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This study was undertaken to explore the static thrust
augmentation of the divérgent ejector-afterburner. The po-
tential advantages of this type system applied to a rocket
engine or VSTOL aircraft powerplant include weight-saving,
increased thrust, and fuel economy. I varied configurations
of the afterburner in search of performance trends and opti-
mum augmentation, Since there are such a large number of
parameters affecting ejector operation, I attempted to keep
many of these constant in order that configuration influence
be emphasized. It is hoped that the results will prove use-
ful in directing future efforts in this arez, as well as
liaying groundwork for practical applications.

There wer: a number of individuals who aided me in this
study and to whom I offer my sincere thanks, Dr. William C.
Elrod, my advisor, provided timely suprort, suggestions, and
guidance. Capt. Paul M. Bevilaqua of the Aerospace Research
Laboratory offered constructive criticism of this manuscript
and much insight into the problem, Mr. Johan Farks ably as-
siusted me throughout the experimental work. Mr, M,L. Welf
and his shop personnel provided excellent workmanship in the
manufacture of the apparatus. Mr., Tom loudermilk of the Air
Force Aero Propulsion Laboratory willingly helped in obtain-
ing electronic equipment. ZFinally, a special thanks to my
wife, Dena, for patience and encouragem2nt throughout.

Carl H, Steiling, Jr,
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Abstract

The effects on static thrust augmentation and mass
entrainment of various divergent ejector-aftérburner config-
urations were investigated. Stafic tests were conducvted o
using a gaseous oxygen/hydiogen sonic rocket as the primary
gas generator, Configurations included various length mix-
ing ducts, two different size diffusers, burn ducts, and
'secondary nozzles, Oxydizer-to=-fuel mixture ratio was
varied from .3 to 1.5 at 80 psia éhamber pressure., Results
indicated maximum static thrust augmentation (22%) when the
relatively unmixed primary and secondary streams were dif=-
fused immediately after the secondary inlet and then allowed
to complete mixing in a constant area duct, for a total
afterburner length of about six inlet diameters. Placing
the diffuser downstream of a lcng constant area mixing duct
resulted in poor thrust augmentation due to large negative
wall pressure build-ups. The diffuser increased secondary
mass entrainment in all cases, The afterburning zone
shifted as mixture ratio changed and its relationship to
maximum thrust augmentation or mass entrainment is highly

configuration dependent.
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AN INVESTIGATION OF THE
STATIC THRUST AUG: ENTATION CAPABILITIES -
OF A DIVERGENT EJECTOR-AFTERBURNER

AENR UL S

3 , | I. Introduction

The idea of air augmentation of rocket and aircraft

engines has long been of interest. The inherent nature of

Y TR T ARTRRSE T AR T e e

chemical propellants limits the specific impulse that a
rocket engine can achieve. Various ducted rocket and rock-
et/ramjet systems have successfully demonstrated the ability

of air augmentation to increase specific impulse, range, and

SETETRE e e T T A

payload capability of the basic rocket vehicle, ILikewise,
aircraft engine takeoff rated thrus. has been augmented and
deflected to such a degree as to permit vertical and short
takeoffs and landings. The pumping action of the ejector
seenns ideally suited to both these applications.

The ejector augments thrust, particularly at static or
low speeds, as a result of passing the primary jet through

the ejector duct, entraining a secondary flow. This mass

entrainment produces a negative differential pressure on the

duct inlet lip. An application of the momentum equation to
the system yields a net forward, thrust-prodvr.ing force
(Ref 1), Eﬁergy is exchanged between the primary exhaust
Jet and the secondary air flow. In the fuel=rich rocket
exhaust, if the temperature is sufficiently high, a seconda-~ !
ry heat release occurs (afterbupning).

1
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Backgrcund
Genecrally speaking, the level of thrust augmentation '

increases witl the amount of sccondary air entrained, if the
static pfessure in the mixing duct is constaat (Ref 2),
Thrust augmentation also increases with the lLevel of primary
and secondary stream mixing (Ref 3:481)., Various strdies
have been undertaken at the Air Force Insfitute of Technolo-
gy to determine the parameters effecting secondary flow en=-
trainment and the means of increasing it. |
A‘gaseous oxygenfhydrogen-roqket was the primary gaé
generator for these studies. Ybrﬁbrough designed the 65 1bf
thrust rocket engine and realized a 27% augmentation of
static thrust, using a constant area ejector-afterburner
with a supersonic primary stream (Ref 4:41). Nidiffer, us-
ing a sonic primary nozzle, obtained 22% static thrust aug-
mentation with a constant area ejec® sr-afterburner (Ref S:
37). As a re.ult of Yarborough's and Nidiffer's recommenda-

tions, Adam studied the inifluence of turbulators or mixing

fingers to promote mixing in the secondary stream. He found ~

secondary mass entrainment to increase by 44% at low mixture
ratios with the correct placement of turbulators in a con-
stant area ejector-afterburner (Ref 6:28). However, most
turbulators were not able t» withstand the high temperature
exhaust gas environment, Markwardt, in a study of mixing
characteristics in the constant area ejector-afterburner,
found static thrust augmentation to be 1:%, citing changing

mixing characteristics of the rocket injector to account for

2
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tnis decrease from previous studies (Ref 7:31,33). Jahnke
attemptgd unsuccessfully to utilize cooled heat flux probes
in the ejector-afterburner environment to study turbulent
mixing characteristics, MechanicalAstresses caused failure
of the sehsoré. In the course of his study, Jaﬁnke found no
thrust augmentation while using a constant area ejector-

afterburner and a sonic primary nozzle (Ref 8:29),

Problem and Scope

Jahnke recommended the use of a divergent section in
conjunction with the ccnstant area ejector duct to augment
thrust. Theoretical predictions indicate that diffusion of
the mixed ejector flow can increase thrust performance by a
factor of three, under ideal conditions and assuming an in-
compressible flow (Ref 9:349-350; Ref 10:282-285; Ref 11:
244; Ref 12:9)., BExperimental evidence indicates the advan-
tages of the divergent ejector-afterburner in simulated
flight conditions (Ref 13:169)., Also, the length, and con-
sequent weight, of the ejector duct can be reduced due to
the decreased mixing length required (Ref 14:315-316), The
interaction of this diffusion process and the afterburning
which occurs in the hot, fuel~rich exhaust products of the
rocket engine pose a question as to how the net result will
effect static thrust augmentation. Therefore, the problem
was to investigate the static thrust augmentation capabili~
ties of the divergent ejector-afterburner,

Experimental test firingc were made to determine the
basic rocket thrust performance and the performance of 26

3
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{H

ditfereﬁt ejector-afterburner configurations. A sonic pri-
mucy nozzle was installed for all tests, Rocket primary
stream mixtureAratios (oxygen-to-fuel mass flow ratio) were
limited to the range .3 to 1.5. This range was optimum for
thrust auguentation in past studles. Also, theoreticul pre-
dictions indicated a transition from non-afterburning to
afterburning in thic range. Due to limitations of test
equipment, rocket chamber pressure variations of + 3 psi
from'80 psia were accepted. The ejector-afterburner designs
were compatible with the equipment used in past studies.

The parameters of interest were the static thrust augmenta-

‘tion ratio (thrust with ejector-afterburner installed as

compared to the thrust of the basic rocket) and mass en-~
trainment ratio (ratio of secondary mass flow rate to prima-
ry or rocket exhaust mass flow rate).

The fundamental one-dimensional agssumptions of an ideal
rocket applied to analysis of the rocket gas generator (Ref
15:37-38)., In addition, the secondary air inlet flow was
agssumed to be lsentropic with test cell conditions being the
stagnation conditions,

o3 et Rl o e P ok R e 4t
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II, Description of Apparatus

The experimental apparatus consisted of the rocket en-
gine, equipped with a sonic nozgle, and two complete ejec-
tor-afterburner ducts. Each duct incorporated a diffuser,
mixing and burning sections, and a secondary nozzle., The
investigation was conducted at the Rocket En ine Test Facil-
ity of “he Department of Aero-Mechanical Engineering at the
Air Force Institute of Technology. The description of the
physical layout, propellant supply and control plumbing, and
operating instructions is availﬁble in the Facility Opera-
tions Manual (Ref 16),

Rocket Engine

The primary stream gas generator used in this study was
a gaseous oxygen/hydrogen rocket originally designed by Yar-
borough for a nominal thrust level of 65 1bf at 80 psia
chamber pressure (Ref 4:79-97). The nozzle was a convergent
type designed for this engine by Nidiffer to produce a nom-
inal 40 1bf thrust at 80 psia chamber pressure (Ref 5:69~
73). Chamber diameter was 2 in, and nozzle exit diameter
was .821 in. Characteristic chamber length (L*) for the en-

gine, with convergent nozzle instclled, was 40.8 in,

Ejector=-Afterburner
General, The purpose of the diffuser was to increase
the mass entrainment by lowering the mixing duct static

pressure, This would result in a lowered differential

. i, wh itk
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pressure across the inlet lip, producing a favorable thrust

v force, i1f nezative pressures acting across the diffuser area
ratio could be offset., After passing through the d’.ffuser
section, the primary and secondary streams are sufficiently
mixed to where secondary heat release (afterburning) occurs.,
This takes place in a "burn ducvt" of constant area, As a
result of the heat addition, the flow static pressure de-
creases. The secondary nozzle, placed downstream of the
burn duct, converts the thermal energy to kinetic enerygy.

Two ejector-afterburner ducts were designed so as to
% : incorporate the constant area mixing sectjons used in previ-
f ous studies, The primary difference in these two ducts was

% ' the diffuser area ratio. Without flow separation, pressure

recovery in the large diffuser would be superior. Figures ;
1 and 2 are schematics of the inlet, mixing ducts, diffusers, %
burn ducts and secondary nozzles used in this investigation.
Design., Appropriate design data was used to determine
diffuser area ratios (Ref 17)., Diffuser inlet Giameter was
- constrained to 2.88 in., the diameter of the mixing sections i
that were previously built., The axial length of the diffus- ]
er was chosen so that the entire duct, with 7.5 in., mixing

section installed, would have an L/D of 8 to 10, This range
of 1L/D was found to be optimum in tests with the constant
area ejector-afterburner (Ref 5; Ref 6; Ref 7). The diffus-

VPP PR T TP T

ers were manufactured from cold-roll steel and were cadmiume

plated for corrosion resistance,

The coss sectional area of the burn duct was determined
6 .
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by the respective diffuser exit area. These ducta were con-
stant area; 6,0 in. in length, and machined frcm stainless
steel tubing.

The secondary noszles were designed primarily as flow
vegalntlig devices, Exit areas were determined 30 as to
keep separation in the diffuser section to a mininum. The

axial length of 1.0 in. was chosen for ease of manufacture
from stainless steel.

Equipment Mounting

The rocket engine was attached herisontally to a thrust
stand by means of four pendulum mounts and two engine mounts,
This allowed the rocket engine assembly free movement in the
axial direction. Thrust was transmitied through the engine
mounts and the hoilow thrust beam contact shaft to the
thrust beam where two active strain gages were mounted for
the reaction force measurement (Fig 3)., A weight cradle was
also atiached by means of a cable and pulley arrangement to
the thrust beam contact shaft through a hole in the thrust
beam, Calibrated weights, placed in the cradle, were used
for thrust calibration. A specified pre-load weight was
placed in the cradle for all test firings to serve as a
means of damping out rocket engine movements.

The ejector-afterburner was attached to either one or
two afterburner mounts, depending on the configuration under
investigation. The aftarburner mounts were, in turn, at-
tached to four steel afterturner support rods, Each after-
burner support rod fit through holes érilled in each of the

9
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enging and gfterburmer mounta, Set screws in the mounts
held the rods firmly in place, allowing thrust measurement
to be mad:c of the integra) rocket/ejector-afterburner ays-
tem, Separate set screws in the afterburner mounts were
for afterburner alignment.

Due to the weight of some of the ejector-afterburner
configurations examined, additicnal support was necessary to
keep the duct aligned axially for proper thrust vector
alignment. A cable mount provided this additioral support.
Cne end of the cable was wttached tc a beam in the ceiling
of the test cell and the other und to the afterburner duct
by means of an eye-bolt or safety wire, depending on the
configuration, A turnbuckle in the cable allowed proper
adjustment of the cable length.

Isnition System

Two copper electrodes, attached to a high voltége
transformer, provided the ignition spark. The electrodes
were spaced approximately % in. apart and placed so as to
Just impinge on the lower portion of the exit flow. This

procedure kept electrode wear to a minimum,.

Instrumentation

Data for the experimentai firings was recorded on an
13-channel Consolidated Electrodynamica Corporation (CEC)
recording oscillograph, Two CEC eight-channel bridge bal-
ances weré used to provide cxcitation signal to, and condi-

tion the signal from the transducers and strain gages. Out-

11
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put from the bridge balances was fed directly to the recor=-
der, ‘

Oxygen and hydrogen mass flow rates were deterrined by
means of a Herschel venturi and thermocouple installed in
each supply line, Upstream pressure and pressure drop
across the venturi throat wére measured by pressure trans-
ducers. i1hese transducers were calibrated in place by meas-
uring vrace deflections on the recorder and comparing these
t0 a precision calibrated gage reading (Ref 16:72,37)., The
thermocouple circuits .ere calidbrated by placing the sensing
element in a heated water bath and measuring several temper-
atures and correlating this with the deflection produced on
the recorder., A reference cold Junction standard of 32 F
wag used for calibration and all experimental work,

Chamber pressure was measured with a pressure transduc-
er connected t¢v a tap in the chamber wall located immediate-
ly prior to the noggle section. This transducer was cali-
brated in place using a precision calibrated gage as the
reference, The tubing used to connect the transducer to the
pressure tap was disconnected after each series of runs,
This permitted water, produced in the chamber reaction, to
drain = thus eliminating line blockage due to the water
freezing at the low ambient temperatures encountered.

Differential wall pressure readings were made at four
positions along the ejector-afterburner duct. Differential
pressure was transmitted through 1/8 in, tubing to the low
side of four differential pressure transducers, the high

12
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side being open to atmospheric pressure, The transducers

were calibrated in place with the aid of a mercury manometer

(Ref 18:481-486), All pressure transducers were mounted on

a board remote from the engine test stand to eliminate the
possibility of vibration causing erroneous indications.
Thrust was measured by two strain gages balanced on

either side of a constant stress, cantilever-mounted, alu-
minum beam, Because of the importance of thrust measure-~
ment to this study, the strain gages were re-calibrated each
day test firings were made and when each new ejector-after-~
burner configuration was installed. Célibration consisted
of placing known weightc in the weight cradle and measuring
the trace deflection this produced on the recorder (refer-

ence Appendix B for comments relative to thrust measurement

error).

13-
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1II. Experimental Procedure

The experimental program consisted of 21% successful
test firings. It was divided into three phanes: base~line
tésts with the rocket only, tests with the ejector-afterbur-
ner installed, and verification and repeatability tests.

Phagse I -~ Base-ILine Tests

The purpose of this phase was to cbtain data on the

rockst engine without the ejector-afterburner installed.

Results were compared with computer predicted ideal perfor-
mance, The thrust data was used as the standard of compar-~
ison in the computation of the static thrust augmentation,

The control loader settings, required to obtain values of

mixture ratio and chamber pressure in the desired ranges,
were also obtained. A total of 22 acceptable base-line test 1

firings of the rocket engine only were made,

Phagse II -~ Ejector-Afterburner Tests - é

The main focus of this phase was to vary ejector-after- f
burner configurations in an attempt to find the configura-
tion that would produce the highest average thrust augmenta-
tion, It was decided to make a minimum of six test firings
witﬁ each configuration in thg range of mixture ratios under
consideration (.3 to 1.5). During this phase, a total of 26
ejector~afterburner configurations were examined.,

In order that all tests could be cumparable on a common

ground, it was necessary to establish alignment dimensions

14
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Fig, 4, Ejector-Afterburner Alignment

between the primary rocket and the bellmouth inlet of the
ejector-afterburner. Figure 4 depicts the axial and radial
alignment that was used on each of the 26 configurations.
Therefore, secondary flow entrance area was kept at a con-
stant value of 5.47 sq in, Periodically, throughout each
testlseries, checks were made to insure proper afterburner
alignment and level positioning.

Concurrently with this phase, plots were made of the
static thrust augmentation ratio and mass entrainment ratio
versus mixture ratio for each configuration., This procedure
pointed up trends and enavled decisions to be made as to the

best. configurations to be tested.

Phase III - Verification and Repeatability Tests

To verify the accuracy and repeatability of the test
procedures, it was decided to re-test the ejector-afterbur-
ner configuration which had displayed the most promising
average thrust augmentation over the mixture ratio range

15
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considered. A series of 14 acceptable tests were conducted

on configuration 15. This test sexiés was conducted 34 days
after the initial tests on the configuration., In the inter-
vening period, 11 other configurations had been tested., It
was felt that this verification test would lend credibility

to the test results obtained earliei.

16
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IV. Resultst and Discussion

Results are presented by graphically comparing ejector-
afterburner configurafions in performance curves of static
thrust augmentation (¢$) and mass entrainment ratio (AR) over
the mixture ratio range considered. These graphs mey be
found in Appendix A, The plots are meant to convey trends
and lines between actual data roints are not indicat’ve of
data that could be obtained in these areas, but the;, are in-
cluded merely as an aid to distinguish the data of different
configurations. The reader is cautioned to consider ordi-
nate scale variations in comparing actual magnitudes of val-
ues from one graph to another. Data from which graphs were
plotted is tabulated in Appendix D.

A summary of tue configurations tested is contained in
Table I. This table displays the dimensions of each of the
configurations, Values of @avg and ARavg are the arithmetic
mean values of all test runs made on a given configuration.
Classical ejector geometry parameters of secondary-to-prima-~
ry flow exit area ratio (A5/Ae) and length-to-diameter ratio
(L/D) of the duct are also given. These parameters are im=-
portant in weight and scaling considerations. Both the pri-
mary flow exit area (Ae) and secondary inlet diameter (D)
were constant in this investigation.

The method of data reduction and a measurement error
analysis may be found in Appendix B, The basic rocket per-
formance is detailed in Appendix C.

17
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Yexiatjop of Mixing Duct Length

TOTE LRI

% : Qonstant Area Duct. Figure 9 depicts a comparison of ¢
: f and AR for ejector-afterburner configurations 1, 5, and 19,

These three configurations are constant area ducts. 4s L/D

TURTET NG T T TN

increases from 2,86 in configuration 5 to 5.47 in configura-

tion 19, ¢ and ARav tend to increase. However, it is

av
significant fo note'thit there is no appresiable difference
in performance between configurations 19 and 1 (L/D = &,07).
E | This would seem to indicate that a large part of the mixing
- is complete in about six duct diameters. This agrees favor-
; ably with experiments conducted by the Martin Company on the

Rocket Engine Nozzle Ejector (RENE) system. It was found

; that the single rocket RENE configuration required an L/D of
about five to achieve adequate mixing (Ref 19:I-5). Jahnke's

results, using the same configurations, were similar (Ref 8:
28).
Small Diffuser. The effects of diffusing the ejector-
afterburner flow with the small diffuser, while varying Lm,
is illustrated in Fig 10, Configuration 13 indicates the
effect of immediate diffusion after the secondary inlet,

Values of AR ., are now clearly increasing in magnitude with

g
increasing L/D. Increased L,» and the corresponding de-

creased wall pressures, obviously aid mixing and mass en-

trainment with the small diffuser installed. There is no
clear optimum IL/D for mass entrainment, as average values
increase in the rénge up to L/D = 11,16,
When the small diffuser is added, there is no longer a
20
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gtatic thrust augmentation ~dvantage to the longer mixing
duct, In fact, configuration 13 (L/D = 3.34) performs
better than configuration 20 (L/D = 11,16) over the mixture
ratio range studied, This would indicate a significant

weight saving for bvetter performance., An explanation of

" this trend lies in tne® comparative magnitudes of the wall

pressures along the duct, Adding a diffuser ontc a long
mixing duct allows large negative wall pressures o act
across the diffuser section, decreasing the forward thrust
component, However, diffusion of the flow after a short
mixing duct, has the advantage of increasing the secondary
mass flow rate, but avoiding a large negative wall pressure
build-up in the mixing duct. The smaller negative pressure-
area force increment in the diffuser is not as detrimental
to thrust.

.Lg;gg Diffuser., Figure 11 shows the effects of diffus-
ing the flow from different length mixing ducts through the
large ditfuser. By way of reference, diffusion occurred in
configuration 16 immediately downstream of the inlet.

As was seen with the small diffuser attached, AR

avg
tends to increase with L/D., Conversely, values of ¢

av
decrease with increasing 1/D. Again, the short configﬁré—
tion 16 (1L/D = 3,74) exhibits superior static thrust augmen-
tation to configurations 9 (L/D = %.34) and 23 (L/D = 8.95).
With the large diffuser, ¢ depeadence on L/D is more pro-
nounced than with the small diffuser, Since wall pressure

magnitudes are roughly equivalent to those of the small dif-

21
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fuser configurations, the same or similar negative pressures,
acting over the larger area of the large diffuser, produce a

larger decrement in thrust,

Diffuser Effectlvoness
Spall Diffuser. Figures 12, 13, and 14 depict the per-
formance effects of adding the small diffuser to the cc¢. -

stant area mixing duct. In each case, ARavg was signitizunt-
ly inocreased over the constaut area configuration, The im-
proved pumping characteristics of an ejector with termina-
ting diffuser is well established (Ref 20:13)., Adding a

diffuser resulted in a decrease of ¢ in all configurations

av
except the shortest (Fig 14); in this iase, it was approxi-
mately equal. . ’

Pressure profiles graphically illﬁstrate the effects of
adding a diffuser to the mixing duct (Fig 5). In order that
the static pressure in the duct may be equal to atmospheric
at the exit, and considering the rise it undergoes in the
diffuser, the flow in the mixing duct readjusts itself to
accomodate a lower static pressure. This lowers the inlet
1lip static pressure and increases mass entrainment. How=-
ever, this same effect which aids mass entrainment is dele~
terious to static thrust augmentation. Since there is no
total pressure build-up at the inlet due to the static test
conditions, secondary stream static pressure is limited to a

negative increment from the surrounding atmospheric pressure

(again, assuming the test cell conditions as total condi-

tions and isentropic flow in the bellmouth). While this
22
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negative pressure, acting over the inlet 1lip produces a for-
ward force, the larger negative static pressures downatréam
of the inlet, auting over the diffuser area, cancel this out

and can, in some cases, produce a negative static thrust
augmentation {J < 1,00),

[

Laxge Diffaser. Figures 15 and 16 show the effects of
the addition of the large diffuser to the constant area mix-
ing duct, In all configurations ARavg increased, aa\evi-
denced with the small diffuaer. *avg decreases - also not
unexpected in light of results obtained for the small dif=-
fuser. All comments regarding these trends that were made
for the sm2ll diffuser, apply to the large diffﬁaer.

Comparison of Larze Diffuser, Small Diffuser and Dump
Configurations. Figures 17 and 18 compare performance of
the large and small Aiffusers arnd® the dump configuration for
two values of L . The dump configurations {12 and 26) have
the same area ratio as the small diffuser, but the area in-
crease is sudden (corresponding to a diffuser divergence
angle of 90 degrees).

Since magnitudes of ARavg are seen to decrease in going
from the small to the lorge diffuser, flow separation ap-
pears to occur in the large diffuser. Some separation was
prediocted at this divergence angle (6.5 degrees) (Ref 17).
For the longer Lm of Fig 18, ARav8 for the large and small
diffusers approach each other, This indicates less separa-
tion occuring as the mixing duct length increases and the

average flow velocity decreases. The dump configurations

23
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appear to offer no advantages for mass entrainment, as they
have the lowest ARavg‘

The largest ¢avg occurred with the small diffuser over
the mixture ratio range studied. The magnitudes of the wall
pressures were equivalent for the same mixing duct length,
whether the small or large diffuser was installed, It
could be said that the negative differential p.essure, act-
ing over the larger area of the large diffuser, was detri-
mental to thrust augmentation. However, this must also be
tempered with the fact that the increased mass entrainment
of the small diffuser aided its thrust performance also.

The dump con’lgurations, which were intended to stabil-
ize the afterburning through interaction with vortices gen
erated at the area step, showed thrust augmentation only in
the lower mixture ratio range. Pressure profiles (Fig 7)
indicate no burning occurring in the dnet for these mixture
ratios. This is likely due to the lowered primary exit tem=-
peratures caused by the large excess of fuel, This tempera-
ture was apparently too ‘ow to support afterburning in this
duct., However, as the mixture ratio increased, primary exit
temperatures increased and afterburning occurred. As a re-
sult, the duct wall pressures lowered and performance drop-
ped ~ff significantly.

Figure 19 compares large and small diffusers placed im=-

mediately after the inlet, ARav is now slightly greater

g
for the large diffuser., Separation could be occurring in

both diffusers due to the high average flow velocity in this

24
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area. ¢ is appreciably effected by wall pressures-area
forces, The average wall pressures are approximately the
same in both cases, but, since they act on a iarger area in
the large diffuser, the resultant negative force is greater,
This decreased the net thrust by a larger increment.

Burn ot Effectiveness

Spall Burp Dugt. Figures 20 through 23 depict perfor-
mance curves of the basic mixing duct with small diffuser
attached, compared to configurations with the basic mixing
duct, small diffuser, and small burn duct attached. Each
of these figures represents a different L.

The most pronounced increase in ARavg occurred at the
shortest overall L/D - configurations 13 and 14 (Fig 23).
This was possibly dune to the fact that mixing had the great-
est margin for improvement, going from an IL/D of 3.34 (con-
figuration 13) to an L/D of 5.43 (configuration 14).
Simonson and Schmeer pointed out this need for ample mixing
duct length in their investigation of static thrust augmen-
tation (Ref 21:7). An equivalent change in L/D of {he con-
stant area mixing ducts of configurations 5 and 19 showed a
sirmilar increase in Fig 9. Increases in ARav are evideat

g

at longer L/D, but to a lesser degree. tends to de-

Yavg
crease more at long L/D (Fig 20) and remains about equal at
shortest 1/D (Fig 23).

When the burn duct was added, the magnitudes of the

negative wall pressures also increased. Generally speaking,

25
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this increase was greater the longer the miring duct was,
Citing previous discussions of negative wall pressures act-
ing over the diffuser area should suffice as explanation of
the trends in AR and ¢ Jjust noted. Again, it is significant
to note that these greater negative duct pressures did not
have as large an effect on the ¢ of the configuration with
the shortest overall'length. Even though wall pressures did
increase negatively by adding the burn duct to configuration
13, magnitudecs were still small and increased mass entrain-
ment was more significant.

Large Burn Duct. The effect of adding the large dburn
duct to the large diffuser is illustrated in the performance
curves of Figs 24, 25, and 26. In all cases, AR in-

avg

creased, decreased in all but the shortest L/D config-

¢avg
uration (Fig 26). 4s in the previous discussion, the addi-
tional length of the burn duct is most influential in the
shortest configuration.

There appears to be a trend in Figs 24 and 25 that indi-~
cates better thrust performance at the lower mixture ratios.
It is theorized that the afterburning combustion zone influ-
ences this to a great extent., The heat release effects
static pressures upstream and dewnstream in the subsonic

flow, Overall duct length and diffuser location determine
how tle wall pressures will influence thrust.

Secondaxry Nozzle Effectiveness
Small Secondary Nozzle. Figures 27 through 30 are per-

26
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formance curves showing the effect of adding the small sec~
ondary nozzle to the small burn duct. Each figure is for a

different I_, and consequently, a different L/D.

The small secondary nozzle enhanced ARav in each case, -

&g
¢avg’ which varied inversely with L/D, increased by 8% at

lowest L/D (L/D = 5,77 for configuration 15) and decreased
by 3% at the longést'L/D (L/D = 13,59 for configuration 4),
- Average wall'pressures in the duct dropped slightly

- more negative for all configurations when the small seconda-

ry nozzle was irzistalled., The results listed above follow

the trends already moted., The larger hegative wall pressure-
area forces :ubtracted a larger increment from thrust when
they acted over the diffuser, except in the shortest config-
uration.

Configuration 15 yielded the best ¢avg for a series of
runs (1.13), as well as the highest ¢ of an individual test
firing (1.22) of anj configuration tested. Although its
ARavg was mediocre when compared to the longer configura-
tions, it obviously combined the largest AR for the least
negative wall pressures to produce this performance,

Piacing the diffuser immediately downstream of the inlet

and diffusing the largely unmixed primary and secondary
streams prevented the large build=-up of negative wall pres-
sures from acting over the diffuser area, as occurred in
other configurations with longer mixing ducts. The addition
of a burn duct and secondary nozzle was advantageous in that

the streams had more opportunity to mix after being dif-
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fused, Also, the ¢ of this short configuration is enhanced
by a small positive 1ncremeqt in AR,

At some mixture ratios'(notably in the medium range)
wall pressure acrosé the diffuser actually decreased
(Pig 6), indicating an acceleration of the flow. This could

have poséibly been due to the turbulence generated in flow

separation or to the diffuser section acting as an air-aug-

mented primary nozzle divergent section, accelerating the
flow to supersonic velocity (a further treatment of the air-
augmented bypass nozzle is given in Ref 22), If separation
occurred, it could not be determined, due to pressure tap
location, whether the flow had remained attached at another
position, creating an unsymmetric condition, Figure 30
shows that, at the mixture ratios in question, thrust per-
formance was degraded considerably due to the larger nega-
tive wall pressures acting over the diffuser,

Configuration 4 had the largest ARavg (6.27) over the
mixture ratio range of any configuration studied., Configu-
ration 22 exhibited the largest single AR (7.22) of any test
firing. Both of these configurations were in the higher
portion of the L/D range studied: configuration 4 had an
L/D of 13.59 (longest of all configurations) and configura-
tion 22 had an L/D of 10.98., The larger negative static
pressures generated in these long mixing duct configurations
and the more complete mixing of primary and secondary
streams aided the mass entrainment. Unfortunately, as men-

tioned earlier, large negative wall pressures across the
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diffuser definitely hindered the static thrust augmentafion
of these configurations,

Large Secondary Nozzle. The effects of adding the large
secondary nozzle to the large burn duct are depicted in
Figs 31, 32, and 33, Lm varies from figure to figure.

AR decreased in all cases when the nozzle was added,

avg
¢... increased, except in the shortest configuration (18),

av

wheie it decreased sharply. These seemingly opposite trends
to the previous discussions are due to the flow regulation
of the large secondary nozzle.

The configurations with the large nozzle instalied were
the only ones to exhibit a substantial positive increment of
wall pressure at the last pressure tap in the duect. This
would indicate a decrease in the average veloucity at this
point caused by the flow constriction of the secondary noz-
zle, It must be kept in mind that, even though operation
was with the large secondary nozzle, the actual exit area
was smaller than the secondary nozzle used with the small
diffuser (see Fig 2).

This flow regulation had an effect on all duct wall '
pressures upstream of the diffuser exit, The pressures in
this area were reduced in magnitude from‘30% to 60%. Con-
sidering this, trends previously pointed out are brought in-
to perspective: less negative duct wall pressure acting
over the diffuser increased ¢ and the lowered magnitudes of
mixing ducf pressures decreased AR. Again, the ¢ of the
shortest configuration behaved Jjust the opposite. Whereas
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negative wall pressure-area forces were less, the lower mass

entrainment of this configuration influenced the direction ¢
took to a greater extent. Flow separation in the diffuser
of the shortest configuration'could have resulted in the
thrust augmentation following the same pattern as the con=-
stant area duct where lip thrust is most important.

Wall Pressure Profiles

General, Pressure profiles of the wall pressure along

the ejector-afterburner duct were plotted for each configu-

ration, Pressure profiles from a configuration with large .
L/D (24), a configuration with short L/D (15), and a dump
configuration (26) are presented (Figs 5-7). These are rep-
resentative of all confi_urations, The distance of a par-
ticular pressure tap along the duct is normalized by the
total axial duect length,

Long Configuration, The pressure profiles illustrated
in Fig 5 were typical of long configurations, It is ob~-
gserved that pressure recovery in the diffuser (X/L = 0,43 to
0,78) is greater at lower mixture ratios. Also, the magni-
tudes of wall pressures vary as the mixture ratio changes.
To explain these trends it is necessary to understand the
changing flow conditions in the ejector-afterburner duct,
as the primary flow mixture ratio changes.

One can consider three interdependent variables that
are affected by increasing mixture ratio: exhaust gas tem-
perature, ignition delay time, and turbulent velocity gradi-
ents, Primary stream exhaus£ gas temperature and velocity
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increase with mixture ratio (Fig 29). At elevated tempera-
tures, the ignition delay time of hydrogen in air decreases
(Ref 13:22-24; Ref 23; Ref 24:25-26). ..t higher primary
stream velocities, larger shear forces exist between the
primary and sepondary streams, generating greater turbulence
(Ref 25:1, 5~6).

| The decrease in diffuser pressure recovery at higher
mixture ratios can now be accounted for, Higher primary

stream velocities, and the corresponding increase in aver-

‘age flow velocity causes some flow separation in the diffus-

Earreaid

er at higher mixture ratios., The increased turbulence gen-
erated in the mixing process may also contribute to upset-
ting the flow and causing separation.

The changing magnitudes of wall pressures in the duct
are likely due to a variation of the afterburning combus-"
tion-zone, as well as the aforementioned flow separation.
As ignition delay time decreased, and turbulence and vel-
ocity increased, the combustion region probably transitioned
upstream, It was observed experimentally that oscillations
in the secondary inlet differential pressure occurred as
mixture ratio increased (above approximately .55). It is
not certain that these disturbances were generated by the
combustion zone as 1t approached the inlet. The disturban-
ces uiay be present at all mixture ratios and coupled w»ith
the flow to produce dynamic effects only as mixture ratio
was increased (above the .55 value), At any rate, oscilla-

tions in the duct wall pressure readings. probably do indi-
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cate some relocation of the combustion zone as mixture ratio
changes, causing the wall pressure magnitudes to vary.

: T Short Confipguration. Figure 6 depicts pressure pro-

: files, at varying mixture ratios, for configuration 15,
These profiles are typical for the short configurations

P RTINS SRR

studied.

At lower mixture ratios (at or below .62 in the figure)

<

wall static pressure rise through the diffuser (X/L = 0.0 to

0.5) was normal, Also, at these mixture ratios, pressure
disturbances were ohserved at the secondary inlet, indicat-
ing duct afterburning. Because of the shorter L/D of these

configurations, it is difficult to say exactly where in the

T T i B T TS T § YT e ST

duct burning was occurring, or if it was occurring after the

L hot gases had exited the duct.

Inéreasing the mixture ratio above .62 lead to a wall

static pressure decrease across the diffuser. As discussed
earlier, it is not clear whether this was caused by flow
geparation or the diffuser acting as an air-augmented pri-

mary nozzle divergent section, accelerating the flow to

supersonic velocity. In the test firings in this mixture ;
ratio range with the short configurations, the secondary in-

let pressure remained comparatively steady, contrary to in-

dications obtained with longer configurations at the same 3

mixture ratios. If this was indication of no burning in the
duct, ther it would appear that afterburning was beneficial
in keeping the flow attached in the diffuser. On the other

hand, if the flow had accelerated to suyersonic velocity
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through an air-augmented divergent section, pressure dis-
turbances from the afterburning zone further downstream in
the duct would not have been sensed at the inlet, Perfor-
mance curves for these configurations show significant
degradation of thrust augmentation and mass entrainment in
this mixture ratio range.

Dump Configuration. As Fig 7 shows, at low mixture
ratios (at or below .48) there was an increase of wall
static pressure in the mixing duct. This behavior, seen
only at low mixture ratios with the dump configurations in-
stalled, indicates a very stable mode of operation, probably
without afterburning. All oscillations of differential
pressure readings along the duct were at a minimum, Static
thrust augmentation was enhanced by the wall pressure being
closer to atmospheric, | |

AIt is believed that the vortices generated at the area
step, at low mixture ratios, were large enough to inhibit
the flow along the walls in the mixing duct. This effect
may have taken the form of a rapidly increasing boundary
layer width. As mixfure ratio increased and the afterburn-
ing flame interacted with the vortices, they were suppressed
in magnitude and pressure profiles took the forms consistent
with configurations with the diffuser installed., As men-
tioned in the previous discussion, the onset of afterburning
tended to aid in flow attachment, and produced corresponding

lower wall static pressures and lower thrust augmentation,
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- Yerification Testing

Figure 8 depicts a comparisuvn of the performance be-
tween the original test series run on configuration 15 and
the verification tests run on the same configuration. The
verification tests were performed after configuration 15
was reassembled, over one nonth after the original tests,
Eleven other configurations were tested during this period.

The repeatability of the experiment is evidenced by the
general agreement Letween data obtained on these two test

series. deviation 1s within the measurement capability

¢avg
accuracy of ¢ (Table III). Values c? AR, g Obtained from -
the two test series differed by .48. This is twice the
predicted average error in AR due to measurement capability
(Table III), The additional error was introduced in the
instrumentation, Most of the error in AR seen at lower mix-

ture'ratios, vanishes above about MR = .9,
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V. gConclugions and Recommendations

Conclusions

An investigation to determine the static thrust augmen-
tation capabilities of various divergent ejector-afterbdburmer
configurations resulted in these conclusiona:

1. Static thrust is augmented to the greatest degree
if the largely unmixed primary and secondary streams are
diffused immediately after the secondary inlet and then al-
lowed to mix in a constant area duct. This permits in-
creased mass entrainment, and the corresponding increased
lip thrus’, without a large negative wall pressure build-up
prior to the diffugser and static thrust increases with mass
entrainment. Conversely, if the flow is diffused after pss-
sing through a long mixing duct, static thrust is decreased.
This is due to the negative wall pressures, built up in the
mixing duct, acting over the diffuser area and static thrust
generally decreases with increased mass entrainment,

2. The relationship between maximum static thrust aug-
mentation or maximum mass entrainment and the afterburning
gone is highly configuration dependent.

3. In all cases, the secondary mass entrainment of a
constant area duct is increased by adding a terminating
diffuser,

4, PFor the configurations studied, the mixing of the
primary and secondary streams progressed most rapidly in the

first six duct diameters. At shorter lengths, mass entrain-
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ment was particularly sensitive to L/D ratio; at greater

lengths less sensitive,

Recommendations

The following recommendations are made for future work
on the rocket/ejector-afterburner system:

1. PFurther explore configurations with the diffuser
placed immediately downstream of the secondary inlet. More
pressure taps placed circumferentially around the diffuser
could be used to determine If wsymeetric flow separation is
occurr;ng. If the flow is separating, the use of secondary
stream injection or splitter vanes in the diffuser might
increase pressure recovery and thrust augmentation,

2. Investigate the thrust augmentation of the diver-
gent ejector-afterburner at various induced secondary mass
flow rates. This would simulate an in-flight condition,.

3. Investigate the thrust augmentation of the diver-
gent ejector-afterburner with a supersonic primary stream.
Some researchers contend that the underexpanded convergent-
divergent priwary stream nozzle is most advantageous for
ejector operation (Ref 26:9)., This could be done under both
static and induced secondary flow conditions,

4, Further explore the thrust augmentation of the dump
ejactor-afterburner. It is recommended that a range of di-
ameter ratios and duct lengthe be studied. It is possible
that the area step used in this study was not large enough

to effectively stabilize the afterburning combustion zone.
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Appendix A

Ejector-Afterbgrner Performance Graphs
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Appendix B
‘Data Reduction

Propellant Mass Flow Rates

The¢ oxygen mass flow rate (ﬁoz) and hydrogen mass flow
rate (ﬁHZ) were determined in a manner similar to previous
studies (Ref 4:28-29; Ref 5:22; Ref 6:15; Ref 7:30; Ref 8:
37). The mixture ratio (MR) for each run was obtained from

the equation:

Rocket Engine Performance

Table II summarizes the equations used to calculate the
theoretical and experimental engine performance, A computer
program was written to calculate the adiabatic flame temper-
ature and other theoretical rocket performance parameters,
Inputs to the program were the hydrogen and oxygen mass flow
rates and temperatures, chamber pressure, and necessary ther-
mochemical data. Output included the adiabatic flame temper=~
ature (T,), average molecular weight (“z) and ratio of spe-
cific heats (k) of the c¢xhaust products. Theoretical values
of primary nozzle exit temperature (Te), exit veloecity (Ve),
thrust (F), specific impulse (Isp)’ characteristic exhaust
velocity (C*), and thrust coefficient (Cf) were also calcu~-

lated. Experimental values of Isp, C*, and C, were obtained
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Table II

Theoretical and Experimental Performance Equations

Parameter

Theoretical
Equation

xperimental
Equation

102 x_\d/4.968Tc [%+f] (k+1)/(k-1)
mi o 2. |

(¥

PcAtgc

[1bf-sec
lbm.

*
Xé . c (Pe—Pa)
gc chc.

where

5 |
V.= 10° x— [80.04
o ° -\\/ o X SBee

CISE

C

PcAt

=B
e/

1lbm
sec

(k+1)/(k-1)
P A k g 2
° t\\/ﬁamc [ﬁ:ﬁ]
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from the data reduction computer program to which experimen-

tal measurements were input,

Ejector-Afterburner lPerformance

Stavcic Thrust Augmentation., Due to the nature of the
test equipment and the short engine run times (approximately
three seconds), it was impossible to set precise mixture
ratios and chamber pressures., This presented a problem in
that the static thrust augmentation ratio (¢) is a compari-~
son, at the same mixture ratio and chamber pressure, of the
thrust of the rocket with ejector-afterburner installed

(Fab) as compared to the thrust of the rocket only (Fr):

Fap
b = . (2)

It was decided to plot a thrust performance map for the
rocket in the rangelof mixture ratios (.3 to 1.5) and cham-
ber pressures (80 + 3 psia) which were acceptable. The
ideal performance computer program was used to obtain the
variation in thrust between Pc = 77 psia and Pc = 83 psia,
This ideal variation was then applied to the experimentzal
thrust readings for the rocket only. A third order polyno-
mial least squares curve fit was then performed on the upper
and lower limits of the rocket only thrust (Fig 34). The
result of this procedure was a region of values in which the
thrust of the rocket would fall at any combination of mix~-

ture ratiocs and chamber pressures that could be encountered.
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To obtain a value for ¢, the thrust performance map was
entered at the value of the mixture ratio calculatéd for a
test firing with the ejector-afterburner installed. A lin-
ear interpolation was then performed between the curve fit
for rocket thrust at Pc = 77 psia and the curve fit for
rocket thrust at P, = 83 psia, using the experimentally
measured chamber pressure, This gave a unique value for Fr’
which, together with the Fab determined experimentally,_were
substituted into Eq (2) to find ¢,

Mass Entrainment Ratio. To determine the value for
mass entrainment ratio (AR), it was necessary to calculate
the value for secondary mass flow rate (ﬁs). This value was
then compared with the total primary mass flow rate (ﬁo +

2
ﬁHZ) to obtain the mass entrainment ratio:

]

)]

AR = (3)

o

Test cell conditions were assumed to be stagnation and
flow in the bellmouth inlet was assumed to be isentropic,

This enabled the use of the isentropic pressure relationship:

P

a/py = (1 + 51 Mg)k/(3'1) (4)

in

This equation was used to obtain secondary mach number (Ms>

for ¥ = 1.4.

Another isentropic relationship was used to obtain ﬁs:
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{ns/AB -\/ & V.—%—Ms(‘ + 551 Mg)'(k”)/z(k'” (5)
a

Substituting the appropriate wvalues for secondary flecw inlet
area (As)' k, and R, yielded:

5.027P Mg

- , 6
s 7, (1 4 .2»/1?3)3 (6)

Measurement Capability Accuracy
Periodic re-calibration of pressure transducers kept

experimental errors to a minimum. Considering the fact that
trace deflections on the recorder could be read accurately
to within + .01 in,, errors in measurements and average per-
centage errors in calculated experimental values were ob-
tained, Table III summarizes the results of this work,

0f particular note is the fact that values of static
thrust augmentation were accurate to within + .02, This
figure was arrived at considering the average root-mean-
square error of the curves fit to the upper and lower limits
of rocket-only thrust, and the errors in the chamber pres-
sure and thrust measurement, Error due to mixture ratio
variation was neglected due to the fact that, except at the
lower mixture ratios studied (less than MR = ,40), ideal
thrust variation of the rocket only, between P, = 77 psia
and P, = 83 psia, was constant at 4.0 1bf,

An additional precaution, taken to insure thrust meas-
urement accuracy, was re-calibration of the thrust beam
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Measurement Capability Error Summary

Average Percent
=
Parameter Error Error

¢ (x) (&)

B e - T

e

-
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.006 5.8
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&H D01 == 0.8

] o 007 === 3.1
é .018'—_ 105

] MR .06 | 71

C 209, 3.5 ]
I Te1 sec 3.6
.01 0.9

@ AR .240 4.6

b .02 2,0
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mounted strain géges each day tests were made, or whenever a
new ejector-afterburner configuration was installed, Large
variations in the mass of differ%nt configurations affected
the sensitivity of the strain gageu to thrust measurement,
This was due to the larger bearing friction which had to be
overcome to oroduce the same strain on the thrust beam for
the heavier con’igurations. A waximum variation of 3.4 1bf
was obsgerved for a’given sirain gage output 1. calibration

curves for the basic rocket and the heavier configurations,
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Appendix C

Rocket Performance

A detailed analysis of the performance of the primary
gas generator is presented to complement the ejentor-after-
burner study. Equations used to obilain theoretical and ex-

perimental rocket parameters are outlined in Appendix B,

Primary Mess Flow Rate

Pigure 35 depicts the range of primary (propellant)
mess flow rate (ﬁp) encountered experimentally on all ac-
ceptable runs, and the range of theoretical primary mass
flow rates for }c = 80 + 3 psia. Experimental values ranged
from .02 to .06 lbm/sec higher than theoretically predicted,

as mixture ratio increased.

Larger experimental mass flow rates are to be expected
due to a number of factors. Actual density of the exhaust

gases is higher than theoretical because of incomplete com-

RO T

bustion and slight increases in molecular weight as the

gases flow through the nozzle. Heat transfer in the chamber

e Sl i

and nogzzle also causes exhaust gas density to rise higher
than predicted when using an adiabatic assumption (Ref 15:
68). |

Figure 35 could indicate that the combustion efficiancy

of the engine decreased at higher mixture ratios. The morc
incomplete combustion would likely cause the range of theo-
retical-to-real mass flow rates to increase, However,

higher heat transfer rates at the elevated temperatures of
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the higher mixture ratios may also partially account for ?;

thias, 1

Since characteristic exhaust velocity (C*)'is primarily

a function of propellant combination and roclret chamber
conditions, there would be no effect on it due to ejector-

afterburner operation, Consequently, experimental values

s et ki 83 v bt

_ from all test firings were taken into account in plotting
? ‘ the range of actual values in Fig 36.
The shape of the experimental band of values in this

mixture ratio range agrees favorably with previous experi-

é ments performed on this rocket (Ref 4:59; Ref 5:61;

E Ref 6:41). The magnitudes of ¢* found in this study were,

on the average, 3.2% to 10,1% lower than those calculated by
Nidiffer, using the same nozzle (Ref 5:61), An explanation
of this trend is the changing chamber and injector character-

istics because of numerous test firings of the rocket between

the two studies,

As in the considerations of ﬁp, the difference between
actual and theorrtical performance increases with increas-
ing mixture ratio. Again, this points to decreasing combus-

tion efficiency, as alluded to earlier. ' Yarborough attri-

butes this decrease in combustion efficiency to the decrease
in hydrogen injection velocity as the mixture ratio increas- ]
es, resulting in less efficient momentum exchange between :

the oxygen and hydrogen.
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Spegific Impulse

In comparing the theorgtical and experimental values
of specific impulse (Isp) in Fig 37, only runs made witu the
basic rocket are plotted. Theoretical calculations were
based on the epgine exhausting to an atmospheric pressure of
14.5 psia, a réasonable average value over the period the
tests were conducted,

Experimental Is remained relatively constant over the

p
entire mixture ratio range. The inefficiencies that pro-
duced increased propellant mass flow rates account, to a
large extent, for deviation from the theoretical curve.

Because Is is proportional to the rocket exhaust ve-

locity, this paiameter provides a good indication of tkre
overall rocket performance. In addition to effect=s already
wentioned in the discussion of ﬁp, other loss factors in-
cluded: friction, flow non-uniformity and maldistribution

of the exhaust gases, and real gas effects,

Thrust Coefficient

Due to the fact that thrust coefficient (Cf) is strong-
ly affer.ted by ejector-afterburner characteristics, only
experimental values for the basic rocket were included in
Fig 38. Agreement between theoretical and experimental »e-
sults was very good,

Since Cf is a measure of the amplification cf thrust
due to exnaust gas expansion in the nozzle as compared to
if the chamber pressure had acted over the throat area only,
one would exvect good agreement between theoretical and ex-
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- perimental values in the case of a convergent nozzle (Ref

15:56). The losses associated with the divergent section

of the lLaval nozzle do not enter in. The experimental scat-
ter was likely due to variance in chamber pressure and at-

mospheric pressure conditions.

P Tax EER T SRR AR IR

Theoretical Temperatures
Figure 39 displays the results of the ideal performance

computer program for adiabatic flame temperature and primary

T TR T T Ty

nozzie exit temperature. Chemical equilibrium was assumed
in the chamber and theoretical exit temperature was computed
using frozen flow considerations in the nozzle,

i Although not measured experimentally, one can conclude

A e b,

that actual chamber and exit temperatures remained relative=-

ly constant as mixture ratio increased, This can be deduced

from Fig 36, the plot of characteristic exhaust velccity. !
C* is a strong function of the chamber temperature and C*

remains relatively constant throughout the mixture ratio

range,
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Carl Herman Steiling, Jr. was born 4 February 1946 in
St, Louis, Missouri; son of Carl H, Steiling, Sr. and
Lottie B, Steiling., After graduation from Christian
Brothers High School, he received an appointment to the
United States Air Force Academy. He graduated in 1968 with
a Bachelor of Science in Engineering Science, and was com-
missioned a Second Lieutenant in the United States Air
Force.

After completion of pilot training in 1969, he was
assigned to Charieston Air Force Base, South Carolina, as
a C-141 pilot. He spent one year as a Forward Air Control-
ler, flying the 0-2 aircraft, at Tan Son Nhut Air Base,
Republic of Vietnam, and Nakhon Phanom Royal Thai Air Force
Base, Thalland, prior to being assigned to the Air TForce
Institute of Technology in January 1974.

Permanent address: St. Louis, Missouri 63109

This thesis was typed by the author.
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