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Preface

I selected a thoaiéwtépic with two goals in mind. The
':irat wap.tq,tutther a body of knowledge while attempting

' new experimental procedures and concepts. The second goal

wag to perform research in my“choéen academiébsequéhcee by
applying the theory 1learned in class instruction. An
experimental thesis in a rocket-ramjet nozzle <cluster was

selected to meet these objectives.
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heartfelt thanks for their support throughout this
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appreciated. I would like to vrecocgnize Tim Handcock and

Jack Tiffany for their contributiona as well.
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This thesis would have been impossible without _the

loving support and sacrifices of my wife and family during
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"\J! ABSTRACT

This research involved the investigation of pressure
and flow fields in the base region of a 2lustered
rocket-ramjet nczzle. Nozzle exit conditions simulating up
to 75,000 feet and chamber~to-ambient pressure ratios of up
to 200 were wused. The clustered nozzles investigated
simulated the flow for a pair of two-dimensional supersonic
convergent-divergent rocket nozzles and a centered
two-dimensional 3upersonic convergent-divergent ramijet
nozzle. Six nozzle sets of various area ratios were
examined. Schlieren photographs were used to assist in the
flow field analysis.

The results of this study indicate that the pressures
in the nozzle base and the flow pattern downstream from the
clustered nozzle exit are dependent on the ramjet nozzle
inlet pressure. Additionally, a non-symmetrical oblique
shock pattern formed as the clustered nozzle flow
transitioned from the underexpanded regime to the
overexpanded regime. It appears that the non-symmetrical
shock pattern 1is a function of the chamber~to-ambient

pressure ratio for the rocket nozzle and the area ratio for

the rocket nozzle.

xiii
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An EBxperimental Study Of A Rocket

Ramjet Wozzle Cluster

I_Introdugtion

Rocket powered airplanes and missiles have

incorporated multi-nozzle or clustered exhausts which emit

propulsion gases for several

applications. As the

possibility of increased performance due to clustering

developed, multi-nozzle exhast systems replaced single
nozzle exhaust systams. Previous AFIT studies by Bjurstrom
(1), Moran (10), Huband (6), and Rodgers (12) examined the
potential performance effects of rocket nozzle clusters due
both to interacting plumes as well as plume interaction
with a shroud. The potential for increased performance of
clustered nczzles has impertant future applications for the
National Aero Space Plane (NASP) and for
single-stage-~to-orbit-vehicles. One such application is the
permanently manned space station which will require
frequent missions to provide supplics, rotate personnel,
and maintain continous operation. For such a need, a fully
reusaable single-stage-to-orbit vehicle is desirable.
Currently launch vehicles are powared exclusively by rocket
engines that generally operate at high thrust-to-weight
ratios and low specific impulse. However, air breathing

engines offer significant advantages for many of these

1
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future abplicationa. One such advantage of an air breathing
engine is a high specific impulse but lower
thréit-to-wotght vatio. While neither system is ideal over

the full flight pto!lit. a combination of the two may

approach optimum poérogmanco. The two claases of propulsion

systems can be combined;mzqchqmp;gment each other in a

composite propulsion system.
THEORY

Flight Profile

To examine the plume interaction and the response of
the pressures in the base region for a
single-stage-to~-orbit vehicle, a realistic profile for such
a vehicle was required. The one selected was adapted from a
US Air Force Project in 1968 called Unified. The aircraft
of that project is a winged 1lifting vehicle that was
intended for single-stage-to-orbit flight. While the
Unified Project included take-~oft, ascent, cruise, descent,
and landing, this research will entail only a small portion

of the ascent phase. The profile to be evaluated will be

addrsesssed in Chapter II.

Rockets

The propulsive force provided by a rocket nozzle is a

2
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tunction of arq§ éatio ( exit area to throat area), iho
type of fuel and oxidizgr’uﬁod.‘and pressure ratios. The
internal functioning of the rccket eugine is independent of
the altitude or local-unQirQnmeﬁtal conditions &hd will not
change over a given vflith ‘profile, The performince
parameters of specific 1mpu1sov and thrust for a rocket
propulstion system are closely related and are indicative
of the §ropu1=ive force provided, From the momentum
equation, the thrust equation can be derived.

T=mUy, + (P, =P, JA,
The thrust may also be written in terms of the effective
exhaust velocity, c.

T=cm
where c=thrust/m= u, + (Py - P,)A, /m.
The specific impulse is defined to be
Iep =T/m= Thrust/(mass rate of flow) =T/mg=c/g,

where g, is a conversion constant. The exit flow
characteristics of the nozzle are determined by the
pressure ratio, P, /Pg . For a fixed geometry nozzle,
design expansion occurs at only one operating condition.
This occurs where the flow is shock free and P =Pg. For all
other operating conditions in the flight profile Pg>Pg for
underexpanded flow and Pqe<Pg for overexpanded flow. For
underexpanded flow, the exit pressure is greater than the
back pressure and the flow expands to ambient pressure
outside the nozzle. As a result, some small amount of
additional thrust is gained in this flow regime. The flow

3
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et

P = 3

J.

expands immediately after lesving the nossle exit plane and
the expansion of the plume is visible. With overexpanded
flow P <Py, and the flow is compreased luu-ailicly _ittor
exiting the plane of the nozzle by pnluinq through a shock
‘vave. Drag is produned as a result. In both cases, a

diamond pattern occurs downstream from the noszle which

results from expansion and compression waves. These

rap.ratinq"rdginil' are not = etrictly limited to vocket
nozzles. All propulsion svstems with convergent-divergent
nozzles may experience these same phenomena along a
specified trajectory. However, propulsion systems which
have the advantage of variable geometry nozzles operate
closer to design conditiona over a greater portion of the

flight path than those with a fixed geometry nozzle.

Ramijets

The ramjet has ; very high specific impulse but
should be boosted to supersonic speeds by some other device
such as a rocket for the most efficient operation,
therefore, it may be a good complement to the rocket
engine. Since the ramjet dois not carry the oxidizer on
board the vehicle, a high specific impulse as compared to
the rocket is obtained. And the sooner 'the ramjet begins
operating in the f£f1light trajectory, the more beneficial it
is to overall perrormance. As in the case of the rocket
nozzle, the performance of the exhaust nozzle is measured

4

e s Ao B b S Y,

o il HO b




3%{?}&:5;;1_ ‘

by the amount of thrust produced by accelerating a
pressurized fluid through it. The maxisum or theoretical
thrust is obtained when isentropic and adiabatic expansion
from nozzle 1inlet pressure to ‘nbicnt or atmospheric f‘j

pressure occurs for a given mass rate of flow, However, in

a rocket the nozzle inlet pressure 1is called chamber

pressure.

Rrgcr wt e

The thrust of the ramjet is derived from the momentum

ok e b i

E equation. For the purposes of this research, the gross

. thrust of the ramjet is used and is shown in the following

Ty

equation (8:87-90).

P =((m, + mg)/golug + (Py =Pg )Ag

[amom—

where m_= mass flow of the air
me= mass flow of the fuel
9™ conversion constant
u = nozzle exit velocity
P_= nozzle exit pressure
Pg= ambient pressure
A, = exit area of the nozzle

<

The engine ram drag is given by

F "aa wgc

: where Vo= free stream velocity

(]

] 3.5 St A Pt i o 4 1 b e e e

= The ram drag of an airbreathing device detracts from
ovarall thrust. Therefore it is subtracted from gross

thrust to evalute the net thrust of the engine. Engine ram

L drag is neglected in this evaluation however, since only

the ramjet nozzle performance is addressed. The grons

5
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thrust is not the thrust of the air breathing engine

however and should not be construed as such.

Combined Rocket-Ramjet Operation

Arrvanging several noszzles in a cluster configuration
does not alter the internal performance parameters of the
individual propulsion systems., However, the specific
impulse, thrust, «nd other performance paramaters of an
assembly of rockets and ramjets in this combination may be
affected by the composite flow s.ructure and shock wave
pattern at the nozzle clusater exit and farther downstream.
Additionally, an intense recirculation of the gases in the
base region may occur as a result of the individual
exhaust jets interacting with each other and with the
external flow. Recirculation of the gases and the backflow
on the area between nczzles may provide an additional
thrust force.

The primary advantage of the rockat-ramjet nozzle
cluster is the possible improvement in the specific impulse
cf the overall system. Currently all booster systeuns use
only rocket propulsion. These systems have a specific
impulse of only 400-450 seconds which is not sufficient for
a single-stage-to-orbit vehicle. On the other hand though,
a ramjet has a specific impulse of approximately 3000
seconds which is considerably graater than that of the
rocket. It is anticipated that a combination of these tweo
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propulsion svtems will increase the specific impulase for
the vehicle to approximately 600 seconda. Acaording to the
Rocket Propulsion Laboratory at Bdwards AFB, a propulsion
system specific impulse of approximately 600 aseconds 1is
required for a single-satage~to-orbit vehicle. Figure 1
illustrates the difference in wmagnitudes of specitic
impulse for a rocket and a ramjet. Combining these two
systems should produce a mean value of specific impulse
which will be greater than the booster asystem which use
only rocket propulsion. Additionally, the engine thruat to
weight ratios of the rvocket and ramjet in PFigure 1
complement each other. While this is not quite as
significant as the possible improvement in specific
impulse, it shows never the less, that the vocket and
ramjet propulsion systems provide a good complement to each

other.

Obiectives

_ Previous work by Bjurstrom (1), Moran (10), and
Rodgers (12) srudied the effectas of clustering on the
performance of rccket engine nozzles. In those studies an
attemp. was made tc weasurz thruat, to examine chances in
flow conditions as well as measure the pressure along the
shroud walls. In .nis research a rocket-ramjet combination
was simulated in an experimental apparatvs under conditions
found at high altitudes with these specific objectives:

7
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(1) To examine experimentally the fundamentals of
plune intera-cion for the rocket-ramjeot. Schlieven
photographs provided the means to identify the phenomena
involved and enhance this research.

(2) To evaluate experimentally the pressure effects in

the base region of the nozzle due to plume interaction of

the nosxle cluster.
Scope

This vesearch differs from previous work in that a
simulataed air breathing propulsive device is clustered with
simulated rocket nozzles. Two axisymmetric rocket nozzles
are combined with a centered ramjet noszle in a
two-dimensional nozzle block. The system was deaigned to
provide a variable inlet pressure for the simulated ramjet
nozzle that was separate and different frvom the simulated
rocket nozzle chamber pressures. Thia combination of a

'rockct-raujot was examined under conditicns typical of a
Mach number versus altitude protilo\ for a
single-stage-to-orbit vehicle.

In all, six rocket-ramjet nozzle assemblies vere
designed, fabricated, and teated. The design of the nozxzle
block and the nozzles is discussed in Chapter II. The
noszle blocks were tested in a cold flow asystem for five
different ramjet nozzle inlet pressures of 36, 40, 53, 59,
and 65 psia. These pressures correspond to specific flight

9

s W ARSI a0, -3 s b e B s 2

i wmmwm RCamot e

T o i P NTOTE Ll o e C e

o— gmn




e ———— < — S ——— s,

profile as defined in Chapter III,

It was assumed that even with cold flow testing, the

plume interaction and the pressures in the base region of

the rocket-ramjet would be similar to properly scaled

ranjets and rockets for hot flow operation. Previous
research and small scale wodel toa:1n§ at  Wright
Aeronautical Laboratories (9:42-43) hio indicated this
similarity and wi'l be diacussed in Chapgor V.
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This inveatigation was conducted using the APFIT blow
down wind tunnel facility with the compressed air asupplied
to the test section being discharged into a vacuum chamber.
The six noxsle blocka investigated were twvo-dimensional,
convergent-divergent no::loi.\ assembled in a clustered
cocket-ramjet combination. Simultaneocus opevation of the
rocket and ramjet engine nozzles was simulated. The
pacallel flow system which permits separate settings for
the cocket and ramjet flow conditions and 1is depicted in
Figure 2. An automatic data acquisition system, which will
be discussed in Chapter 1IIl, was used to enhance the
research. The equipment was designed for ease of operation
while changing nozzle blocks thereby permitting a wide

ranga of differing gecmetries to be examined.

¢
4
i

The AFPIT compressor facility provides compressed air
at 110 psig. A2 a result, simulated rocket chamber
pressures of 110 psig were possible which provided pressure
ratios up to 200. The moisture and particulates in the air
were removed by a cyclone separator unit. The separator
which used centrifugal force to remove the particulates was
followed by a filter to remove smaller particles froa the
air before it was delivered via a three inch line to a hand
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operated valve and a grove regulator. The grove regulator
controlled a dome valve whick allowed for adjustment of the
ramjet flow. The dome valve ias = positive-pressure,
spring-loaded valve which operated betwsen 0 and 100 psi
and allowed air at 18 to 92 psig to pass through it to the
test section. The hand operated valve was an on/off valve
only and was used to start the floﬁ of air to the test
section and initiate the data acquisition process.

Downstream of the hand operated valve and before the
dome valve, air at 110 psig was bled off via a 3 in line to
provide chamber pressure for the rocket nozzles. Pollowing
a 90 degree turn, the flow duct was reduced to a diameter
of 2 in just ahead of a small stilling chamber. An Iinternal
paper filter was used to supplement the air purification
process and the chamber was used to provide a uniform flow
to the rocket nozzles. After the small stilling chamber,
the flow duct was divided into two 1 in flow ducts to
deliver air to the chamber region of each rocket nozzle.
Bach of the 1 in inner diameter circular pipes provided a
chamber area of 0.785 in? ahead of the rocket nozzle which
had a throat area of 0.1 in2 (0.05 in x 2.0 in). The 1 in
flow channels were not identical in 1length and during
operation a small pressure difference of 3 to 5 psia was
present. This nmall difference made a noticeable difference
in the nozzle bass pressures however and manifested itself
in slightly non-symme*rical flow patterns in the schlieren
photographs.
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The ramjet nozzle inlet pressures invostigaﬁ.d are
shown in Table I with the corresponding flight Mach numbers
and altitudes that wvere simulated. These pressures were
established by applying a diffuser efficiency of
approxiﬁately 0.9 and assuming a 10 &% loss in total
pressure across the combustor. .The inlet pressure was
maintained constant for each test by the grove
regulator~dome valve control system. The stilling chamber
assured a uniform flow to the ramjet nozzle and the air was

filtered once again using a paper filter.

Table I
Altitude Ramjet Nozzle
Mach Number (ft) Inlet Pressure
2.0 25,000 36 psia
3.0 55,000 40 psia
3.25 56,000 53 psia
3.5 57,500 59 psia
3.75 57,500 65 psia

The test section containing the nozzle block was

installed in a large tank connected to a vacuum system. The

vacuum system consisted of 2 vacuum pumps a 535 ft3 vacuum

chamber. The vacuum system permitted operation in the
desired test range for approximately 30 seconds as the back
pressure approached local ambient conditions. 1Initially,
the chamber pressure was reduced to 0.50 psia simulating an

14
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altitude of approximately 75,000 feet. In the experimental

U

process, the vacuum decreased from this initial point and

simulated a descending altitude flight path approaching

JR—

local standard conditions. This inverse flight profile 1is

opposite that of an actual boost vehicle where ambient

—— o
L

pressure decreases from the relatively high sea 1level

pressure conditions to the near absolute vacuum of the

L LR i Y & P

upper atmosphere.

Another vacuum pump was used to establish a reference

Gt I A

pressure of approximately 0.01 psia for the pressure
transducers installed in the base region of the nozzle
block assembly. These iour Endaevco 8506-B transducers and
labeled Py + P4 + Pg + and Pg . Ten inch square optical
quality glass windows were mounted into the sides of the
vacuum tank to allow for schlieren photographs of the flow

at the nozzle block exit plane.

INSTRUMEBNTATION COLLAR

An instrumentation collar was designed for ease of

pomg g AN G GO0 BB @B @R

operation during the experimental process. With this

Wb, N an e

design, nozzle blocks were changed easily and with a great

T P VT
—
[OR—)
o b

savings in downtime between experimental runs. All wiring

R e

and tubing connected to the test section were passed

2 i

through the coliar instead of the vacuum and stilling

chamber walls. The collar is 3 in wide, with an {ianer

B AR A S A AR ~ i

diameter of 14 in and an outer diameter of 17 in. Flat

15
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surfaces were ground on the outer surface to provide flat
areas for introducing the téansducor wires, vacuum lines}
aﬁd'angtate alr flows to the rocket nozzles. The collar
 was bolted to the end of the stilling chamber and as a
singlé unit, the stilling chamber/instrumentation collar
with all wires and vacuum 1lines was easily bolted and

sealed to the vacuum chamber.

TRST SECTION

The test section (Figure 3) consisted of 1 1in thick
aluminum framing and optical quality glass sides. The
nozzle bloucks as shown in Figure 5 were inserted into the
test section. The glass sides prohibited lateral flow in
the nozzle exit plane and allowed for schlieren
photographs. The flow was permitted to exit the top and
bottom of the test section as well as travel horizontally
to give the two-dimensiocnal flow effect.

The test apparatus was designed to allow for the
rocket flow to be introduced into the top and bottom of the
test section and the nozzle block as illustrated in Figure
4. The 1 in pipes were held in place and sealed against
leakage by using a flat plate and an O-ring assembly which
was bolted to the top of the test section.

Six transducer ports were made to allow for direct
pressure measurements. Four each were in the base region of
the nozzle exit and one was placed in each of the two

16
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rocket noxzle chamber regions as shown in Figure 5.

WOZZLES

Six different rocket-ramjet nozzle combinations were
studied, Bach nozzle block was tested at five different
ramjet nozzle inlet pressures for the selected flight Mach
number/altitude profile. Nozzle blocks 1 and 6 represented
the extremes of comparison since block 1 combined the
smallest ramjet and smalleat rocket nozzle area ratios
while block 6 had the largest ramjet and rocket nozzle area
ratios. In all cases, the blocks were two-dimensicnal and
the throat dimensions of 0.050 inches for the rocket
nozzles and 0.100 inches for the ramjet nozzle remained
constant.

The nozzle contour with an area ratio of A/A*=4.0 and
throat width of 0.050 inches was designed for use in
previous research. The remaining nozzle contours were
designed as part of this research using the method of
characteristics. Assuming isentropic, 1-D flow, the nozzles
were designed to provide axial flow at the exit plane. The
dimensions of all 6 nozzle blocks are shown in Table II. A
straight tube approach to th§ tamjo§ exhaust nozzle
duplicated the actual conditions of the XRJ47-W-5 ramjet
(9:42) and is illustrated in Pigure 5. A cirrular arc
contour for the subsonic flow of the ramjet nozzle inlet
was used to minimize the stagnation pressure 1loss across
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the nosxzle (11:18).

The chamber pressure (P, and Pq) in the simulated
rocket nozszles remained fixed at approximately 110 paig
regardleas of the exit area to throat area ratic. Por each
ramjet nozzle configuratioan, the stagnation pressure was
varied from 36 to €5 psia to simulate nosszle entrance
conditions corresponding to Aifferent flight Mach

nunber/altitude combinations for vehicle operation.

INSTRUMENTATION

Bight pressure transducers were used to rvecord the
data for all nozzle blocks. The bPase pressures above,

beiow, and between the nozzles was measured by four Endevco

8506-B tranaducersa. The extent of pressure symmetry in the

base region of the nozzle exhaust was determined from the

same four static pressure transducers. They were numbered
(P;,P4/Pg,Pg) from top to bottom of the nozzle block. The
measuring stations are shown in PFigure 5 of the nozzle

blocks. :

Transducer 1 was an Endevco model 8530A-100 with a

0-100 psia range. It measured the upstream or stagnation

B B o e PR L L B KTl
. ¢ et 11 PRI

pressure for the ramjet nozzle. It was located just after

the paper filter and forward of the instrumentation collar.

o il 0l SR I SRR 100

A Bell & Howell transducer with a 0-5 psia range was i f

used at station Pgy. It was used to measure the ambient ot
back pressure in the large tank downstream of the test

22
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section.

Transducers 2 and 7 were of the same make and model as
transducer 1. These were used to ®measure the chamber
pressures for each of the rocket noszles. Because the flow
path to the two rocket noszles was not identical, it was
necessary to measure the respective rocket noszle chamber
pressurea. Any significant pro.juro differences betwean the
two could adversely affect the flow balance between the two
rocket nozzles, and possibly distort the noszle assembly
exhaust flow pattern.

Two mercury manometers wer) used during the test |in
addition to the pressure transducers. Both were connected
to the vacuum chamber and compared to th barometer as a

seans of measuring the chamber vacuunm.

SCHLIBREN SYSTENM

One of the objectives of the research was to study the
exit flow patterns as the inlet stagnation pressure of the
ramjet varied (i.e. as the simulated combustor pressure
changed in the nozzle entrance) and as the exit conditions
varied with altitude from the underexpanded to the
overexpanded regimes. The schlieren system was used to take
still photos and to assist in analy:in? the complex flow
patterns. For astill pictures, Polaroid roll film was used
in conjunction with a spark lamp that had a duration less
than 1 micro-second. Pigure 6 illustrates the schlieren

system used.
a3

AR e I T 151 RIS T RS R B MO

ol
oy




ZOMMOOE>»

il 28

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

. Flat mirror

. Concave mirror

. Test section

. Knife edge .

. Sti1l camera (still photos)

. Film or video camera (motion pictures)

FIG. 6. SCHLIEREN SYSTEM
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III DATA ACQUIS ARD

The Hewlett Packard (HP) 69018 Neasurement and Analysis
System is an automated digital system and waas used to
collect the voltage data from the transducers. It is a
menu-driven aystem that is controlled froa the computer
keyboard via the 69018 software.The hacrdware components
listed in Table III assured that the experimental apparatus
was properly interfaced with the 69018 and that the
collected data could be reduced to a useable form. These
components were configured as shown in PFiguce 7. All of the
hardware was linked using the RP-IB intecface buas. Several
external devices such as printers, plotters, and Adisk
drives were connected to the computer through the bus which
serves as a centralized coordination center. The bus |is
controlled by an HP 9826 computer which selectively sends
data to the individual devices and tailors the data flow
rate to the requirements of each receiving device. The bus
also controls the data flow to the computer from the
extarnal devices.

The HP 6901S is a multi-channel data acquisition and
reduction system. Up to 264 channels of either analog or
digital data with a total collection capability of 4096
scans. A acan is one complete pass through every channel. A
sample rate of 100,000 scans per second is possible with
the full complement of sixteen interface cards. Figure 8
illuatrates how the HP 69018 intarfaces with the other
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Table III. Test Instrumentation

Item

Transdncer
Transducer
Transducer
Transducer
Transducer
Transducer
Transducer

Transducer

Power Supply

Multiprcgrammer

(Py)
(p,)
(Py)
(Py)
(Ps)
(Pg)
(Pq)
(Pg)

Measurement and Analysis

Portable Vacuum Standard

Model §

Bndevco
Endevco
Endevco
Endevco
Endevco
Endevco

Endevco

8530A
8530A
35068-5
8506B-5
8506B-5
8506B-5

8530A

Bell and Howell

HP62G5C
HP6942A
HP98 26

HP7470A

HP2934A

HP6901S

PV2-2A-10000

26

Serial §

39BP

WL44

68BF

86BF

978F

8 2BF

44AM

5321
2208A-00631
2513A-06003
2313A05860
97468
2635A32528

234A00104

44362-1
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Computer
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FIG. 7. HARDWARE SCHEMATIC
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operational devices.

By design, an HP 6942 multiprogrammer is mounted
internally to the HP 6901S. The HP 6942 contains the memory
cards, controller cards, analog to digital converters, and
scanner relays red&ifed for system operation. Data is
collected through, the HP 6901S terminal boards and
temporarily stored. The data 1is collected from several
sources and sent to a single destination. The sources are
routed to the destination sequentially. This is achieved by
the computer which assigns numbers to the sources and then
routes them in numbered order to the mass storage device.
This storage prevents overloading the analog to dig{tal
conversion capability while maintaining the desired scan
rate. The data is recalled sequentially, converted to
digital form, and sent to HP 9826 for storage on a floppy
disk. The general data flow is illustrated in Figure 9.

-The HP 9826 is a menu driven system like the 6901Ss and
is controlled from the keyboard as well. In this way, the
experimental parameters were entered via the first five
menu options shown at the top ot Figure 10. These test run
data acquisition parameters are entered using the HP 6901S
software and include the scan rate, the number of scans,
and the method of triggering the data acquisition process.
For this research, the total run time for all experimental

runs was approximately 30 seconds. Of the 4 options shown

in Figure 10, the burst mc3e menu was selected. The high.

speed scanning capability of this mode allowed the input
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DATA ACQUISITION
ACTION UTILITY

!

SAVE DATA
ACTION UTILITY

MASS
STORAGE

!

RECALL DATA
ACTION UTILITY

DATA
PRESENTATION
ACTION UTILITY

DATA
CONVERSION
| ACTION UTILITY

FIG. 9. DATA FLOWN PATH
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1
DATA
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SELECT MENU
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FIG. 10. OPERATIONAL FLOW DIAGRAM OF 68815 MENU UTILITIES
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sources to be moritored sinul:anoouqu. Transient events
such as pressure changes could be most easily captured by
using this mode. The softirare was set accordingly to scan
all 8 channels every 0.0589 seconds with 7350 microseconds
between the start of reading one channel to the start of
the next channel's reading. Though the software provided
several data presentation options such as tables, graphs,
and histograms, only the multichannel plot option was used.
This menu option allowed for the display of all channels on
a single plot or an individual trace for each transducer.
Prior to selecting the output presentation however, the
data had been reduced and scaled with appropriate offset
values corresponding to each transducer's sensitivity.

Several programs were used to obtain the desired
graphical output. The plotting programs load the file by
assigning input/output paths to refile the transformed Qata
for plotting on the HP 7470A plotter. The data was then
presented in a pressure ratio versus time format and a
pressure versus time format.

The data acquisition and reduction system was suitable
for research using the blowdown wind tunnel facility. The
pressure characteristics of the nozzle blocks were
adequately acquired, processed, and formatted. This  system

is easily expandable and adaptable for future research.
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IV _Bxperimental Procedure

Malfunctioning and non=-calibrated equipment can
produce bias in the data and introduce error in any
interpretation of the data and results. The teat eguipment
must be checked and calibrated prior to testing, monitored
thoughout, and verified within tolerance at the end of

testing.

Calibration

All of the Endevco 8506 and 8530 pressure transducers
were calibrated on a Portable Vacuum Standard /PVS)=-2
Differential Manometer. This manometer consisted of a
precision differential transducer and an electronics/
readout unit. The two are connected to relief ports and
test ports on the front panel.

The PVS-2 wn.. connected to a digital voltmeter and a
power supply to provide a constant excitation voltage of 10
volts D.C. for the pressure transducer. Coﬁptessed air was
connected to the pressure transducer and controlled to
prevent exceeding the range of the pressure transducer.
Figure 11 ille~  rate. the interconnection of the
components. At atmospheric pressure, the digital voltmeter
voltage reading was recorded as an offset value. The
pressure was then randow) ncreased in nmall increments
over the transducer range and the voltmeter reading and
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applied pressure on :bc PV8=2 were recorded. The aillivolts
to pressure (psi) ratioc wvas calculated over the full range

of the pressure transducer and compared to the dJdocumented

sensitivity on the transducer. In all cases, the calculated

serisitivity remained linear over the full range of the
transducer.

‘The remaining Bell and Howeli transducer in the vacuum
chamber was calibrated in place on the experimental
apparatus. The transducer was connected to a 10 volt D.C.
power supply to provide the excitation voltage and to a
muitimeter to record the voltage reading across the
transducer. The main vacuum pumps were used to 1lower the
vacuum chamber pressure to approximately 0.5 psia which was
easily within the transducer's range. The vacuum . chamber
was also connected to a 100 in mercury manometer to provide
a pressure reading. The vacuum was decreased in small
random increments by the use of a bleed valve on the flow
system. This process continued until the vacuum had
dissipated and atmospheric conditions were reached. The
mercury manometer reading was subtracted from the
barometric pressure to yield the pressure in the vacuum
chamber in inches of mercury. This difference was
calculated, converted to psi, and the sensitivity of the
transducer in millivolts/pail was obtained. The sensitivity
of the transducer reméinsd linear oveér the full pressure

range of the transducer.
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Zeat Procedure

The procedure on all the test ?unl was the same.
Pirst, the computer and all associated electronics were
turned on. An excitetion voltage of 10 volts D.C. was
provided to the pressure transducers and the saystem was
allowed to warm up for a short period of time. During this
time, the air valves were closed and the flow system was
sealed. Before applying a vacuum, the transducers were
balanced or adjuated to a null position. This was
accomplished by adjusting the potentiometer and insuring
that the input voltage to the transducer from the powver
supply was identical to the output voltage received in the
69018 system. The circuitry shown in PFigure 12 included
differential amplifiers with a gain of one between the
potentiometer and the measured input voltage to reduce
background noise. The common rejection characteristics of
this circuit with its associated gain preserved the signal
while at the same time producing a cleaner transducer
output. 1

The Basic System was then booted to the Hp 9826
computer and extended basic 2.1 was loaded to provide the
use of selected soft keys. The Shell of the 6901S Data
Acquisition and Reduction System was l6aded to allow for
data acquisition.

The small vacuum pump was turned on to provide a
reference pressure of approximately 0.0l paia to the psid
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transducers in the dbase region of the nozxszles. Then the two
main vacuum pumps were turned on to establish the desired
downstrean conditions. Since this downstream pressure
increased continuously (simulated altitude dJdecreased from
75,000 feet and approached sea level), the overall pressure
ratioc changed. It was necessary to establish the lowest
possible starting back pressure. Because of small leaks in
the extensive piping of the flow syatem, the initial vacuum
back pressure was limited to 0.5 psia.

The "Run Current Configuration" option was selected
from the menu and the teat run file was named, A four
second self test was automatically initiated as a
preliminary check for the 69018 system and the verification
assemblies. This assured that all cards were in their
correct positions and that a severe failure was not present
to cause a total manfunction of all or part of the 69018
system.

Once these conditiona were established, the ramjet
nozzle inlet stagnation pressure was set to the desired
value. This was accomplished by adjusting the grove
regulator to the desired pressure and allowing the dome
valve to settle. Then the test run was started. The lever
valve was opened to supply pressure to the system and the
69018 internal trigger was pressed simultancously to
activate the data collection sequence. After the desired
test tiwme was complete, the valve was closed and the supply
alr was cut off. The computer stored the data and the
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reduction program was used to convert the data to a useful
form. All vacuum pumps continued to run during the test run
and proceeded to establish a vacuum for subsequent runs

once the lever valve was closed.

Data runs were repeated for selected nossle blocks and

ramjet noszle inlet pressures to add ecredibility to the

data. ﬁopoatability throughout the experiment was good.
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Y Results and Discussion of Results

In this research, the blow down wind tunnel was used

to test six nozzle blocks for a specific flight Mach rumber

‘versus altitude profile. Bach nozzle block was a composite

rocket-ramjet cluster with different area ratiocs for the
rocket and ramjet nozzies. Bach nozzle block was evaluated
for cold flow testing at five ramjet nozzle inlet pressures
of 36, 40, 53, 59, and 65 psia that correspcaded to the
selected points of the flight Mach number/altitude profile.
The bese pressures and nozzle flow exit patterns of each
nozzle block were evaluated by direct pressure measurement

and schlieren photography respectively.

Hot Flow Testing Versus Cold Flow Testing

Multiple rocket propulsion systems have been examined
for hot and c¢51ld flow. While interesting phenomena have
occurred, continuous full scale hot flow tests are not
alwvays feasible. Por this reason, cold flow testing of
small scale models is often used to shed 1light on the
phenomena involved and are used in this research.
Correlation of hot and cold flow testing is addressed to
provide relevance of this reasearch to full scale hardware.
Por the ramjet, hot and cold flow correlation was assumed
tc provide good agreement. Actual small model testing at
Wright Aeronautical Laboratories supports this (9:42-43).
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The engine tested was a 1/22 scale model of an XRJ47-W-5
ramjet with an area ratio of '2576:1. This ratio

approximates the three nozzles tested in thias research:

1.19:1, 2.72:1, and 4.0:1. During actual ramjet operation,
the combustion products entering the nozzle entrance were

approximately 3000 R. Investigation of this nozzle using

air at 2500 P (2960 R), found no major variations in nozzle

IR T

pressure distributiosn from cold flow tests except in the

A ‘%?:’?J;Mn

immediate vicinity of the throat. Por the purposes of this
research, it was assumed that the c¢old flow testing was

relevant and could be acceptably correlated.

The cold flow testing for the rocket was assumed to - %
represent a good correlation also., In hot and cold flow

testing performed by Goethert (4:14-16), a hot rocket model

(¥ =1.2, PR=500 psi, A/A*=1l) agreed very well with a cold

flow rocket test (§=1.4, PR=156, A/A*=3.57). This research

pressure ratios approaching 200 at times. It was assumed
that the cold flow testing of this research could be
acceptably correlated to hot flow testing of full scale

hardware.

Noszzle Block 1

Nozzle block 1 had the smallest ramjet AR (1.19:1) and
the smallest rocket AR (4.0:1). The flow at the nozzle
assenmbly exit began with the rockets and ramjet flow |
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[ involved rocket nozzles of A/A*=4.0 and A/A*=7.32 with

T, .




Lkt

UL B SR TP T e I T

T s TR R sEREm T R O - - - T T AT e = R - - =%

underexpanded for all ramjet nozzle inlet pressures. The
photographs in Figure 13 indicate expansion of the flow for
ramjet nozzle inlet pressures of 36 and 65 psia. The three
flows expanded immediately after leaving the nozzle exit
plane and interaction of the rocket nozzle plumes with the
ramjet nozzle plume occurred. As the ramjet nozzle inlet
stagnation pressure increased in successive tests from 36
to 65 psia, the corresponding starting value of each base
pressure increased. The Figures of Appendix A-2 to A-9

confirm this trend and is shown in Table IV as well,

Table IV. Initial Base Pressure Values
For Various Ramjet Inlet Pressures

Block 1
P;= 36 psia P;= 65 psia
P3=3.5 P3=4.5
P4=1.9 P4=3.2
Pg=2.1 Pg=3.5
Pg=3.1 Pg=4.0

This trend was expected for a constant area ratio nozzle.
From the gas tables for isentropic flow, p/pg for a  given
nozzle AR and exit Mach number is constant. As stagnation
pressure increases, the static pressure must increase. The
static pressure increases in the nozzle exit plane as does

the pressure in the base region. The static pressure of the
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" a. RAMJET R=36 PSI

b. RAMIET Re85 PSI

FIG. 13. BLOCK | INITIAL FLOW CONDITIONS
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exit plane is not the same as the base region pressure. In
fact, the nozzle exit plane static pressure is greater than
the base preasure since tho flow must pass through an
J . .expans;on wayg bqgoto reaching the base region.

A second phenomenon noted Qas the strong influence of

: the flow pattern by the center ramjet nozzle at higher

Figqure 13 confirm this phenomenon. This trend was expected

e o 5 b i

as well for theae fixed area ratio, fixed exit Mach number

o i

faﬁjet nozzle inlet pressures. The schlieren photographs in
nozzles for isentropic flow. For a constant ratio of p/pg-
increasing e)will increase the static pressure in the exit §
plane of the nozzle. Therefcre, againat similar
instantaneous back pressures, the flow region of the ramjet 1 J
[ nozzle inclosed by oblique shocks at 65 psia will extend ; J

noticeably farther downstream as compared to the inclosed

! flow region of the ramjet nozzle at 36 psia. _ i

. Third, the base pressures at P, and Pg were

: consistently greater than the base pressures at Py and Pg.

P53 and Pg are at the top and bottom of the nozzle block.

They are exposed directly to the ambient pressure and

increasesd with time as the ambient pressure did. P, and Pj5

are shielded from the back presaure by the interacting of 3 q
adjocent nozzle flow streams and a series of oblique shocks

as shown in FPigure 14. They were affected less by the back

pressure because of the isolation than were P and Pg. Py

v, “;!.4".1""‘.;‘%‘-“"'1}:.’{;‘?"7 e - L

and Pg did increase with time as the ambient prossure did,
but not as greatly as P, and bg.
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Q BASE REGIONS ISOLATED BY EXPANDING
PLUMES AND OBLIQUE SHOCKS

. NOZZLE EXIT

FIG. 14. ISOLATED BASE REGIONS AND OBLIQUE SHOCK PRTTERN
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Pinally, between ,553. seconds in the data run an
increasingly distorted or nén-;ymmetrical pattern ‘of
oblique shocks formed? just before the formation of a normal
shock. Figure 15 illustrates this behavior. The time is
used only as a point of reference 'and is not directly
ralated to the phenomenon invol§ed. It was used 1in the
timing of the schlieren photographs however. The lincarized
pressure data of P3, P4, Pg, 'Pg, and Pa in Figures A-2 to
A-9 were analyzed to find any unasual fluctuations in this
time frame. Néthing‘unusual‘was noted. In analyzing the raw

data however, it was noted that Py and Pg were out of phase

with each other. This occurrence is shown in Figures 16 and

17 and ;ppears to coincide with the ocdcurrence of Fhe
non%symmetrical flow pattern. The distorted flow pattern
occurred regardlesé of the raﬁjet nozzle 1inlet pressure:
which indicatedq that'the ghenomenon was independent of the
ramjet‘nozéle inlet.pressure. Instead, the phenomenon « was
found to be a function of pressure ratio (P./Pg) and area
ratio for the nozzle exposed to the ambient pressuré. The
nozzle flow began in the undere*panded regiﬁe,‘9e> ‘Pg and

transitioned through the design condition to the

overexpanded regime, Pgo¢ Pg. It appéars that a band of

distortion exists along the desigﬁ expansion line of Figure
18 and‘extends slightly into the over; and underexpanded
regimes. The occurence is independept of the base pressure
to ambient pressure relationship as the following example
illustrates. For block 1, at 8 seconds the rocket PR=22
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(Frig. A-1) and A/A*=4.0:1 which establishes the
relationship of pressure ratio and area ratio in PFigure 18
just under the design expansion line and 1into the
overexpanded regime. The instantanecus ratios of baase
preasure to ambient pressure follows: py/pg=.90, 94/p,-o.s.
Ps/Pg=0.54, and pg/pg=0.80.

Nozzle Block 2

Nozzle block 2 increased the rocket AR to 7.32:1 while
maintaining the same ramjet AR of nozzle block 1. The flow
at the nozzle assembly exit began underexpanded and
expanded immediately after exiting the nozzle as shown in
Figure 19. As expected, the base pressure starting values
of Py, P4+ Pgy and Pg were higher at a ramjet inlet
stagnation pressure of 65 psia as compared to those base
pressures for a ramjet nozzle inlet pressure of 36 psia.
This occurrence was common to nozzle block 1 and |is

illustrated in Figures B-2 to B-9 as well as Table V.

Table V. Initial Base Pressure Values
For Various Ramjet Inlet Pressures

Block 2
Py= 36 psia Py= ‘65 paia
Py=3.9 P3=4.2
P4=0.5 Pga=1.1
Pg=0.9 Pg=1.4
Pg=5.1 Pg=5.2
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a. RAMJET B=36 PSI

b. RAMJET R=85 PSI

FIG. 19. BLOCK 2 INITIAL FLOW CONDITIONS
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A second phenomenon common to nossle block 1 wvas the
strong influence on the flow pattern by the center ramjet
nozzle at higher ramjet nozzle inlet pressures. The
photographs in Figure 19 confirm this occurrence. Por a
constant ratio of p/pg for isentropic flow, increasing the
total pressure will increase the static pressure in the
exit plane of the noxzle. And against similar instantaneocus
back pressures, the flow region inclosed by oblique shocks
for the ramjet nozzle at 65 psia will extend noticeably
farther downstream as compared to the inclosed flow region
of the ramjet nozzle at a nozzle inlet preasure of 36 psia.

A third common occurrence was the relationship of the
base pressures on the top and bottom of the nozzle block
(P3 and Pg) to the base pressures in the center of the
nozzle block (P, and Pg). Bxposed directly to the ambient
pressure, P; and Pg increased with time as the ambient
pressure did and vere greater than the base presiures at Py
and Pg. P, and Pg are shielded from the back pressuce by a
series ot;obliquc shocks as shown in Figure 14. Again P4
and Pg increased with time as Aid the back pressure but not
as greatly as P5 and Pg did.

Lastly, the nor-symmetrical oblique shock pattern for
block 3 occurred just before the normal shock formed and is
illustrated in Pigure 20. When the pattern formed, the

rocket PR was 23 and the rocket AR was 7.32:1. Using these
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values in FPigure 18, the relationship of this PR and area
ratio lies along the design expansion 1line where the

distorted or non-symmetrical flow pattern seems to occur.

Nozzle Block 3

Nozzle block 3 increased the ramjet nozzle area ratio
to 2.72:1 and combined it with a 4.0:1 AR rocket. The flows
at the exit plane of the nozzle assembly began
underexpanded and expanded immediately after exiting the
nozzle as shown in Pigure 21. As expected, the base
pressure starting values of P3, P4+ Pg, and Pg were higher
at higher at a ramjet inlet stagnation pressure of 65 psia
as compared to those base pressures for a ramjet nozzle
inlet pressure of 36 psia. This occurrence was common to
nozzle bleock 1 ana 2 and is illustrated in Figures C-2 to
c-9.

Table VI. Initial Base Pressure Values
For Various Ramjet Inlet Pressures

Block 3
Py= 36 psia Py= 65 psia
P3=3.2 Py=4.2
P4=1.3 P4=1.9
Pg=1.5 Pg=2.5
Pg=3.8 Pg=3.9

A second phenomenon common to nozzle block 1 and 2 was
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bh. RAMJET Q-BS PSI

FlG. 21. BLOCK 3 INITIAL FLOW CONDITIONS
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the strong influence on the flow pattern by the center

ramjet nozzle at higher ramjet nozzle 1n1§t«proa¢urcq. The
phoﬁogrnph- in Pigure 21 confirm this oécurfenc;i:_rar 8
constant ratio of p/pp for isentropic flow, increasing Po
will incrcase the atatic pressure in the exit plane of the
nozzle. AnG against similar insfantanoous back pressures,
the flow of the ramjet nozzle at 65 psia will oxto;d
noticeably farthsr downstream as compared to the flow of
the ramjet nozzle at a nozzle inlet ptiscuro of 36 ﬁsia. |

A third common occurrence was the tulatiénahip of the
base pressures on the top and bottom of the nozzle bleck
(P and Pg) to the base pressures in the center of the
nozzle block (P, and Pg). Exposed dirsctly te trhe ambient
pressure, P; and Pgincreased with time as the amkient
pressure did and were greater than the base pressues at Py
and Pg. P, and Pg are shielded from the back pressure by a
series of oblique shocks as shown in Figure 14. Again P,
and Pg increased with time as did the back pressure but not
as greatly as P; and Pg did.

Lastly, the non-~-symmetrical oblique shock pattern for
block 3 occurred just before the normal shock formed and is
illusirated in Figure 22. The raw pressure data of the top
and bottom base region pressures (P, and Fg) 1is shown in
Pigures 23 and 24. P3 and P; are again cut of phas> during
the occurrenca of the distorted shock pattern. For block 3
at 8 seconds, PR =38 and A/A*=4.0:1 . Using these values
and Figure 14 the relationship of rocket PR and rocket area
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ratio establishes a point just above the design expansion

line and into the ovord:pandod regime. The point lies along

L Al AL e

the design expansion wvhere the distorted flow pattern seems
to ovcur. The base pressure to ambient ratios are as 3

follows: p3/pg=2.0, p4/pPg=0.86, pslpa-l.l. and p6/p8-1.77.

Noxzle Blocks 4, 5, and 6

The remaining nozzle blocks support the four
trends established in blocks 1, 2, aﬁd 3: (1) & higher
ramjet nozzle inlet prassure of 65 psia produces higher
starting values for the base pressures as compared to the
ramjet nozzle inlet pressure of 36 psia, (2) As the ramjet
inlet pressure increased from 36 to 65 psia, the influence
of the ramjet flow on the flow pattern for similar back
pressures extended noticeably farther downstream, (3) The
base pressures at the top and bottom of the nozzle block
(P3 and PG) were consistently greater than the base

pressures in the center of the nozzle block (P4 and Ps),

and (4) The non-symmetrical pattern of oblique shocks
occurred for a given rocke: PR and area ratio that lies ‘
along the design expansion iine of Figure 14.

For nozzle blocks 4, 5, and 6, the AR of the ramjet

SN L b e
A T

and rocket nozzles were successively increased until the

e
EEK DS '(4'\;:* 0

extremes of ramjet and rotket AR were combined in block 6.

It had two 7.32:1 rocket nozzles and a 4.0:1 ramjet nozzle.

The corresponding values for block 5 were 4.0:1 for the
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ramjet nozzle and for the rocket noxzles. This was the only
block that had the same AR for both the rocket néssloa and
the ramjet noxzle. The charnctorioticl vwere similar %o
those of the other nozzle combinations except that in the
flow reginme with a non-symmetrical shock pattern a more
complex shock pattern occurs ( see Pigure 29). And the
final block, number 4 had two rocket nozzles of AR 7.32:1
and a ramjet nozzle of AR 4.0:1. Por blocks 4, 5, and 6 the
flow at the nozzle assembly exit piane began in the
undeto*panded regime and expanded immediately after exiting
the nozzle as shown in FPigures 25, 26, and 27 respectively.
As expected, the base pressure starting values at P33, Py,
Pg, and Pg were higher at a vamjet inlet stagnation
preaaute of 65 psia as compared to those base pressures for
a ramjet nozzle inlet pressure of 36 psia. This occurrence
was comr .n to nozzle pblocks 1, 2, and 3 as well and |is
illustrated in Figures D-2 to D-9, E-2 to E-9, and F-2 to
F-9 respectively. Tables VI1, VIII, and IX support this
occurrence as well,

Table VII. Initial Basze Pressure Values
For Various Ramjet Inlet Pressaures

Block 4
Py= 36 psia Py= 65 psia
P3=4.0 Py=4.3
P4=0.9 Py=1.3
Pg=l1.7 Pg=1.8
Pg=3.3 Py=3.5
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b. RAMJET Q-GS PSI

FIG. 25. BLOCK 4 INITIAL TLOW CONDITIONS
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a. RAMJET RB=38 PSI

b. RAMJET P=5 PSI

FIG. 26. BLOCK 5 INITIAL FLOW CONDITIONS
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a. RAMJET £=36 PSI

b. RAMJET P65 PSI

FIG. 27. BLOCK & INITIARL FLON CONDITIONS
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Table VIII. Initial Base Pressurc Valuea

S I

Por Variocus Ramjet Inlet Pressures
Block S
Py= 36 psia Py= 635 paia b
Pyr4.0 Py=4.6 -
Py=1.1 Pg=3.2 L
Pg=1.2 Pg=2.1 %f
Pg=3.2 Pg=4.0 4
Table IX. Initial Base Pressure Values
For Various Ramjet Inlet Pressures
Block 6 *
ky= 36 psia Py= 85 psia 1
P3=3.2 Py=4.0 v
P4=0.6 P4=0.8
Pg=1.8 Pg=1.9
Pg=2.8 Pg=3.2
4
A second phenomenon common to nozzle blocks 1, 2 and 3 ?

was the strong influence on the flow pattern by the center
ramjet nozzle at higher ramjet nozzle inlet pressures. The
photographs in Figures 25, 26, and 27 conficm this

occurrence. For a constant ratio of p/py for isentropic
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flow, increasing the total pressure will increase the
static pressure in the exit plane of the nozzle. And
against similar instantaneous back pressures, the flow of
the ramjet nozzle at 65 psia extends noticeably farther
downstream as compared to the flow of the ramjet nos:zle at
a nozzle inlet pressure of 36 psia.

A third common occurrence was the relationahip of the
base pressures on the top and bottom of the nozzle block
(P3 and Pg) to the base pressures in the center of the
nozzle block (P, and Pg). Exposed directly to the ambient
pressura, P, and Pg increased with time as the ambient
pressure did and were greater than the base pressues at Pa
and Pg. P, and Pg are shielded from the back pressure by
interaction of adjacent nozzle flow streams and a series of
oblique shocks as shown in PFigures 28, 29, and 30. Again P,
and Pg increased with time as did the back pressure but not
as greatly as P, and Pg did.

Lastly, the non-symmetrical oblique shock pattern for
blocks 4, S, and 6 occurred just before the normal shock
formed and is illustrated in Pigures 28, 29, and 30
respectiveiy. The oblique shock pattern formed as before
with the base pressure at P, and Pg being out of phase
(Figure 31) and the intersect.on of the rocket PR and the
rocket AR values lie along the design expansion line where
the distorted flow pattern seems to occur.

The base pressure data and the Schlieren photographs
of this experiment illustrate that several interesting
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phencamena 'are present in the base region of these clustered
nozzle assemblies. The interaction of the neszle exhaust
plumes producqurqctrculhtion of gasea in the nozzle base
region which affigtalﬁhn base pressures. It is shown in
Appendices A éﬁrdugh Pvthit the base pressures of nozzle
assomblics 2-6 at times exceed the back pressure in the
nozzle base region. This éould provide some small amount of
thrust in the direction of flight - provided that the base

prrssure is greater than the ambient or back pressure.
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VI Conclusions

The apparatus and associated instrumentution were
satisfactory for the purposes of this investigation. It
allowed for the stuﬂy df pressure and flow relationships
fof 6 rocket-ramjet nozzle assemblies nver a range of test
conditions. Results of this research lead to the following
conclusions. .

l. A higher ramjet nozzle inlet pressure of 65 psia
produced higher starting values for the base pressures as
compared to the starting values of the base pressures for a

lower ramjet nozzle inlet pressure of 36 psia.

2. As the ramjet nozzle inlet pressure increased from
36 to 65 psia for a given nozzle assembly, the influence of
the ramjet flow modified the flow regimes and shock wave

pattern for similar back pressures.

3. The base pressures at the top and bottom of the
nozzle block (P3 and Ps) were consistently greater than the
base pressures in the center of the nozzle block
(P4 and P5). P3 and Pg were exposed directly to the ambient
pressure and increased with the ambient pressure. P4 and Pg
were shielded from the ambient pressure by interaction of

adjacent nozzle flow streams and a series of obligque

shocks.
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dip

4. The occurrence of a non-symmetrical obligque shock
pattern is related to the rocket PR and area ratio. By the
use of Pigure 18, the shock pattern occurred as the flow
transitioned through design expansion from under- to
overexpanded flow. The band appeared to extend aslightly
into the over- and underexpanded regimes. The cause of the
distortion may be the small difference in the rocket noszzle

chamber pressurea for this experimental apparatus.
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VII Recommendations

The following recommendations are suggeated for
continuation of this work on clustered rocket-ramjet
nozzles.

l. Investigate the performance of these nozzle blocks
by attaching a shroud. The effect of the shroud on the
plume interaction and base pressures is of interest and
should be examined turther.

2. A means of accurately measuring thrust should be
developed. fhis would assist in identifying a proper mix of
nozzle area ratios to maximize thrust. The measuring device
should have minimum éffect on the flow pattern.

3. Investigate the performance of these nozzles at
higher ramjet nozzle inlet pressures (65 to 9t psia) to

correspond to the supersonic combustion range.
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