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Preface

The motivation behind deciding on an experimental
thesis was the desire to build a mechanism and then see it
put to good use. This project has provided Ffor both of
these desires. At certain times the frustration level was
high, but the end result was certainly rewarding.

When this type of an endeavor is undertaken you quickly
become aware of your own Ilimitations. [t s then that you
can fully appreciate the gquidance and assistance of the
people associated with AFIT.

My thesis advisor, Dr. Wwilliam Elrod, is a marvel/. Not
only was he a/wgys ready and willing to help, but he seemed
to take the project beyond the technical content and was
able to relate to me on a person to person level. He has my
sincere respect and gratitude. The other members of my
committee, Maj. E£. Jumper and Capt. w. Cox, each made
important contributions to the project. Their support and
advice was also appreciated.

Two other groups must be ment ioned. The lab
technicians, Nick Yardich, Leroy Cannon, and Harley
Linville, have helped daily throughout this enterprise.
Also | would like to thank Carl Shortt and John Brohas of
the fabrication shop. It has been a true pleasure to work

with such craftsmen.
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Finally, my thanks go out to my family. Without their
support and love the help offered by all the others would
have made I ittle difference. It is through the difficult

times that rfamily ties are strengthened.

David R. Bjurstrom

\eo

1
]
j

} iii g




7‘_ L . it e M Ade e it s 4 (it Sl gt Aan hen ok vt B Ben S ooy Sovs ey 4 s S s e a2y o, ]
L.'- - o e
b

-

4

-~

= _ Table of Contents

&‘ Page
PrefaCe ceeecesecacecssoescssnossssssosssssnsssscssncsosccece |1
LiSt OF FiQUIreS cecscessenasesasssssssscscsessccscacccasnas v
_i LiSt OF Symbo/!S ceseeassesscscsceasscoosscosscasossscancnae Vil
g ADSTraCt esssecesesacsaacessessacenssscsssaccossssscneaViili
. INtroduCtiON eecessssscesnssssensesssssccasccccsnas )

b‘ rheof'y @ 0000000006000 0606080006a8080008080000800060as0ss 2 '
Objectl.ves ® @ 9 4 8 8 98 8 0 9 0% 8T 0 0N eI NP ES QR0 9L E e s u

11l ExpeFfMGnta/ Appafatus R RN N N IR I N RN I R I N B R N AR ]

F’OW System ® 8@ 60 0 9 00 0 0 800 9 000 VSN SN eSC B GEe 80 EE e
Test Sectl.on ® @ 8 8 208 0 9 000 00 00 8480600 9808 NS08 NEeess

~QO~NNWU W

- NOZZI/ €S eeeectoecasoseecnssasanseacensscsnsnsssaan

- Instrumentaffon CRC I I IS S I BN O R I R ST B SR N RC R SR B A R ) !

[ Schlieren SyStem @0 00 s0cscssse0 s ssRNRGsCRS O !
‘e Il1l« Experimental ProCeduUre ceecesscsseavescscsnssassaca 14

Ca/fbratfon S 000 ce0 00000000000 sReReRRNsCRRsR 14
Test Procedure e«secescescsaseosscecsssscnsssonssscsaes 15

V. Results and DiSCussfon e s c0seeseseseenos e 17

Apparatus e s s 0 es 00000 es 00 s0s00s0sees00 B0 RO 17
Experl‘menta/ Results 9 © @ 8 9 92 0 56 85 ¢ 8 8 0 080 0 e 000N e e ’8

: Nozz/e SEt,................'.'..'."‘....... ’9
; NoZZle Set 2 eceesecosacetecntsncscscscncsnsssocsse 25
' NOZZ!e St 3 wevvectteccsssassssssccassacsaces 26
. D/‘scussion O 0 & 0 0 9 00 80 5800 28 88 98 8T 0 90 S 9 P8 9N 8 NN 26
n Ve CONClUSTONS ecceesesasseavosonosssssssncssnsnssnscases 33
V[' Recommendat,.ons ® 8 0 & 5 00 0 09 00 5 50 2 5N P80 900 0N 08t 3# :
q Bib/iogfaphy R N N I R A A A N I I A A AP A I B RN A B A I N N R S S RS I 35
AppendiX: Graphfca/ RESUITtS sestsesscssscansnssssosnces 36 1
Vl’ta ® 0 8 & 9 8 % 0 00 0 0 00 58 0802 AN 00 gV 0 e 008 900 ot e s 008 53 i
. $
A
1
iv 4
. ﬁ
<
il — e i




"I_U-',-_AJA;“J

List of Fiqures

Figure Page
1. System S5chematiC seeecsccssscscasssaocsaancasans 6
2a TeSt S@Ct 0N eeossovssccacsssnsseacssssesccsnscsns 8
e HoZZle LayOul secessssscssccsscsssseasascssccsccnca S
4, Schlieren SySteM eeeseesoscascsectscscsanscascance 13
Sa Schl jeren Photographs of Flow

F"Om /VOZZ/e Set3...l...'...l-........'.l... 20

Ee e and vSs Time for NOZZ/e St | eeceascoocae o2

B
7e % and a vs Time for MNozzZle Set | ceeoeeeeee 23

3. Schl ieren Photographs of Flow q
f‘rom Alozz’e Set , e 8 & 0 0 00 0 2 0 0080 0 000080 020000000 s 2“

A-1. R and £ vs Time for Nozzle Set | ceeeesceee 37

\e A-2. K and A vs Time for Nozzle Set | «eveeeacee 3G i
A-3. R and R vs Time for Nozzle Set 2 ceeessecee 39
A=t. R and R vs Time for Nozzle Set 2 essseeesoee 40 ;
A-5. R and R vs Time for Nozzle Set 3 cesesaases Ul 3
A-6. R, and R vs Time for NozzZle Set 3 ceseescecee U2

A=7e Pressure Rat/o vs Time R RN N N A I I A A S ] u3

A-8., [LBase Pressure Distribution
at jo’ooo ft @ O 8 ¢ @ & 8 0 8 08 0 0 88 0 0 80 080G O 0 e 000 S uu

A=-9. Base Pressure Oistribution
at U-U-,OOO ft @ ® 0 8 0 0 58 0 088 0 ¢ 0 000 0P OO0t 9 s e R e L‘S

¢ A=10., Base Pressure Distribution
E‘ at 65'000 ft ® 0 0 8 00 00 4 080 8 00080 2B 00O s 0o u6
f

A=11. R /ﬁ and £ /R vs PR for Nozzle Set | ceeeee 47

; A—72. % /ﬁ vS PF for NOZZ/e Set ’ s es 00 cs0 000 e av u3




Mads - L g R g r————" g DAC it Sl St Sl Tl 2R Al e ged s Ltah e g o o
|
<ay

"y ~'v:.

A-13.

Y]

NN NN

and £ //i vsS PR for NoZzZle Set 2 esaeceee 49

A=Tu, vsS PR for lozzle St 2 eeceeacosccssocan 50

A-15, and % /ﬁ vS PR for HOZZ/e Set 3 eceaecsee 51

»0 »0 »0 »U

A=16. vs PR for Nozzle St 3 eeetcsssccccccce 52

ey

o ‘;IAL"*-

'.JL'AA'-AA

-

L, .- .
PPN, JEPPTae

iU YN

e -

.y

. W,

vi 4

b
|
3
.
b . < - . . Co . .
U S SO WA S N T B e St o et o \_-;. -L'V\V_'.v.‘.\',




v -

— e e T WSS

Alaaks

N\,

9e

mP v >TJ

)

w0 0

List of Symbols

nozzle exit area (in?)

nozzle throat area (in?2)

nozzle area ratio

= Ag [ Ay

conversion factor

= 32,17 (ibm=f)/(1bf-52)

exit Mach number

mass flow rate (lbm/s)

tank back pressure (psia)

chamber pressure (psia)

nozzle exit pressure (psia)

top exit plane pressure (psia)
center exit plane pressure (psia)
bottom exit plane pressure (psia)
pressure ratio

=P/ fa

thrust

nozzle exit velocity (f/s)

vii

i
4
|
-

ia_e_

WL e L

BN, | S

K TV

'.;1-[-:' ..L‘L . ‘!

R

L. S




AFIT/GAE/AA/8uD~-1

ABSTRACT

This research involved the investigation of pressure
and flow fields in the base region of clustered nozzles
during cold flow testing. Nozzle exit conditions simulating
altitudes up to 75,000 feet and chamber-to-back pressure
ratios up to 200 were used. The nozzle clusters considered
were made up of a pair of two-dimensional supersonic
convergent-divergent nozzles with a design exit Mach number
of 3.68. Three nozzle sets were studied; each having
different spacing between the nozzles. A Schlieren system
that allowed for both still photographs and film was used to
investigate the flow fields.

The results of this study indicate that the pressure
rields in the base region of a nozzle cluster are heavily
dependent on both geometry and on the operating altitude.
The outer wall of the test section adjacent to the nozzles
was observed to significantly arffect the flow patterns and
measured pressures. Potential influences on performance
exist due both to changes in the gas dynamics of the flow

and the appearance of adaitional pressure-area forces.
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AN EXPERIMENTAL STUDY OF CLUSTERED,

TWO-DIMENS IONAL ROCKET NOZZLES

I INTRODUCTION

The concept of grouping multiple rocket motors into a
cluster arrangement has been examined for sSome twenty-five
years. €Early work by Goethert (1) in conjunction with the
testing of the Polaris missile suggested the possibility of
increased performance due to clustering. In a previous AFIT
study, Lester (5) examined the potential performance effects
of nozzie clusters due both to exhaust plumes interacting
and plume interaction with a surrounding aerodynamic shroud.

T-'s potential for increased perform.>ce will [Iikely
generate new designs incorporating clustered nozzles.
Additional work is necessary to understand what is happening
within the exhaust flow field of clustered nozzles in order
to predict and exploit any possible performance
augmentation. One example of a near future application is
the work that s being done at the Air Force Rocket
Propulsion Laboratory (AFRPL) in support of a Space Sortie
vehicle. This reusabl/e system would be able to deliver
small payloads to low orbit after being Ilaunched from a

mod/ified transport type aircrart. For aerodynamic reasons
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and in an efrfort to speed development, use of a clustered
arrangement of existing rocket engines is being considered.
It is anticipated that performance may be arffected both by
the interaction of the exhausts with each other and with an

aerodynamjic shroud that i[s under consi/deration.

Theory

Following the suggestion of Lester (5), the effect of
exhaust plume interaction in clustered nozzles can be

explained as rfollows. Using conservation of momentum, a

1
1
:
-_1
1

relation for nozzle thrust can be developed that states:

T = mUg/g, +(PE"7\)AE (1)
where
Ne T = thrust (1bf) S}
m = mass flow rate (lbm/s) |
Ug = exit velocity (f/s)
Pe = exit pressure (psi)
Py, = ambient pressure (psi)
Ag = nozzle exit area (in )

conversion factor
32.17 (1bm=F)/(IbF-52)

Q
(4]
1]

s .!L_

"

From this relation, it 7s evident that thrust can be

v

expressed as the sum of two different phenomena. The Ffirst

term (s the procduct of the mass Fflow rate and the gas

L

exhaust velocity with respect to the vehicle (6:25). This

L factor s the thrust due to the momentum flux and iIs

usually the larger of the two. The second half of the

expression is a pressure area term, often referred to as the

\ pressure thrust. This additional force, wusually small #
4
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compared to the momentum flux when the engine s operating
near design altitude, will be present in a supersonic nozzle
whenever the gas exit pressure is different from the ambient
pressure. Further, the effect |[s sometimes sSizable as
demonstrated in the case of the Space Shuttle main engine
which has a thrust of 375,000 [Ibf at sea level and a thrust
of 470,000 [Ibf in vacuum. In this case the overexpansion at
sea level actually causes a pressure drag or negative
thrust; while in a vacuum a pressure thrust or positive
contribution is encountered.

Ir the pressure at the nozzle exit s Iless than the
local ambient pressure an oblique shock pattern is generated
to adjust the two pressures and the exhaust jet contracts
downstream (3:410-411; 6:56-61). This situation is refrerred
to as overexpanded flow and contributes a negative pressure
area term or a decrease in thrust as s the case of the
Space Shuttl!/e engine at sea level. The converse situation
develops when the exit pressure exceeds ambient and is
termed underexpanded flow. In this region, expansicn and

compression waves equalize the pressures and the je. will

expand outward. In this situation, the pressure-area thrust
? contribution is positive as in the case of the Space Shuttle
?. engine operating in a vacuum. The third case s the
i perfectly expanded nozzle where the two pressures are equal.
' This optimal situation will exist only at one altitude
° ) (i.e., the design altitude) as the vehicle ascends and

results in no spreading or contracting of the plume.

- 3
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Qb jectives

R a s

Previous thesis work done by Hibson (2) and Lester (5)
studied the effects of clustering on the performance of
rocket engine type nozzles. This project will continue that

work with these specific objectives:

P N S T e

1. To design, build, and test an experimental apparatus
to examine clustered nozzles under conditions found at high

altitudes.

EPEPY Y C Y! SY

2. To experimentally analyze the pressures encountered
in the nozzle base region due to:

a. the interaction of two nozzle exhausts, and

YT

b. the interaction between an exhaust and a shroud.

The greatest [Iimitation encountered in the prior

v re

research was the relatively small maximum pressure ratios
that could be generated using sea level ambient conditions.
The main difference in the present work will be the use of

low back pressures to generate higher pressure ratios and

ted s

simulate high altitude conditions.
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1] EXPERIMENTAL APPARATUS

The central consideration behind the design of the
apparatus was the need to generate much higher ratios of
chamber pressure to back pressure than were obtained in the
previous work by Hibson and Lester. To accompl ish this, it
was necessary to greatly lower the back pressure by the use
of the vacuum system and a large tank into which the flow

could be exhausted.

Flow System

Compressed air at 100 psi was suppl/ied by a compressor
and delivered via a three inch hose through a quick opening
valve into a stilling chamber (see Fig. 1). The chamber
assured that the air was flowing wuniformly into the test
section. After passing through the test section, the air
exited into the large tank connected to the vacuum sSystem.
Ten inch square optical quality glass windows were mounted
into the sides of the large tank to allow for Schlieren
photographs of the flow as it exited the nozzles. To
facilitate transducer calibration, a ©0.25 inch outside

diameter |ine was connected from the 100 psi air supply

through a small valve into the stilling chamber. This
additional air supply route al lowed for incremental
ad justment of the chamber pressure. To remove both

particles and moisture from the air supply an internal
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paper-type rilter and an external trap arrangement were

included.

Test Section

The test section consisted of two parts as depicted in
Figure 2. An outer section provided a track for the inner
section to move within as well as allowing for the mounting
of a load cell for thrust measurements. The inner test
section held the nozzle bank. This section incorporated 1/2
inch thick plexiglass sides for the Schlieren pictures and
roller bearings on the top and bottom to allow for movement
with minimum Ffriction. The two Sections were attached
together by means of a sheet of .0l inch thick mylar plastic
which permitted a small amount of fore and art travel while
maintaining a pressure difrerential. Two metal plates with
rubber gaskets were used to seal both the front and back
ends of the test section for purposes of calibrating the

transducers.

Nozzles

Three different sets of nozzles were studied. Each
bank consisted of a pair of two-dimensional supersonic
convergent-divergent nozzles with a design Mach number of
3.68. The only difference between the three involved the
spacing between the nozzles and the side walls. Figure 3

depicts the nozzle shape and dimensions.

DV SRRy VN

LR A




o . . N~ O
PSP LIS O N S RSP \Aﬁ PSP G ot S PEUPCT SRR G LN P RPN A n.rrkr

uoT3IDa§ 3IS9]

*Z 2an31g

s91220N

uoT3IO9S Iduul

\

1122 Peo]

——as v 4

O g

uoT3IIAS 193INQ \ §

S n

PRSP s

4
A aa Prrfu»h.i,rr. PRI S ) NPT S o tn




[ACRACRCRA A A A Ra Ve S 3 M A M M A A A A A A L SO A e P T A

——— v
a '

t «— 1 —p

Y

1;’4—9,_,

I A

t¢

-T__/_A-\,

[+

¢ ' v

Nozzle Set a b c d
(inches)

1 1.55 .3 1.5 .2

2 1.2 1 1.15 .9

3 .85 1.7 .8 1.6

Figure 3. Nozzle Layout
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Instrumentation

A total of six transducers were used to record data.
Three channels were for three Endevco mode/ 8506-5
piezoresistive pressure transducers that measured the exit
plane pressure above, between, and below the nozzles (Q ,% ’
and R respectively). These differential-type transducers
were connected to a separate pump that generated a hard
vacuum as a reference pressure. Channel Y recorded
downstream pressure data, R, from a CEC Type 4=353-0007
zero to 5 psia pressure transducer |located on the large tank
downstream of the test section. The rifth channel measured
the upstream or stagnation pressure, R, using a CEC Type
1000-0002 zero to 100 psig pressure transducer. It was
located just art of the paper filter and forward of the test
section. The final data channel was Ffor information from
the zero to 5000 Ibf PCB Piezotronics model 208405 force
transducer.

In addition to the transducers, two mercury manometers
were used to allow for easier runs and calibration. One was
connected to the stilling chamber and a second to the large
tank for measuring downstream pressures. Since the
manometers had a 50 psi |/imit and the chamber pressure would
approach twice that, a 200 [nch Mercury pressure gauge
allowed for calibration through the entire pressure range.

The six channels of data were recorded on Six inch

light sensitive paper using a mode/ 906 Honeywell

10

"J'LJ‘_’.A_JJ_IJ;!'y..,v,:.,‘L‘ . T

' 0
P Y

L N

o,

9, o e




vyYvewvwvererr v

LN un an aui oo

-y T
v

visicorder. Each channel! was wired separately using

Honeywell M100-350 galvonometers plus shunt and series
resistors as necessary. Table [ Iists the major test

components.

Schlieren System

One of the objectives of the experiment was to Study
the nozzle exhaust in both the underexpanded and
overexpanded regions. Pictures of the exhaust could be used
to supplement the pressure data and allow one to see how the
flow varied as the test environment changed. To study these
unsteady flow conditions, a Schlieren system was dev/ised
that allowed for motion as well as still pictures. It
incorporated Polaroid sheet film used in conjunction with a
spark lamp for still pictures. Also, a steady light source
was used for recording the entire run on either 16 mm Ffilm
or on video tape using a video cassette recorder. Figure

depicts the Schlieren system used.
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Table [ Test Instrumentation

transducer (P, )
transducer (R, )
transducer (% )
transducer (P, )

transducer (Pg)

Force transducer

Power supply

Power supply

Visicorder

Model No.

Endevco 8506-5

Endevco 8506-=5

Endevco 8506-5

CEC 4=353-0001

CEC 1000-0002

PCB 208405

PCB 484B0O6

Kepco KG25-02

Honeywel !l 906

Serial No.

GK 81

HF 07

HE 99

5321

7527

4340

134y

AL6362

9-8445 -

S S

s L e e

NPT . WY TGS, ) DSy, N T

. A




T MMOO WP

i

N
CD)\/D\QH

Steady light source (motion pictures)
Spark lamp (still photos)

Flat mirror

Concave mirror

Test section

Knife edge

Still camera (still photos)

Film or video camera (motion pictures)

Figure 4. Schlieren System
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111l Experimental Procedure

Cal ibration

Each orf the transducers was calibrated prior to the
First test run and at the conclusion of the final run Ffive
weeks later. The second calibration sensitivities were
found to be within 2.5 percent of the original! values, thus
lending credibility to the test results.

All five pressure transducers were cal ibrated in place
on the apparatus. The three exit plane sensors were
connected to a Separate vacuum pump that established a
reference pressure of approximately ©0.01! psia. The main
vacuum pumps were used to lower the vacuum-chamber pressure
to values within the transducer's range above the rerference
pressure. These transducers would then generate a voltage
corresponding approximately to absolute pressure. A digital
voltmeter was used to record the voltage while a mercury
manometer Jindicated the ambient pressure. The slope of the
pressure versus voltage curve was used to determine the
sensitivity of the transducer.

The chamber pressure transducer was calibrated in much
the same way. With both the front and rear of the test
section plugged to minimize leakage, the stilling chamber
pressure was raised and regulated by means of a small air
supply | ine attached to the stilling chamber. The resulting

voltage output was measured at a series of pressures within
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the transducer'’s range. A pressure gauge was used fror

reading pressures above the |imit of the 100 inch manometer.
Since the pressure gauge agreed very closely with the
manometer in the zerc to 50 psig range it was assumed that
the gauge wa: also accurate up to the maximum chamber
pressure of approximately 100 psia. Cal ibration of the
downstream or back pressure transducer was accompl ished in a
similar way by using the vacuum system to lower the pressure
in the large tank. Voltage readings were tabulated at a
number of approximately absolute, manometer pressure
readings.

The load cell transducer proved to be the most difficult
to cal ibrate. WNo adequate solution could be devised which
would allow for calibration on the apparatus. Instead, the
load cell and the bar to which [t was mounted were removed
From the apparatus and placed within a Baldwin Universal
Testing Machine. USing this device, fncremental /oads could
be appl!ied to the cell and the corresponding output voltages

recorded.

Test Procedure

The basic procedure on all test runs was the same.
First, each of the air valves including the main valve into
the stilling chamber were c!osed. All of the associated

electronics were turned on, the excitation voltage for the

pressure transducers was set to 10 volts 0OC, and the [/oad
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cell power supply was adjusted to zero output voltage. The
refererice vacuum system for the pressure transducers was
started and allowed to stabilize. Then, the two main vacuum
pumps were insed to establish the desired initial downstream
conditions. Since on each run this downstream pressure
would vary continuously, thus providing a changing overall
pressure ratio, it was normal to establish the Iowest
starting back pressure possible. Due to small leaks within
the system this initial value was /imited to approximately
0.5 psia.

Once the initial conditions were established, the drive
on the visicorder was engaged just before the main valve was
opened. When the downstream pressure reached [Ilaboratory
room ambient conditions, a valve within the vacuum System
opened to prevent pressurizing the vacuum System and the run
was terminated.

Data from the visicorder was then reduced with the aid of
a micro computer. A program in BASIC was written to convert
the deflections on the visicorder to either pressure or
force, based on the sensitivity of the transducer. The use

of the micro computer made for easy reduction and storage of

the data.
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IV RESULTS AND DISCUSSION

Apparatus

An experimental apparatus was designed, built and
tested for examining clustered nozzle performance. Ambient
test pressures simulating altitudes up to 75,000 frfeet were
possible. Chamber pressure could be maintained at 100 psig
which allowed for pressure ratios of up to 200. The
apparatus was instrumented with transducers which allowed
for pressure Jinformation to be simultaneously gathered
upstream, downstream and at the exit plane of the nozzles.

The situation of an ascending rocket s one where
ambient pressure is decreasing from the relatively high sea
level conditions to the near absol/ute vacuum of the upper
atmosphere. This increasing ratio of chamber to ambient
pressure is the reverse of what was generated within the
apparatus. Ambient pressure in the experimental case was
initially low and increased throughout the test run.

The equipment was capable of accommodating a variety of
test sections thereby allowing for a wide range of differing
geometries to be studied. [In particular, different nozzle
shapes and spacings along with aerodynamic Sshrouds of
varying lengths and spacing could simulate any number of
possible vehjcle configurations. The apparatus provided
good flexibility for this type of study. The geometry for

the present study involved nozzles with a relatively large
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expansion ratio, which |imited the amount of time that the
Flow was underexpanded, and test section walls that acted as
a very long shroud arrangement.

The effort to determine thrust through the use of a
load cell proved impractical. The pressure-area force
experienced by the cell was approximately 1600 [bf. 0On the
other hand, the actual thrust of the nozzles was much less.
A one-dimensional isentropic flow calculation using
tabulated data (4) resulted in a theoretical thrust value of
32.4 IbFf for the nozzle pair. This small force was
impossible to distinguish from the larger pressure area

Force with the 5000 [|bf transducer that was used.

Experimental Results

The pressure fields within the base region of three
nozzle sets were established by direct measurement. This
information was tabulated and is presented graphically in
the Appendix. Actual pressure-time histories are plotted
for the three cases in Figures A-1 through A-6. Pressure
ratio is depicted versus time (n Figure A-7. Additionally
the base-pressure distribution for each nozzle set is

presented for three different altitudes in Figures A-=8

Kl

LT T TR YUY

|
through A-10. Lastly, pressure non-dimensional ized by the %
ambient pressure is depicted against pressure ratio for the
three nozzle sets in Figures A-11 through A-16. ]
4
The Schlieren system was used to take both still photos %
18
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and film of each nozzle set. Figure 5, which is typical of
the photographs, shows nozzle set three operating in the
underexpanded and overexpanded flow regions. Due to the
nature of the mirrors used in the system the images on the
photos and film are inverted. The top exit plane pressure,
q , is located at the bottom of the pictures and so forth.
To supplement the pressure data several runs with each
nozzle set were filmed.

Data from the pressure transducers was recorded with
the visicorder for a number of test runs for each nozzle
set. Repeatability was good throughout the experiment. At
each point where an abrupt change of flow conditions was
encountered additional runs with initial ambient pressure
both above and below where the phenomenon occurred were
accompl ished. This procedure of wusing different starting
back pressures indicated there were virtually no prior
history effects involved in this experiment. That /s, the
changes of flow conditions occurred at the same pressure
ratios regardless of what the starting condition was. The
vacuum pump capacity was not adequate to check for
hysterisis in the pressure ratio for flow condition changes

by increasing the pressure ratio during the run.

Nozzle Set 1

Nozzle set one has the smallest spacing between the

nozzles of the three sets (Fig. 3). From the film of this

19
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Fig 5.

a. Underexpanded; PR=106

b. Overexpanded; PR=32

Schlieren Photographs of Nozzle Set 3
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2

{ VLI N . I R




vy v

The base pressure at the center of the configuration, R

. was less than that at the top, ﬁ , or bottom, % , of the set —
&| and was also less than back pressure, Fk . This pattern ’
Fluctuated somewhat with altitude but was present at all
i three simulated altitudes. q
{ ;

Nozzle Set 2

This configuration had increased spacing in comparison

2.

to the first (Fig. 3). As indicated by the films, the flow

L started initially straight with the two jets connected and

touching both the upper and lower test section walls. At

the 3 second point, PR=87, the flow consistently shifted

-

upward toward the P, location. This can be seen on Figure

. A-3 where A and A initially rose and then, at the point
-

the flow bends, A jumped upward and then followed the

rising back pressure. P, remained constant until a point

Al M sw e e o l

F arter the flow shift and then began to increase with rising
4

RS

back pressure.

f, made an initial large jump in pressure and remained

oo

nearly constant throughout the run (Fig A-u4). This /s

surprising because the film showed that at 7 seconds fnto

L v.“r- T

the run, PR=56, the two flows appeaed to Sseparate. At that

PP
doe et

point Fy showed no reaction.

|
B

The initial large increase in the center pressure s
rerlected in the base pressure diagrams (Fig. A=8 to A-10).

This indicates that the % value was well above the back

L._;‘A_._'A_# PO O] -t a.a ol e Bl C T W PUSUPS S
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pressure at each of the simulated altitudes.

Nozzle Set 3

Nozzle set three had the widest spacing with the two

nozzles close to the wupper and lower walls. In this

N Y

configuration the two nozzles were centered in the upper and

lower halves of the Fflow channel. The top and bottom

. J

pressures, R and % , initially decreased slightly and then
remained constant until about 8 seconds, PR=50, into the
run. At that time both pressures showed a sharp increase

after which they followed the increase of the back pressure.

N

The films showed that the two jets were at Ffirst
operating connected to each other and attached to the upper ]

and lower walls. At the & second point they apparently ‘

separated and simultaneously shifted downward. The center

pressure responded much as in set two: an initial increase,

although less than that of set two, was followed by near

.
g constant pressure. The base pressure distribution for ]
nozzle set three is similar to those of set two but [(ess 'i
-
consistent with simulated altitude (Fig. A-8 to A-10). o;
F .

- ‘]
: . . 1
f Discussion "]
f .,'..:
The behavior ¢f the exhaust of a single supersonic ®

nozzle in both underexpanded and overexpanded flow s well

establ ished (3:u410-u11). This study Suggests that when two
- nozzles operate in close proximity additional complications @,
1
26 1
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to the flow arise. Common to all three nozzle sets was the

tendency for the Fflows to begin with the two jets

S T ——
|

interconnected. Optimum expansion for the nozzle design
under consideration occurs at a pressure altitude of 60,000
feet which corresponded to 3 seconds into a test run. Flow

after the 3 second point was overexpanded and prior to it

Lamn gan e 2
v

underexpanded. This short period spent in the underexpanded

region established the initial flow conditions. The

o

! spreading of the jets that occured within the underexpansion
region caused the two jets to interact. The center region

became isolated from outside effects for some period of time i

(Figs. 7, A=2, A-4, A-6). h

The investigation into the prior history effects 1

" indicated some [nteresting results. Even when the starting ]
back pressure was higher; such that the conditions were

definitely overexpanded, the rlows tended to begin combined.

From the earlier work by Lester (5), this spreading and

A!‘A.‘L-'..'-nn

interaction of the plumes did not occur in the overexpanded
region with non-two-dimensional nozzles. This suggests some ]

definite differences between the two-dimensional and

non~two-dimensjional cases even when operating with similar
pressure ratios. Further investigations should incorporate

both types of nozzles.

KW, .

In nozzle set one, P, dropped initially and then was
constant (Figs. 7, A-2). In this first set because of the

small space between nozzles the two jets intersect a short
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distance downstream (Fig. 8al. If at this distance an :
effective nozzle exit area IS established, an effective ;
nozzle exit pressure can be calculated. using tables (u4) ,
for an effective area ratio of 10.66, as opposed to the .
actual nozzle area ratio of 8; this new exit pressure would ﬁ
be 0.60 psia instead of 1.01 psia at the physical exit ’
plane. The center pressure (s constant at a value of 0.u5 Ei
psia. This rough equivalence of the measured center u%
pressure and a rough theoretical effective exit pressure .
suggests that, in the case of nozzle set one, each nozzle 5
may be acting as an equivalent nozzle of [larger expansion ;
ratio and dictating the value of A, isolated between the !
Jjets.
In both nozzle sets two and three, % rose and then
remained virtually constant. This situation of a cluster ,
center pressure considerably larger than back pressure is
consistent with Goethert's early work with By
non-two-dimensional nozzles. "This pressure difference s it
necessary since otherwise the exhaust gases in the mixing .
zone of the jet boundaries could not penetrate downstream ]
into the high pressure area behind the intersections of the -9
jets" (1:12). In many of the still photos of set two a A
strong recirculation back tcecward the base area existed
between the two jets. This reverse flow was also evident in ’
{
nozzle set three but to a lesser degree. This may ]
correspond to the fact that F, increased initially in set 1
L J

three (Fiqg. A-=6) but with not as large an increase as in set 1
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two (Fig. A-4). As indicated above, nozzle set one proved
different with an initial decrease in % followed by
constant behavior.

A second common characteristic among the three nozzle
sets was the flow shift that occurs in the 3 to 7 second
period. Having entered the overexpanded regime it appears
that as the overexpansion became greater the combined jets
became unstable in the shroud enclosure and attach to either
the top or bottom walls. In set one the pattern was random,
but set two consistently attached to the upper Surface and
set three to the lower. Prior to this bending of the flow,
both nozzle sets two and three were connected to the top and
bottom walls relatively close to the exit plane. As the
Flow shifted [t disengaged from one wal! but remained
attached to the other; however, the point of attachment
shifted farther downstream. Apparently in each of these
later cases there is some asyrmmetry present which causes the
unstable jet pattern to always bend in the same direction.

The reason for the initial decrease in both £, and R
for nozzle set three (Fig. A=5) may be similar to the
argument offered for £, in nozzle set one. Set three is
symmetric about a horizontal centerplane. Ir each nozzle
initially acted as an effective nozzle with an exit area
equal to one half of the total test section height the
resulting exit pressure could establish the initial Py, and Py

values. The ex/it pressure *Tor an expansion ratijio of 40
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(2"/.05") [s O.12 psia which is similar to that measured Ffor
R and FB’ with values of 0.08 and O.1u4 psia, respectively.
On certain of the photographs an additional boundary |Iine
appears beyond the normal shocks and waves that were
anticipated. It is possible that this boundary acted as a
side wall causing an effective area increase beyond the
actual exit plane.

In the case of nozzle set one the jets were so far from
the walls that there was no period where Py and Fa were
constant as the flow had not interacted with the walls (Fig.
8a). Both pressures followed the rising back pressure
(Figs. 6, A-1). Nozzle set two showed an initial increase
in both A, and £y followed by a short constant period. The
reason why in this case thesSe pressures rose remains
uncertain. [n all of the configurations once this upward or
downward flow shift had occurred both P, and % followed the
increasing back pressure.

Overexpanded flow is characterized by a contracting of
the Fflow downstream. As the degree of overexpansion
increases this tendency /s magnified. With each nozzle set
some point (n the test run was reached where the flow was
sufficiently overexpanded to cause the two jets to separate
from each other in the region near the exit plane. This
point occured near 8 seconds, PR=50, into the run for both
sets two and three. After the two jets separated It was

surprising that the center pressure continued to remain
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constant rather than shift toward the back pressure. The

reason became apparent in the still photos. In both cases
even though the flows have definitely separated near the
exit plane there was still interaction rarther downstream.
Figure 5 shows for nozzle <set three (a) the two jets
interconnected by gasdynamic expansion prior to the 8 second
point and (b) the two jets disconnected up c'ose but merging
farther downstream. This continued interaction was
sufficient to keep g isolates throughout the .-un for nozzle
set two and until late in the run for set three.

In nozzle set one the point at which the jets
disconnected from each other was consistently 22 seconds,
PR=22, into the run. At this point % qufickly increased to
a value less than the back opressure (Figs. 7, A-2) and
continued to increase at the same rate that the back
pressure was increasing. in overexpanded flow for an
isolated free jet an obligque shock pattern (s present to
bring the nozzle exit pressure up to the local! ambient
pressure. The £, value for nozzle set one after the jets
separate apparently varied with the strength of the oblique
shock pattern which in turn varied with the degree of
overexpansion. Further examination of this Fflow situation
is needed to determine if non-two-dimensional flow Systems
behave similarly.

The rationale fror exploring both clustered nozzles and

shrouds [lies both in an explanation for and a potential to

il
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exploit increased nozzle performance. From equation (1) any
added performance must come from the pressure-area term or
the momentum flux term.

T = muglg, + (R =Py )AL (1)

This study suggests the possibility that each term may
be affected by the clustering of nozzles and the use of an
ad jacent shroud. The region of high pressure between the
two nozzles in both sets two and three could provide an
additional pressure-area term acting over a portion of the
base region. This potential increase becomes more prominent
at higher simulated altitudes due to the constant P, and
decreasing £, (Fig. 8 to 10).

The concept of each nozzle at times acting as an
effective nozzle of a larger expansion ratio provides the
potential to also effect the momentum thrust term. In the
case of nozzle set three where the pressure data Suggests
this may occur, the increase exit velocity resulting from
continued expansion within the shroud to a larger effective
nozzle expansion ratio would theoretically produce a thrust
increase on the order of eight percent. The potential of
this gas dynamic effect to augment performance S of

interest and should be examined further.
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vV CONCLUSIONS

The apparatus and associated instrumentation were
designed, constructed and tested during the project.
Additionally, the pressure fields of three sets of

two-dimensional nozzles were studied under a range of test
conditions. Results of these tests lead to the following
conclusions:

1. The equipment is Suitable for examining the
pressure distribution and flow behavior in the base region
for a variety of clustered-nozzle configurations.

2. The evhausts of neighboring nozzles tend to
interact with each other at certain pressure ratios. This
interaction generates markedl!y different pressure fields
than are observed with no interaction.

3. The potential for thrust augmentation s heavily
geometry dependent. With the proper spacing performance may
be arffected both through the gas dynamics of the flow and

through the appearance of additional pressure area terms.
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3
:_ The following recommendations are suggested for

continuation of this work on clustered nozzles:

L 3
h 1. Different nozzles be constructed having a Ilower ;
f exit to throat area ratio to allow for more data from the ﬁ
.
E. underexpanded region. Additionally non-two-dimensjional 3
i configurations should be included. é
\ -
E 2. An adjustable or removable shroud be incorporated :
E into the test section to study the effects of shroud
t. configuration and its interaction with the jet flow on é
; thrust augmentation. !
[ 3. A more sensitive means of measuring thrust should
1 ‘. be developed to enhance future studies. Also the hardware i
associated with this measurement should be constructed such
that there jis a minimum amount of influence on the Flow.
E 4. One of AFI[T's data acquisition systems should be ?
E adapted to this system for more complete data taking and 1
reduction. )
, "o
-
. 3
y

ala a'a‘a’a'a 4 A

-
4
.

Y Yy T T e T
W
~
-
aa 'ma a

)
PREDRFY

. . .. - PR T e e 2 P a ) e et
I P S . P R PR i R PR Y WP TN TR NISTLLr W T ey 3




m— R ans e e s e gy o —— I I e Bl A ma et e e
. . . PR - .- . . .

e

Bibl iography

Goethert, Bernard H. Studies of the Flow Characteristics
and Performance of Multi-Nozzle Rocket Exhausts.
AEDC-TR-59-16. Arnold AFS, Tennessee: ARQO, Inc.,
October 1959. (A.D., 313-155)

Hibson, D. H. "Performance Characteristics of Clustered
Nozzles". M.S. Thesis, Wright-Patterson A.F.8., Ohio:
Air Force [nstitute of Technology, December 19871.

Hill, P. G. and Peterson, C. R. Mechanics and
Thermodynamics of Propulsion. Reading, Massachusetts:
Addison-wWesley, 1970.

Keenan, J. and Kaye, J. Gas Jables. New York: John
wiley and Sons, [nc. 1948,

Lester, J. T. "An Experimental Study of Clustered
Nozzle Performance”. M.S. Thesrs, Wright-pPatterson
A.F.B., Ohio: Air Force Institute of Technology,
December 1982.

Sutton, G. P. Rocket Propulsion Elements. New York:
John Wiley and Sons, [Inc., 196u4.

> N . b e e .
AP WS W W W v P SR N PN B, WY S WD L i a e

v

LA

-.i .- .

. RN IGYEFLYLY. I Sy B

e A!L‘_' et L e S

LN




it AR Ao S B S Sl B At S " D R R A N 2 e Rt A A A A AC R B ARG AN At e

Appendix

p—
D Vo
et od o d

P N

36

IR S VY. S WA ST P St Wi, S i, UL Bo¥ TRAT VK Dolll S S O Vv e S Wy PR S S MUY T SO AT W W PSP —a




St et

T

——TT T

1 39S 9]220N 103 SWIL SA t3 pue *1-v 314

duIl

i}
M
_‘l

i)

e
)

- [
-t U7}

Cans set e et e B SUEE S R A
-
- U7

-A%
<
|
|
—t
I

$

1 et

E
.- =
- _-_

|
!

+
ST

W

laalaa e b N ke et

37

P L L




A Jhae Sal v/t Bade ¥

RN e~ it

TV T TN T ey

Mg Bl Al el il §

st .
' ., T
Al Mhebea &

. )
o . v
Sl aafa’a

T e w ot - e v r e e a2 e S e TR T W MmUY R Y Tr e T EEEEWTY T W e | s ammemceve—a— e~ %% W e v - e e - amv -

1 39S a1zzoN J0F Swil sa Vg pue ¢g ‘z-y 81d

Jds  dHIL

-4 "OId =

T

—rll

Lol

38

T e e . SO .- . ; ) - . - PR
e et RS . YRR PR TR - e e . N
L. S S UL, U, " WL SRR, YL, B Y T N, S T S - R N S Y T T T L T




7 39S 91220\ J03J BWL] SA mm pue %] ‘¢-vV 814
J35 dAMIL
I

)
(N
RN]
|

ST
|
_

-
——
—t 1%

sl Can

L
39

3
=

|

]

r
Iy N ERI AN

c-H "§I4 TS




YR e I - givasestosmasuin d e aERsaue - mrrsassanshenen i g TR AT

AaBafla A._j

z 195 91zzON 103 SwyL sA Vg pue ¢g ‘4-y 314 “
235 JMIL .
- w
= S 51 a1 5 I .
| | | -
_— “ I | 1 — 5] u
-} .
w -

S
LT

v -
. ...*..C. =
ﬁ%é
P a2 o

<
G
oL

L CE L)

] L 9
¥ . 3
” 4 ) Y
! -

.

_ 1
P

3

r v s o Y N . L Ph o "




mocJ\l\.l. TE ~ e T IR T T T T T T T I e T T T T T AR L ™\ uEi SARAES” i PR iﬂ« SRSMCha atiutug &~ Casaane) —T el — ——ry S —
m
{ ¢ 39S o1zzoN 103 auf] sA €3 pue g ‘g-y 814
“ 235 AMWIL |
“ 5 Ko = | Bl G &)
1 L i [ oo .,
] | ] | + ! 5] MU
. N A
i | 1 N |
i T L
1 ...Q. M “
3 C.....—u < .
! @.....f...“_.. 12 .
ok © 3
i € ; Nl U,...
b d 4 (g ¥ .L!o\ﬂh.. .IM
ot ;
’ ..\.\...11.1. & )
-~ :
. m_
F X
o
3
X _ . 1L~
f” S-H 914 =
? R
s |
a ;
y . , “
h P PO U Y ... Wi e - - g




T 11—”1'..1.. R jm‘i!« b e 1.”1 T, Y e T ﬂ.ﬁl AR Ea Lty

]
L

]
9
”
-1

e -
4 .,
, .
b ._
] ’
o .,
V !
: :
,
*
A
,

935 AWIL .

' ;
3 ¢ 39S o1zzON 10F awy] sA Vq pue &g ‘9-y 814 E
] _
,ﬁ.
ﬁ

4
]
)

|

=
1
I

I

e

—
=
Yot

e
(]

T s T T e W ¥

q

2t = e e e~
—a

Lo —T

4e

=
|
H

M

<
O G Lot el

a-4 914 =

B R T Ty T ey T F TP E YT T T NTRNTNTOTAEIELT -TRTATS T @ T e T AT e T AT T e

M L . S T . S T T A T T T S

i
) .
ﬂ ”




W W W VST T ST T e T s T

PO i S

v @ T '111w11~j‘«|11 T & J.‘c.wq..j
s
i

3WT], SA OF3IvYy 2anssaad °/-V 314

235 dJWIL

R . . R,
N e e . LA
NP SR R AP /T TINE ST Y LU S, TP}

5o 5 I ST AT g &l >
1 ] - A
T I _1 | | —+ f
g
ac -
il
Bg 1

A

o
W) QT
43

L Gl s

Lt e ..
P P P .
i et e A L M taral

- , - N - . -y . - - - o
‘ . N S i N " S . \Ef .bru!.!bb PN S PP .KP P .r‘LlLl, A A& A b kb}-_ PO SN T SR . 2 ad —» s oy Abdad




ﬁA.ﬁ. Ly T
w
b

Viindhinsndasie ¥ aRariotvOd e ~a e e e T e D e u
»

K

. HL

‘313 000°0f 3® UOTINQTIISTQ 2anssaid aseqg °“g-v 314 |

ot s . e . A

HOILISO0d F4Ns5344 t

J

—”.l,_ 4

+ -+

1
T

—+

1 39S 91ZzoN

]
1

- 1

..Av..... Jlr.ffrv.'f-. N IXh _..._
: ¢ 39S a1zzON o B 2 R L 3
ﬁ g2t : hd H -
h ....... g 3
A ISUE LT TY '’ ' \
r b .... , I
- I, -.. R
ﬂ. .-. o'
) .-. . &
v -.- N
¢z 395 a1zzoN i, . P
_” ..f.v..
§ -
, | =
| -0 914 UC
. A .
; S :
L . NG . R

A SR VL. SV, WU S

NS i
LR R

LROr BN Y P rY




2l Ayt Jacatamadatatats I et ananaaan i | TR T T T T R T T TR Ty & T T ar &/

*313 000°‘Hy 3Ie UOTINQTIISTQ 2aInssalg ased °"6-V STd

HOI1lISO0d 2dnssddd

Rl a4
o

I
|
}

- T ey, v
——

T

L

-
] H o

g-H ‘914 TF

-
-




"33 000°G9 3I® UOTINQTAISIQ danssaid ased °Q1-V B1d

HOILISOd JaAnssSzdd

¢ 39S a1220N




SRARL BN SET S & T N YA e YO e et Yes e ey T T T
1

1 295 a1zzoy o3 ud sa V4/td pue Va/la “11-v 314

OILPE FANsS5344 E

§ 54T AasT S21 wal L2 b5 52 5 _
g ] 1 l ] l [ X = “
: L T | I 1 I 5 ]
b o
_ 1 g
H |
| . 3
3 g H .
“ ill“)i 2 | 3
- ¥
3 « H ]
Y ai N .
. ﬁ\ I .&_._H.uv .
M .E::.»Pt .F,S.&_%&i bt a1 d
, _
w e 5T 4
] TT- "ol _
r A.A.b
w., :
§ 1
g .
r e
.
=
L




A0l SEAAREERT oA V' LA ¥

I SOEMADEATAENS YRR

1 398 a1zzoN 103 ud sA VYg/d °z1-v 814
011y JaANs55344 .

wmﬁ—w,m_ﬂmn_.
L | I
1 _ 1

U™
[
[
MY
U
=i

M LA Sl el e i Aadl Sl Sl shefA ol Sl Aadi Rafo

i
- |1

d

i
]

%

T W T T T WYy yywTwyw

48

LELT -

.

s

o

W T R T T

L e e,

. - . e ‘
D VR S TP A AT S PP Llnnr»} L - —

[ 3
}
3




LAl SRS ateh o ateb gy

A SRRt

A Ebudl SubiL Ead e L aman ot

el e A 0 S S

R Y RNl Sl

A Aadachinl Sl e i

" BAN SUNA LIRS Gl Swe e iy b "\ R s ae e LN  SLEIEN RN Sru e it

‘€1-V 314

Z 198 a1zzoN 103 ¥d sa Vq/tq pue Va/lg

OIlHd J4n=s32d

]

"

=
i

—— ;Z|
-
L]

¢ 1 -H

-+ U

-t

U

el 2 )

zzzﬁ“?ﬁﬁﬁ

49

I E W T

L.

1
s

o




CAGNAIR I S AP S gl

kb e A ae e Ren &AL e Jen RS i Al M A M W VA A S M AR

-2

- '

BY  SAaraknha RN | & Rt B Lt e i.‘.. o

d\.x«”d‘l‘]‘l‘l‘.m‘i [.ﬂ CPacE

z 195 a1zzoN 103 ud sA Ya/ld 41-v 814

OILldd Jar:

A8 1

sS4

PRI

-+ 7

T NP - , . - . .- - L e e v
. - A, . . . . ) s o te . . N .
ieterihs bk, bb.L.[u’ A h ) WA ra' ol Fon' & e sl e Al da sl

2 5 S I
| ¢ 5| )
- _” “
..—l <y
A= t

-’ m 4
—te -H O ]
o .m \n .A
I :
I+
g -
Y O ...,

= y :
I - A.J
i 5
- -y~ ll- ..L

+1-H 914 =
i
. ' o0
Cd ..- .n.
“H.....

1
o




41411 I! ii - 4! -11111!1
?
]
w. .
¢ 395 91zzoN x0F ud sa Vg/€q pue Va/1g °g1-v 814 |
OIlYd d4n==344
.
SdT HBST S21T vl S2 (% L 5c 5
K 1 L 1 | 1 | 1
§ ! ! T ] 1 ! T —~¥ (5]
” 1
H
: 3
, |
4. J 0
_\ — - I
ﬁ, -
.#.* d

E

d
” - * o .II_M,_ .H M
. ST-H 5914 M
g |
| |
1 m
”. L , M
: L
R VOO TS LL




FroTamemr T T T T T LT T T T T T T T T YT T T T g T T I T T v i T T MR T T e

;
€ 395 9122z0N 03 ¥4 sa Ya/la 91-v 814 ‘
| =
| OILldd F4NSS33d g

., ‘k

|
'

M-
-
—— E|
ud
i
-t ()

1] S 85 =
|
_

—4
]

2
- 1 1

= H E

E w

1

H N y

|
i
(M
i
8 N

.

InREEati Ml R et L i DA SIME Seeat e fh ben Sl -~ — o — — — ———
- - - TEeTe AN R RS B e e e R e A T A

al-4 ‘914 TH'Z :




| S I R O A M N e A T e R CE A A SR A S I A e S A

Captain David R. Bjurstrom was born on 19 May 1951 in

Indianapolis, Indiana. In May 1973, he received his BSE

degree in Aerospace £Engineering from the University of
Michigan and was awarded a commission in the USAF through

the ROTC program. Following graduation from pilot training

in 1974, he flew AC=130 aircraft in Thailand and Florida and 8
was an [nstructor Pilot in T=37's in Texas. Captain ;
Bjurstrom then entered the School of Engineering, Air Force ’:
Institute of Technology, I(n May 1983, i

Permanent address: 27685 Halstead

\e Farmington Hills, Michigan

48018




ol O TaAaTYTT oW T TR T W T O TR T

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

e TR T e TRYT ™R OY L

A A A A A

"ZPORT SECURITY CLASSIFICATION

UNCLASSIFIED

1b. RESTRICTIVE MARKINGS

28. SECURITY CLASSIFICATION AUTHORITY

2b. DECLASSIFICATION/OOWNGHRADING SCHEDULE

3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for publlic release;
distribution unlimilted.

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

AFIT/GAE/AA/84D-1

5. MONITORING ORGANIZATION REPORT NUMBER(S)

b. OFFICE SYMBOL
(If applicable)

AFIT/EN

6a. NAME OF PERFORMING ORGANIZATION

School of Engineering

78. NAME OF MONITORING ORGANIZATION

6¢c. ADDRESS (City, State and ZIP Code)

Alr Porce Institute of Technology

7b. ADDRESS (City, State and ZIP Code)

Wright-Patterson AFB, Ohio 45433
8s. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

8¢c. ADDRESS (City, State and ZIP Code)

10. SOURCE OF FUNDING NOS.

11. TITLE (Inciude Security Classification)

WORK UNIT
NO.

TASK
NO.

PROGRAM PROJECT
ELEMENT NO. NOQ.

See Box 19
1 “ERSONAL AUTHORI(S)
\s David R. Bjurstrom, Capt.,, USAPF
13e. TYPE OF REPORT 13b. TIME COVERED 14. OATE OF REPORT (Yr., Mo., Day) 15. PAGE COUNT
MS Thesis FRAOM TO Dec 1984 53

16. SUPPLEMENTARY NOTATION
17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB. GR. ROCket Nozzles

01 01 N

ozzle Clusters
21 Q8

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

Title:

A TWO-DIMENSIONAL EXPERIMENTAL STUDY

OF CLUSTERED ROCKET NOZZLES

Thesis Chairman: Dr.

Willlam C,

\5p RTE BOAT.

g‘-p.’..tf:"i- o ]
T‘;"’“M‘ t,.,. .~ \fi'/,'..-x :

Lo .pelt
e g 5 P Al Mave fFROW
[ AT ] P R

Elrod

-'., MSTRIBUTION/AVAILABILITY OF ABSTRACT

UNCLASSIFIED/UNLIMITED B same as ret. (J oTicusers O

21. ABSTRACT SECURITY CLASSIFICATION

UNCLASSIFIED

22s. NAME OF RESPONSIBLE INDIVIOUAL

Dr, William C. Elrod
DD FORM 1473, 83 APR

. A TP . T T N TR YR T

o o N

22b. TELEPHONE NUMBER
(Include Area Code)

22¢c. OFFICE SYMBOL

513=-255-3517 AFIT/EN

EDITION OF 1 JAN 73 1S OBSOLETE.

SECURITY CLASSIFICATION OF THIS PAGE

T T TR ERTETN

P ) UL

LWL L. LW

[P ;A.L‘A_; —- - .;A..L'.' o

L e W e LWL

L !4;_;4 _1.4.,_,._11,_ DSV ‘J. N




T T

B Anth gk St Diud S 4

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

AR AR SR R SRS o 4
. .
o N

T

PN

This research involved the construction and employment
of hardware for investigating the pressure fields and flow
phenomena in the base reglon of clustered nozzles during
cold flow testing. Ambient test conditions simulating
altltudes up to 75,000 feet and chamber to ambient pressure
ratios up to 200 can be established., The clusters
consldered were made up of a palr of two-dimensional
supersonic convergent divergent nozzles with a design exit
Mach number of 3,68, Three nozzle sets were studied; each
having different spacing between the nozzles, A Schlieren
system that allowed for both still photographs and film was
used to supplement the pressure data,

Thlis study indicates that the pressure fields in the
base region of a nozzle cluster are heavily dependent on
both geometry and on the operating altitude. The outer wall
of the test section adjacent to the nozzles was observed to

significantly affect the flow patterns and measured pressures.

Potential influences on performance exist due both to
changes in the gas dynamics of the flow and the appearance
of additional pressure-area terms,

-

—UNCIASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

. W

ISR N FLr

L

O .SV




e T T Y R T WY R W W WY A vy vy o
AR Shin i S S A S A R A

Ede i i i T A 9 2 A e e

T

LAt et Aiie St Sl Ment e et ang

5—-85

[

JRTION viv W Y |

ORI
PN

-

et
PP, WP~ .

R SR T




