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FOREWORD
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ABSTRACT

(U) Twenty external burning combustion tests were conducted with a 75mm half-model using the exhausts
from fuel-rich solid propellants as the fuels. Test conditions simulated Mach 2.5 and Mach 2.0 flight at both sea level
and an altitude of 15,000 feet. Base pressure ratios up to 0.85 were obtained at sea level, while at altitude these
ratios were greater than unity. There was strong evidence that a wind tunnel interference effect severely restricted
the measured base pressure rises. Since this interference effect would not be present in a real flight environment,
flight performance should be significantly better than indicated by the current results.
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SUMMARY

(C) Theoretical analyses(l 2) and experimental results3*) have indicated that an external burning
propulsion concept using the exhaust from a solid propellant as the fuel can offer significant performance gains for a
projectile over what can be achieved using a conventional RAP. In this propulsion concept, the exhaust from a
fuel-rich solid propellant is injected transversely through the vehicle boundary layer into the supersonic air stream
surrounding the separation bubble at the vehicle base. There, mixing and supersonic combustion occur, and the
resulting pressure rise is transmitted to the vehicle base through the subsonic separation bubble. The analysis of
Reference (1) and the experiments of References (3) and (4) indicate that base pressures above the free-stream static
pressure are achievable with this concept.

(U) The experiments referred to above were conducted with a 5-inch-diameter half-model. The objective of
the present program was to establish the feasibility of the external burning propulsion concept as applied to a 7Smm
projectile.

(U) In order to conduct the experiments, a full-scale 7Smm half-model was fabricated, and this served as the
centerbody for two semicircular annular nozzles. The nozzles were contoured to provide Mach 2.0 and Mach 2.5 exit
flows. Twenty external burning tests were then conducted: fourteen at Mach 2.5, sea-level flight conditions; two at
Mach 2.5, 15,000-foot altitude flight conditions; two at Mach 2.0, 15,000-foot altitude flight conditions, and two at
Mach 2.5, sea-level flight conditions. In addition to pressure measurements on the model and in the wake
downstream from the base, color movies and black and white Schlieren movies were obtained for each test. Also, for
some tests, emission spectra in the combustion zones and base flow temperatures were recorded.

(C) The tests showed that external burning of ARCADENE® 168A propellant provides significant base
pressure rises. This propellant is composed of 35 percent aluminum, 53 percent ammonium perchlorate, and 12
percent of a hydrocarbon type binder. At the Mach 2.5, sea-level test conditions, base pressure ratios increased to
0.85; and at Mach 2.0, 15,000-foot altitude test conditions, base pressure ratios greater than unity were measured.
The maximum indicated specific impulse was 280 at the Mach 2.5, sea-level, test conditions. Color movies of the
tests and the emission spectra indicated that significant combustion occurred.

(C) During the tests, strong disturbances to the pressure distributions in the wake downstream from the base
were noted. These disturbances resulted from reflections from the freejet boundary of the injection interaction
shock waves. These shock waves reflect as expansion waves which interact with the recompression process in the
near wake. There is strong evidence that the decrease in pressure associated with these expansion waves was
transmitted to the model base, significantly restricting the measured base pressure rises. Since the shock reflections
would not be present in a real flight environment, flight performance should be significantly better than is indicated
by the current test results.
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SECTION 11

INTRODUCTION

(U) External burning has been studied for a variety of propulsion applications, e.g., generation of control
forces, )propulsion, 6) and base drag reduction.(7’8) In the present program, the concept of using external burning
to provide net positive thrust to a 7Smm projectile was experimentally investigated. This concept is referred to as an
external burning assisted projectile (EBAP).

(U) The EBAP concept using a solid propellant as the fuel is shown schematically in Figure 1. Here the
exhaust from a fuel-rich solid propellant is injected transversely through the vehicle boundary layer into the
supersonic stream surrounding the separation bubble at the vehicle base. Combustion in this region causes a local
stream tube area increase which in turn causes a pressure increase in the shear layer adjacent to the separation
bubble. This pressure increase tends to entrap and compress the separation bubble giving rise to increased base
pressures.

I.—— ¢h ——]

INTERACTION INVISCID

SHOCK STREAM
bh

COMBUSTION ZONE

SH

j EAR LAYER
SOLID PROPELLANT SEPARATION
B EXHAUST - BUBBLE  DSL

x STAGNATION
BASE HALF HEIGHT, h POINT

Figure 1. Schematic Diagram of the External Burning
Propulsion Concept.

(U) The effect of heat release in the supersonic stream was analyzed by Strahle,(l) who computed the
achievable base pressure rise as a function of the length and strength of the heat addition zone. Strahle’s base
pressure rises were simply computed by coupling a two-dimensional Crocco-Lees mixing theory(g) treatment of the
base flow to a combination of a one-dimensional and a linearized two-dimensional treatment of the supersonic heat
release process. The results were very encouraging in that pressures significantly greater than the free-stream static
pressure were computed, suggesting that net positive vehicle thrust can be obtained with this concept.
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(C) In Reference (2) the base pressure rises computed by Strahle were used to compute effective specific
impulse values for fuel-rich solid propellants in an external burning assisted projectile. These specific impulse values
were then used to compute the range or explosive weight improvement offered by the EBAP concept over that of a
S-inch, 54-caliber, rocket-assisted projectile. It was concluded that the external buming assisted projectile
theoretically provides a significant range and/or explosive weight improvement over what is currently available with
a rocket-assisted projectile. Specific impulse values ranging from 361 to 452 Ibf-sec/lbm were computed for the
EBAP concept using ARCADENE 168A, a moderately fuel-rich, state-of-the-art, solid propellant. The corresponding
range improvement amounted to 64 percent above what is available with a rocket-assisted projectile. Alternatively,
an explosive weight increase at constant range of at least 88 percent was computed.

(C) In experimental feasibility studies conducted for the Navy,(3 A) eleven external burning propulsion tests
were conducted with a S-inch-diameter half-model at the simulated flight conditions of Mach 2 and a 15,000-foot
altitude. Two state-of-the-art, fuel-rich, solid propellants were tested. For 90-degree sonic injection with a metal-free
propellant designated ARCADENE 129A, base pressures 29 percent above the free-stream static pressure were
measured. For an aluminum-containing propeilant designated ARCADENE 168A, the base pressure rose to 18
percent above the free-stream static pressure. This latter base pressure rise corresponds to a fuel specific impulse of
402 Ibf-sec/lbm. For sonic fuel injection 45 degrees aftward, the base pressure rose to 10 percent above the
free-stream static pressure. If it is assumed that the same base pressure rise could be obtained with Mach 2 jets, then
the total of the specific impulse associated with the base pressure rise and the axial component of the momentum of
the fuel jets would be 460 Ibf-sec/lbm. This specific impulse value closely approximates what is predicted
theorectically.

(U) It was the objective of this program to experimentally determine the feasibility of the external burning
propulsion concept as applied to the Air Force 7Smm projectile now under development. To this end, a full-scale
half-model was fabricated and installed in the Atlantic Research High Pressure Air Facility. Twenty external burning
tests were then conducted at simulated flight conditions of Mach 2.0 and Mach 2.5 at both sea level and a
15,000-foot altitude. For these tests, the exhausts from fuel-rich solid propellants were used as fuels. The details of
these tests, their results, and conclusions drawn from these results are presented in the following sections of this
report. Recommendations for future work are also presented.
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SECTION Il

APPARATUS AND PROCEDURE

I. ATLANTIC RESEARCH HIGH PRESSURE AIR FACILITY

(U) All of the external burning tests in this program were conducted in the Atlantic Research High Pressure
Air Facility, which is shown schematically in Figure 2. This facility consists of a 625-cubic foot air reservoir capable
of storing compressed air at 2500 psia, a pebble-bed heater capable of operating at 1500 psia with an exit air
temperature of 3500°R, an air transfer system capable of operating at 1000 psia and 2400°R air temperature, and
associated flow control systems and instrumentation. A Schlieren flow visualization system is available with
high-speed photographic recording capabilities as well as spectrographic recording equipment. A closed-circuit TV
system is available for remote visual observation of the test area during testing.

2. TEST CONFIGURATION

(U) A schematic drawing of the test configuration is presented in Figure 3. During a test, air flowed from the
plenum, through the nozzle, and past the fuel injector body and cap. For sea-level tests, the air then exhausted to
the atmosphere. For altitude tests, the air flowed into an enclosed freejet test section and then exhausted to the
atmosphere through a variable area diffuser.

(C) The fuels, which were the fuel-rich exhausts from the solid propellant rocket motor, flowed through the
injector body to the fuel injection ports located in the fuel injector cap. From the injection ports, the fuel was
injected into the air stream.

(U) The cross section of the nozzle centerbody was semicircular, and the air flow passage consisted of the
semi-annular space between the centerbody and the contoured semicylindrical outer wall of the nozzle.

(U) Two outer nozzle contours were used: one to provide a Mach 2.5 flow at the exit, and the other to
provide a Mach 2.0 exit flow. These contours were calculated with an axisymmetric method of characteristics
computation and were corrected for turbulent boundary layer growth along the outer wall. No correction was made
for boundary layer growth along the centerbody.

(U) The subsonic portion of the centerbody was a 20-degree semi-cone followed by a 5-inch-radius spherical
section which was tangent to the cone and to a 37.5-mm (1.476-inch) semicylinder. The subsonic portions of the
outer nozzle contours were semi-ogives with radii of 4.00 inches for both the Mach 2.5 and Mach 2.0 contours.
These ogives were tangent to the outer nozzle walls at the throats.

(C) Three different injection configurations were used in the test program:

a.  Nine ports injecting normal to the flow 0.6 inch upstream from the model base

b.  Five ports injecting normal to the flow 0.6 inch upstream from the model base
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c.  Nine ports injecting 45 degrees downstream through the base corner
The entire injector body was filled with molded asbestos-phenolic insulation except for the 0.5-inch-diameter flow
passage and 0.5-inch-wide semicircular gap between the insulation in the injector body and the insulated injector
cap. The injection nozzle inserts were fabricated from ATJ graphite and insulated with an asbestos-phenolic sleeve.

(U) The rocket motor case had an inside diameter of 4.5 inches and the length was adequate to
accommodate a 6-inch-long grain. An asbestos-phenolic sleeve and disc were used both to insulate the motor case
and to fill the excess volume not occupied by the propellant grain. The motor aft closure was insulated with molded
silica-phenolic insulation.

(U) The lower half of the fuel injector cap served as the half-model of the projectile base. Extending 12.75
inches downstream from the cap was a base plate extension. This base plate extension was tapped for static pressure
measurements along its centerline.

(U) For the tests conducted at 15,000-foot altitude flight conditions, the model was mated to a free-jet
enclosure and diffuser. The nozzle exit plane and the area two radii downstream from the base were observable
through two 8-inch-diameter windows mounted in the sides of the enclosure. The windows permitted obtaining both
Schlieren and conventional color movies of the tests as well as emission spectra.

(U) The dimensions of the free-jet enclosure were 10.0 inches in the vertical direction and 13.0 inches in the
span-wise direction. The length of the test section from the model base to the entrance of the diffuser was 23.0

inches.

(U) The throat area of the diffuser was variable and controlled during a test to maintain the static pressure in
the test section equal to the static pressure of the supersonic free stream.

3. INSTRUMENTATION
a.  Summary of Measurements
(U) During a test the following data were obtained:
(1) Total pressures (2) upstream of the metering venturi in the air supply system
(2) Total temperatures (2) upstream of the metering venturi in the air supply system
(3) Static pressure downstream of the metering venturi in the air supply system
(4) Static pressure at the exit from the pebble-bed heater

(5) Static pressure in the cold air bypass line of the air supply system
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(6) Static pressure in the combustion chamber of the solid propellant rocket motor
(7) Static pressure in the flow passage of the fuel injector body

(8) Static pressures (2) in the subsonic section of the air nozzles at an area ratio of 1.62 for the Mach
2.5 nozzle and 1.39 for the Mach 2.0 nozzle

(9) Total temperatures (2) in the plenum upstream from the air nozzle

(10) Static pressure on the nozzle centerbody upstream from the fuel injector body (see below for
location)

(11) Static pressures (2) on the cylindrical surface of the fuel injector cap (see below for location)
(12) Static pressures (4) on the base of the fuel injector cap (see below for location)

(13) Static pressures (5) on the base plate extension (see below for location)

(14) Static pressure on the outside of the nozzle outer wall for Tests 15 through 18
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