient Temperature of 390°R

(2) Cp based on Burner Inlet Velocity Head
(3) Thrust based on Hypothetical Exhaust Nozzle of Exit Area = 1.27 FI",

CONFIPENTIAL

a7 M STP 52 P2t fasr B

181

126

AEN

1314

8.1

2.72

5930

2040

7.37

559.9

.592

.309

.0023

527.1

207.2

184.1

.919

.489

g

128

AFN

73

6.0

2.78

4810

1280

7.08

576.3

.729

1.762

.0017

669.2

347.5

2244

.954

.889
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TABLE V CONCLUDED - SUMMARY OF TEST RESULTS - STEP BURNERS [j
®
Run Number 129 183-1 183-2 185 188-1 189 191-1 :
Configuration AFN BHN BHN BHN BHN SHN 3EN L
Air Stagnation 1315 976 1272 1234 1443 1161 1526
Enthalpy, HT7, 3TU/LEM H
Stimulated Flight c.1 6.9 1.9 7.8 8.3 7.6 8.7 »
Mach Number, Mp(l) ﬂ
Burner Inlet Mach 2.71 3.31 3.28 3.26 3.22 3.27 3.21
Number, M2 B
Burner Inlet 6100 5750 6490 6400 6870 6230 7040 »
Velocity,Va, FT/SEC
Burner Inlet Static 2240 1290 1730 1675 1990 1370 2120 E
Temperature, T, °R
Burner Inlet Static 7.43 7.24 4.35 7.16 6.83 7.01 7.03 l
Pressure,P,,PSIA ®
Burner Inlet 562.2 821.5 472,7 780.6 725.1 7171.6 727.1 n
Impulse, LBF
Burner Equivalence .445  .692  1.086 .798  .752  .763  .903 B
Ratio, ER
[ ]
Step-Base Fressure 194 .894 .782 .287 .299 424 473
Ratio, PW/P; a
Burner Friction 0017 ,0014 ,0025 .0026 .0025 .0026 .0029
Coefficient, Cf(2) g
Burner Exit 549.3 B850.6 468.7 734.2 686.9 724.9 692.1 ’
Impulse, LBF l
Ideal Thrust of 183.4 348.2 196.8 298.6 242.7 302.8 260.5
Optimum Burner,LBF(3) l
Ideal Thrust of 154.0 263.4 157.7 246.2 202.9 253.8 209.5 »
Actual Burner,LBF(3)
Combustion .892 .909 .870 .7184 .808 .852 .755 l
Efficiency, ETABM
Net Thrust .502 .798 711 .746 .518 .622 478 l
Potential, ETANT { ]
Notes: (1) Mp based or. an Ambient Temperature of 390°R '
(2) C¢ based on Burner Inlet Velocity Head
(3) Thrust based nn Hypothetical Exhaust Nozzle of Exit Area = 1,27 I-‘l'z. ‘ 1
j ’
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RUN 104
CONFIGURATION AEN
Ht2-1328 BTU/LBM

/

ASSUMED UNIFORM ER=1,193

M=1,06

MACH NUMBER

EQUIVALENCE
RATIO

Figure 94 - Burner Exit Streaa Property Contours
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Figure 93 - Burner Exit Stream Property Contours
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RUN 110
CONFIGURATION AEN
H 2=90€:'~ BTU/LBM

T

ER=.769

MACH NUMBER

EQUIVALENCE
RATIO

Figure 96 - Burner Exit Stream Property Contours
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RUN 111
CONFIGURATION AEN

H =870 BTU/LBM
't

FR=785

MACH NUMBER

EQUIVALENCE
RATIO

Pigure 87 - Burner Exit Stream Property Contours
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RUN 117
CONFIGURATION AEN
H =598 BTU/LEM
T
ER=290
MACH NUMBER

EQUIVALENCE E4’/
RATIO .

Figure 98 - Burner Exit Stream Property Contours
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RUN 126

CONF IGURATION AEN

H =1314 BTU/LBM
12

ER=592

MACH NUMBER

EQUIVALENCE
RATIO

Figure 99 - Burner Exit Stream Property Contours
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In Run 104 the burner exit survey was made with
very low pregssurs in the dump tank. The ‘'expansion of the essentially sonic
jet 8o adversely affected the impact pressure measurements that it was
necessary to assume a uniform exit Mach number.

In Runs 107, 110 and 111 the dump tank pressure =
was intentionally ma:iched to the burner exit pressure, This procedure proved
difficult, as tank pressure and exit pressure tended to drift together to higher
levels.

In Run 117 and all subsequent runs, the dump tank »

pressure was adjusted to approximately 60 percent of the exit static pressure
when surveying the exit stream,

Figure 99 is typical of conditions of lower equivalence
ratio and high enthalpy, characterized by wall pressures low in the step wake
and rising gradually toward the burner exit, as shown in curve < of Figure 93. ®
The fuel distribution at the burner exit assumed a lobed pattern directly related
to the location of the four injection points.

Results of the line reversal pyrometer measurements
of the burner exit stream have been separately reported in Reference 19

b) Configuration AFN
Four tests in which Injector F was employed produced
useful data. Combustor wall pressures at low and high enthalpy levels are
plotted in Figures 100 & 10l. The combustor pressures were generally similar
to those of Injector E. Step base pressures were slightly higher than for
Injector E at similar conditions. »

Curves O and & of Figure 10] ghow significantly
different combustor pressure distributions for two fairly similar operating con-
ditions, both with combustion. The condition producing the highly peaked
pressure distribution had a slightly lower enthalpy and a slightly higher ER.
The suggested bistable flow field was supported by the movies of the burner exit, [
in which occasional sudden changes in flame pattern were seen,

The ignition characteristics of Injector F closely
paralleled those of Injector E. The burner ignited spontaneously at the 1200
Btu/lbm enthalpy level, but not at lower levels,

(‘.
[

Two tests of Injector F provided burner exit surveys
adequate for burner performance analysis. Results of these tests are included
in Table V, ard the corresponding burner exit Mach number and equivalence
ratio contours are plotted in Figures 102 and 103.
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Figure 100 - Wall Static Pressures, Configuration AFN
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RUN 128 »
CONF IGURATION AFN H
H =773 BTU/LBM
12 l
ER=,729
l [
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Figure 102 - Burmer Exit Stream Property Coutours l 1
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RUN 129
CONF IGURATION AFN

H =1315 BTU/LEM
13 /

ER=. 444

EQUIVALENCE
RATIO

Figure 103 - Burner Kxit Stream Property Contours

193

CONFIDENTIAL

- et~ - o ar—— e -

e« A g ¢ S e

e




AF APL-TR-65-103 CONFIDENTIAL

c) Configuration AJN
One test of Injector J was performed. Its purpose
was to determine if direct fueling of the step wake region would establish com-
bustion in the wake, permitting stable burner operation at low enthalpies and
equivalence ratios, perhaps with increased wake pressure.

Combustor wall pressures are shown in Figure 104
The lean operating limit for low enthalpy levels was reduced somewhat. The
step base pressure was no higher than for the corresponding conditions with
Injector E.

A gas sample drawn from the step wake region
contained only hydrogen,

d) Configuration BEN

In three tests, Injector E was used with the higher
inlet Mach number nozzle, B,to better simulate higher flight speed conditions.
Nozzle B provided a burner inlet Mach number of about 3.2, corresponding
to that of the engine cycle at flight Mach 7.7, In these tests, Injector H was
installed between the nozzle and Injector E, While Injector H was partly
water cooled, it relied partly upon fuel cooling for structural integrity. Since
the air enthalpy levels were high (1170 to 1620 Btu/lbm), it was necessary to
maintain a small flow of nitrogen through Injector H while evaluating hydrogen
injection from Injector E.

At the highest enthalpy levels (above 1400 Btu/lbm),
it was necessary tor educe the burner airflow somewhat to avoid overloading
the facility aftercooler at high equivalence ratios. This resulted in burner
inlet pressures lower than the normal 7. 3 psia.

Combustor wall pressure data from these tests are
included in Figures 104, 105, 106 and 107. The test conditions of Figure 104
are comparable with those at which Configuration AEN was tested, Figure 93.
The higher inlet Mach number of Nozzle B resulted in a higher burner exit
pressure than with Nozzle A, The pressures in the downstream half of the
tailpipe showed the same high plateau characteristic of lower speed tests at
high equivalence ratios, The step base pressure was about the same as with
Nozzle A.

Figures 106, 107 and 108 show data at higher air
enthalpy levels. With increasing enthalpy, the high step base pressure and
the peaked pressure became more difficult to attain. At an air stagnation
enthalpy of 1620 Btu/lbm (Figure 108), representative of flight at Mach 9, the
step pressure wa3 low and the burner pressures rose gradually along the length
of the tailpipe, even with an equivalence ratio of 1. 4.
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Run 191 produced data suitable for fvll analysis of
burner performance. These data are included in Table V. Trle high air
enthalpy (1530 Btu/lbm) and near-stoichiometric equivalence ratio (.9) pro-
duced a relatively low com*ustion efficiency (. 76). This, together with the
low step base pressure, resulted in a low thrust potential,

The local equivalence ratios measured in the burner
exit stream were plotted in Figure 109 as a function of radial position, instead
of in a contour map as before. Circumferential fuel distribution. is seen to be
uniform. The concentration of fuel near the outer wall indicates slightly less
than optimum jet penetration, although appreciable radial mixing had occurred.

e) Configuration AGN
In one test Injector G was combined with the Mach 2.7
air nozzle, A, and Tailpipe N, with Injector E used as a transition piece. The
test was conducted with a relatively low air enthalpy level, representative of
flight at Mach 5.8

The burner wall pressures are plotted in Figure 110.
Aft of the wall step, the pressures produced by Injector G were very similar to
those of Injector F at comparable conditions., Upstream of the step, Injector G
produced a high rise in wall pressure in the 3.0 inch diameter section, detected
by pressure taps 1. 75 inches aft of the four inch long injector.

The data from this test were inadequate for a full
evaluation of burner performance.

f) Configuration BGN
Two tests were made with the Mach 3,2 air nozzle, B,
with Injector G, Tailpipe N, and Injector E used as a transition piece, These
tests were at high air enthalpy levels, simulating flight at Mach 8.3 to 9. 0.

The measured wall pressures are presented in Figures
111and 112. The wall static pressure characteristics were typical of high
enthalpy conditions, showing low step base pressure and gradually rising pressure
along the tailpipe. At the highest enthalpy level, Figure 112, the response of the
wall pressure to increasing equivalence ratio was very weak relative to low
enthalpy tests of other configurations, even though equivalence ratios up to
1.2 were used., The high pressure rise just aft of Injector G and upstream of
the step was again in evidence of Nozzle B, as with Nozzle A,

The data from these tests were inadequate for a full
evaluation of burner performance,

g) Configquration BHN
Useful data were obtained from six tests of Injector H
combined with Tailpipe N, using Injector E as a transition piece. All these
tests used the Mach 3,2 Air Nozzle B.
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Wall static preasure data from these tests are in-
cluded in Figures 105 through 108 and 111 through 112, plotted to facilitate
comparison with other configurations. Step base pressures and tailpipe
pressures showed little significant difference from those of other configurations
under comparable conditions. Figure 112 shows that the wall pressure rise
induced by Injector H between the injector and step was less than that induced
by Injector G. This factor affects the tendency of the injector to separate the
boundary layers of the burner inlet stream,

Four of the six tests produced data sufficient for
full evaluation of burner performance. Inone of these, Run 183, performance
evaluation at two different conditions was achieved by taking half the gas
samples, then reducing airflow to increase enthalpy level and equivalence ratio
before taking the remaining gas samples. These data are included in Table V.
Performance levels were generally comparable to those of Configurations AEN
and AFN. This indicates that Injector H is capable of producing more thrust
than Injectors E or F, since its ideal thrust includes the benefit of a downstream
component of fuel momentum,

Local equivalence ratios measured in the burner exit
stream are plotted as a function of radial position in Figures 113 through 117.
Circumferential distribution was uniform in all cases. At equivalence ratios
above . 75, the radial fuel distribution indicated near-optimum jet penetration
except at the highest air enthalpy level (1440 Btu/lbm, flight Mach 8. 5). An
equivalence ratio of .69 produced somewhat less than optimum penetration,
even at a relatively low enthalpy level (980 Btu/lbm, flight Mach 6. 9).

h) Configurations AGP and AHP
Four tests were performed using the short Tailpipe P.
All used Air Nozzle A, One used Injector (; the rest used Injector H. As these
tests were primarily evaluations of ignition devices described in Section C, 2.d.
Injector E served not only as a transition piece, but also as a holder for the
igniters. The enthalpy level was representative of flight speeds around Mach 6,

Ignition of Injector G with the excessively powerful
igniters resulted in choking in the 3.0 inch bore of Injector E, upstream of the
step, with accompanying separation of the flow in the air nozzle. To expediate
the igniter tests, Injector H was substituted, in the belief that the added fuel
momentum would lessen the chance of upstream choking.

Wall static pressures with Configuration AHP are
shown in Figure 118, Shortening the tailpipe appeared to have little effect on
the character of the static pressures. At high equivalence ratios, the high step
base preassure and peaked tailpipe pressure were still observed. At equivalence
ratios in exress of 1.0, choking could be induced in the 3,0 inch diameter bore
upstream of the step, as with Injector G, Once the flow in the air nozzle was
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separated, it was necessa:y to reduce the equivalence ratio to a very low value
before the burner inlet would again flow full,

A burner exit survey was obtained from one test, but
the data were defective. A satisfactory continuity check could not be established,
hence, meaningful performance parameters could not be calculated. The
equivalence ratio profile measured at the burme r exit is shown in Figure 119,
The circumferential distribution was good, considering the short burner length.
The radial distribution showed near-optimum penetration, but a lack of radial
mixing.

2) Conical Combustors

a) Configuration AFQ
In four tests, the conical Tailpipe Q was used with
its integral F-type injectors and the Mach 2.7 air nozzle, A.

Wall static pressures measured along the tailpipe
at low enthalpy levels, simulating flight speeds of Mach 5.2 to 6.0, are pre-
sented in Figure 120. At an equivalence ratio of .5, a sharp pressure rise
occurred at the point of fuel injection, with the wall pressure reaching a
peak about 1.5 inches downstream from the fuel nozzles. From its peak, the
pressure declined as the flow expanded down the diverging duct, in an irregular
manner suggesting repeated reflection of waves in the supersonic flo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>