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Preface

Hybrid rocket propulsion systems have inherent safety and operational features
that make them attractive choices for a broad range of applications, including
primary propulsion for launch vehicles, upper stage propulsion, tactical and stra-
tegic missile systems, and the emerging field of commercial space transportation.
Though hybrid rocket motors as we know them today have been investigated for
more than six decades, their development and maturation have not been as
actively pursued as that of liquid bi-propellant engines or solid rocket motors. His-
torically, military applications in the United States favored the storability
and launch-readiness capabilities of solid rocket motors, while high specific
impulse and controllability made liquid engines the system of choice for civil
applications. Nevertheless, recent and growing emphasis on greater propulsion
safety, reduced development and recurring costs, insensitive munitions, environ-
mentally-benign propellants, propulsion system robustness and reliability, and a
high degree of operability have heightened interest in hybrid propulsion
systems for commercial space applications and military propulsion programs.
In response, a number of government laboratories, large industrial companies,
academic research institutions, and small businesses have implemented hybrid
rocket research and development efforts that have, within the past decade, led
to significant state-of-the-art advancements in hybrid rocket propulsion.
Equally important is the ongoing international interests in hybrids in France,
Germany, Italy, Israel, Turkey, India, China, Japan, and other countries. It is
also very significant that the recent historic flight of SpaceShipOne, the first
privately-developed manned vehicle to successfully reach the edge of space,
was powered by a hybrid rocket motor with very reasonable cost of development.

While many exceptional researchers have contributed to the hybrid literature
over the years, no major text, devoted solely to hybrid rocket combustion and
propulsion, had been prepared prior to this volume. In 2001, at the AIAA
Hybrid Rocket Technical Committee summer meeting in Salt Lake City, Utah,
during the 37" AIAA/ASME/SAE/ASEE Joint Propulsion Conference, the
need for a professional text to organize and present the fundamentals of hybrid
rocket combustion, as well as to collect and promote more recent advancements,
was identified. During subsequent Joint Propulsion Conferences, the desired
content of the text was established and experts in various aspects of hybrid
rockets were invited to contribute, resulting in the current volume.

Fundamentals of Hybrid Rocket Combustion and Propulsion is designed as a
reference text for industrial designers, propulsion system analysts, test engineers,
academic researchers, and graduate /undergraduate students studying chemical
propulsion. The contents are organized to cover broad aspects of hybrid rocket
combustion, including: theoretical and experimental approaches to solid-fuel
regression rate characterization, both analytic and numerical modeling of
hybrid rocket internal flow fields, transient hybrid combustion phenomena,
various fuels and oxidizers used in hybrid rocket combustion, scaling effects
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relevant to hybrid motors, practical applications, and challenges for continued
advancements in the hybrid rocket field. Fifteen chapters, all peer-reviewed by
experts in this area, comprise this volume. While it is by no means comprehen-
sive, we hope that this text will serve as a useful springboard for future research
and development efforts by industrial, government, and academic scientists and
engineers so that the outstanding features of hybrid rockets will be fully realized.

Martin J. Chiaverini
Kenneth K. Kuo
December 2006
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Chapter 1

Overview and History of Hybrid Rocket Propulsion

David Altman*
Foace Propulsion Group, Inc., Menlo Park, California 94025

and

Allen Holzman**
Cupertino, California 95014

|I. Introduction

HYBRID rocket uses both a liquid and a solid as propellants. In the typical

classical hybrid, the fuel is a solid and the oxidizer is a liquid (Fig. 1). Although
there are many components that are common to the liquid and the solid rocket, the
operation of a hybrid is distinctly different. In the solid rocket, the oxidizer and
fuel are intimately mixed in the single solid phase and combustion occurs when
the exposed surface is heated by the combustion flame to the ignition temperature.
In the liquid rocket, both oxidizer and fuel are intimately mixed in the vicinity of
the injector to form a combustible mixture. In both cases, therefore, everywhere
in the combustion chamber there is a uniform mixture of both oxidizer and fuel.
The hybrid, however, burns as a macroscopic turbulent diffusion flame where the
oxidizer-to-fuel ratio (O/F) varies down the length of the chamber, ending at a
composition that determines the motor performance.

Why has the hybrid provided an attractive alternative to the conventional liquid
or solid rockets? Although the liquid rocket is an efficient high-performance sys-
tem, it is quite complex and costly with all of the required plumbing. The solid
motor avoids this problem by premixing the fuel and oxidizer in a solid form
that is dense and compact. The major disadvantages, however, are the explosive
danger and the lack of thrust control or termination. Although the propulsion sys-
tem per se may be cheaper, these latter disadvantages translate to a more costly
vehicle design to accommodate such requirements as acceleration, atmospheric
heating, and shutdown. The hybrid rocket, with half the plumbing of the liquid

*Chairman.
**Aerospace Consultant.
Copyright © 2007 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.
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Fig.1 Hybrid rocket schematic.

but retaining its operational flexibility and avoiding the explosiveness of the solid,
therefore, provides an attractive alternative option. Because of its simplicity of
operation, safety, nonexplosiveness, and low cost, the hybrid motor has been the
favorite for amateur academic groups.

A. Classifications

There are many classifications of hybrid combustion systems. The classical
system combines a solid fuel with a liquid or gaseous oxidizer. The classical system
has been the most evaluated type, and all of the other concepts are variations on
this design. The advantage of the classical concept is that there are many solid
fuels such as hydrocarbons (rubbers and plastics) and metals and a wide variety of
liquid oxidizers such as oxygen, F»/02 (FLOX), hydrogen peroxide, nitric acid,
nitrogen tetroxide, and nitrous oxide.

In the 1950s, reverse hybrids were evaluated. This concept uses a solid oxidizer
and liquid fuel. It was not as practical as the classical system, because the solid
oxidizer was difficult to fabricate and had to be mixed either with an inert filler or
with a small percentage of fuel to press or mold the grains. The inert filler reduced
the attainable performance, and the small amount of fuel mixed with the solid
oxidizer produced a potentially hazardous mixture.

There is another variation in the hybrid combustion concept that utilizes
bipropellant combustion with a third component such as a metallized fuel. This
configuration, called a tribrid, uses an oxygen/hydrogen central core within either
a cast beryllium-loaded polybutadiene (PB) fuel grain or pressed Be powder mixed
with a small amount of Teflon as a binder. That propellant system has the highest
known specific impulse together with a very high combustion temperature, over
5000 K. The tribrid is a convenient way of getting Be in the combustion zone, thus
avoiding the problems of a slurry with liquid hydrogen.

There is also the solid-fuel ramjet that employs a solid fuel and ram air as the
oxidizer. In contrast to the classical liquid-fuel ramjet, it has no liquid piping,
but the fuel has a low burn rate due to the dilution of the oxygen in the air. This
deficiency can, of course, be lessened by the addition of a solid oxidizer to the fuel.
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A further version of the hybrid ramjet is the ducted rocket where a fuel rich solid
propellant is burned to produce a flame that then flows through a nozzle and mixes
with ram air to generate a roughly stoichiometric flame of optimum performance.

B. Advantagesand Disadvantages

The fundamental difference between a classical hybrid and the liquid or solid
rocket leads to a number of distinguishing characteristics. The advantages are as
follows:

1) Safety. The fuel is inert and can be manufactured, transported, and han-
dled safely in accordance with standard commercial practice. The system is
nonexplosive because an intimate mixture of oxidizer and fuel is not possible.

2) Simplified throttling and shutdown. The engine can be throttled by modu-
lating the liquid flow rate, which is simpler than in a liquid rocket where two flow
rates must be synchronized while being modulated. In the hybrid rocket, the fuel
flow rate, which results from vaporization from the solid surface, automatically
adjusts to the change in oxidizer flow rate. Consequently, thrust termination is
simply accomplished by turning off the liquid flow rate, a feature of considerable
significance in an abort procedure.

3) GrainRobustness. Unlike solid rockets, fuel-grain cracks are not catastrophic
because burning only occurs down the port where it encounters the oxidizer flow.

4) Propellant versatility. The selection of propellants is much greater than with
either liquids or solids. In contrast to liquids, solid constituents, such as dense
energetic metals, can be added to the fuel to enhance both performance and density
without resorting to slurries. Also, in contrast to solids, the liquid oxidizers provide
much higher energy levels.

5) Temperature Sensitivity. Because the temperature effect on burn rate is small
(asinliquids), ambient launch temperature variations have little effect on operating
chamber pressure. Thus, the concern in solid rockets in designing for a maximum
expected operating pressure (MEOP) is greatly reduced.

6) Low Cost. The total operational cost for hybrid systems benefits greatly from
the safety features and inert propellant. Manufacture of the fuel can be done in a
commercial facility that does not require the large acreage and many buildings for
solid-propellant manufacture. As a consequence, the fuel plant can be located at or
near the launch site. Furthermore, the system can tolerate larger design margins,
resulting in a lower fabrication cost.

These advantages, however, are not enjoyed without some disadvantages,
such as:

1) Low Regression rate. The small resulting fuel web means that most
combustion chambers over a foot in diameter require multiple ports to provide
adequate burning surface to meet the required thrust. This characteristic, however,
is desirable for long-duration applications with a low-thrust requirement such as
target drones, hovering vehicles, and gas generators.

2) Low bulk density. A consequence of the low regression rate is that a large
grain surface area must be provided to supply the required thrust. This is generally
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done with multiple ports that lead to a relatively low volumetric fuel loading or
bulk density. The number of sharp corners in a multiport dual grain also leads to a
moderate amount of unburned fuel slivers. However, recent efforts to increase the
regression rate have reduced this disadvantage.

3) Combustion efficiency. The nature of the large diffusion flame results in a
lower degree of mixing and, hence, a lower impulse efficiency. This loss is generally
1-2% greater than in either liquids or solids. In comparison with solids, however,
the delivered vehicle performance is greater because of the higher theoretical lgp.

4) O/F shift. The opening of the port during burning causes an O/F shift with
burning time, which can lower theoretical performance. However, with proper
design of the initial O/F, this loss is usually minimal, and ballistic calculations
show that it can be held to less than 1% for a typical hybrid.

5) Slower transients. The ignition transient is slower, as well as the thrust
response to throttling. In most practical applications, where reproducibility is more
important than speed of response, this aspect is not very significant.

C. Potential Applications

The hybrid rocket can be used in practically all of the applications where rockets
are employed. This is because of the versatility of propellants available, the large
range of performance capability, and the thrust flexibility including shutdown.
There are certain applications, however, where the hybrid is superior. The following
listing shows examples of applications:

1) Sounding Rockets. The high-altitude, or sounding rocket, represents one of
the most extensive uses to date. Because of its low cost, safety of operation, and
wide range of easily available propellants, it continues to be a favorite for amateurs
and academics.

2) Auxiliary Power Units. These units are gas generators for various applica-
tions such as powering turbines, hot-gas generation (which can be either fuel- or
oxidizer-rich), torches, etc.

3) Tactical Rockets. If a compact envelope is not too restrictive, the hybrid
is ideal because its throttling (energy management) capability is a significant
advantage. Throttling involving boost and sustain capability on demand are
desirable features not easily attainable with solid motors.

4) Space Engines. The hybrid features of throttling and stop/restart are partic-
ularly desirable to provide either a coasting phase or thrust termination for exact
final velocity in orbit insertion. This allows the hybrid to perform the dual function
for both velocity increment and orbit insertion.

5) Thrust Augmentation. This is an ideal application for the hybrid because the
throttling feature can be used to shape the exoatmospheric trajectory for maximum
performance. It also allows for the possibility for steering by differential throttling
of side-mounted thrusters.

6) Large Launch Boosters. The largest hybrid engine that has been test fired
to date is in the 110-kN (250,000-1b) thrust class. This was done by two orga-
nizations, by American Company Rocket (AMROC) in the early 1990s and by
the Lockheed, Chemical Systems Division (CSD), and Thiokol (ATK) consortium
during 2000-2002. These engines used liquid oxygen (LOX) hydroxy-terminated



CLILY.¢

The Worlds Forum for hemspos Lssdwesip Purchased from American Institute of Aeronautics and Astronautics

OVERVIEW AND HISTORY OF HYBRID ROCKET PROPULSION 5

polybutadiene (HTPB) as propellants. The incentive for this development was to
provide a throttling and thrust termination capability for both vehicle performance
improvement and abort capability in the event of a system failure. This interest
was partially stimulated by the Space Shuttle Challenger failure in 1986.

[I. Early History, 1933-1960

The early history of hybrid rocket development dates back to the early 1930s,
during which time the initial developments of both liquid and solid rockets
occurred. Actually, solid motors were first used because of the early gunpowder
history several centuries earlier. The solid rockets, which were investigated by
such well-known figures as Robert Goddard, fell into early disrepute because of
their explosive hazard. Germany’s professor, Hermann Oberth, one of the pioneers
in rocketry, warned experimenters, “Powder believes it must explode all at once;
from the old use in shells and guns, it is too well-trained always to destroy.” Within
a few years of this ominous dictum, there occurred in 1933 a tragic demonstra-
tion of it. The early rocket engineer, Reinhold Tiling, and three of his assistants
were killed in a detonation of 40 1b of powder fuel. Meanwhile, Goddard, who
had started his work with powder fuels, decided to avoid the explosive hazard of
a large quantity of solid fuel in one container by injecting small quantities of the
powder into a small combustion chamber. His objectives were to control burning
rate, achieve stop and restart, and to avoid exposing the complete fuel to the heat
of combustion. Because of the complexity of feeding powder into the combus-
tion chamber, Goddard eventually turned to liquid propulsion. It took him nearly
22 years of propulsion research, until 1935, before he was able to achieve his most
successful flight of a liquid rocket, which attained an altitude of 1.9 km.

The first recorded effort, as a forerunner to the hybrid rocket, was reported by
Sergei P. Korolev and Mikhail K. Tikhonravov within the scope of the Russian
GIRD." A flight was made of the GIRD-09 on 17 August 1933. It was approxi-
mately 7 in. in diameter by 8 ft long, had a thrust of 500 N for 15 s and attained an
altitude of 1500 m. The propellants were gasoline/collophonium (gelled gasoline)
suspended on a metal mesh and LOX under its own pressure. Although this is not
a hybrid as we currently classify it, the literature listed as such.

Shortly afterward in 1937, serious efforts to experiment with hybrid motors
were initiated. These included motor tests conducted at I. G. Farben by Leonid
Andrussow, O. Lutz, and W. Noeggerath. They tested a 10-kN hybrid motor using
coal and gaseous nitrous oxide. These tests shared the same unsuccessful results
as Oberth’s experiments with LOX and graphite. Their lack of success was due to
carbon’s very high heat of sublimation, which results in a negligible burning rate.

The earliest significant effort of a flightworthy hybrid rocket was conducted in
the mid-1940s by the Pacific Rocket Society that employed LOX in conjunction
with such fuels as wood (Douglas fir), a wax loaded with carbon black, and, finally,
a rubber-based fuel [1,2]. The Douglas fir rockets that were tested in 1947 were
designated as experimental Douglas fir (XDF-#). The initial recorded configuration

TData available on-line at http://www.hybridracketen.de/Homepage/Old/Antares/Hybridracketen/
history.htm.
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(XDF-3) used a nozzle made out of Douglas fir, which was soaked in a solution
of zinc and ammonium chlorides, apparently based on a notion that this would
provide a heat-resistant quality. The XDF-3 nozzle design was quickly eliminated
when only 15 s of low-pressure combustion effectively demolished the nozzle. The
next experiment, XDF-4, was essentially the same general configuration, but the
wood nozzle now contained a thick molded lining of calcium sulfate. An accurate
evaluation of the design could not be made because, after 2 s of firing time, the static
test motor broke away from the test stand (because the motor reached a thrust of
40-60 Ib, which was in excess of the design capability of the stand) and flew over
the heads of the observers landing under a Jeep parked nearby. The Society went
through 19 more designs before finally arriving at XDF-23, which used a more
practical configuration, containing a LOX rubber-base fuel and an aluminum alloy
nozzle. It successfully flew in June 1951, reaching an altitude estimated to be about
30,000 ft.

Although the Society apparently did not report any ballistic analyses, they
did have an accurate concept of hybrid burning as evidenced by the following
statement: “The chamber pressure of a solid—liquid rocket engine is proportional
to oxidizer flow and not to the internal surface area exposed to the flame. Thus,
there is no danger of explosions due to cracks and fissures in the charge as with
solid propellant rockets commonly used for boosters” [3].

The firstanalytical investigation of the combustion process of a solid-fuel ramjet
with laboratory tests was done by H. Bartel and W. Rannie in 1946 at the Jet Propul-
sion Laboratory (JPL). The propellants were graphite and air, and the purpose was
to investigate its performance as a solid-fuel ramjet. Solid-fuel ramjets are hybrids
where the air is the oxidizer that is scooped up by inlets from the atmosphere. This
effort was abandoned when it was realized that because of the high sublimation
heat of carbon, combustion would be extremely slow leading to impractical low-
thrust levels. While at JPL, Rannie approached me (Altman) at that time regarding
his inability to get any useful thrust from his ramjet. (He jokingly referred to this
simple concept as the witches’ means of flight on a broomstick.) | was following
the controversy on the proper heat of sublimation of carbon in that period, which
ranged from values of 124 kcal/mol (Pauling) to over 200. The settled value from
spectroscopy was 173 kcal/mol (Brewer, Gilles and Jenkins), and this high value
explained the lack of success in using carbon as a hybrid fuel.

An early analytical and experimental investigation in hybrids was made by
George Moore and Kurt Berman at General Electric Company in Schenectady,
New York, initiated in the late 1940s and continued to 1956. Their engine was
based on the use of a hypergolic hybrid rocket propulsion system using 90%
hydrogen peroxide as the oxidizer and polyethylene as the fuel [4]. The peroxide
was decomposed in a silver screen catalyst bed, and the fuel grain was composed of
a tubular or rod and tube configuration as shown in Fig. 2. The early motivation for
this approach was to augment the performance of peroxide as a monopropellant.
They observed that when a relatively small amount of fuel was added, about 15% of
the propellant weight, the sy increased 70% from 136 to 230's. This was accom-
plished by a relatively small extension of the combustion chamber between the
catalyst bed and the nozzle. Over 300 tests were made, 100 of which were made
with the rod and tube configuration. In this early work, the authors concluded
that 1) longitudinal uniformity of burning was remarkable, 2) grain cracks had no
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Fig.2 H»05»-polyethylene hybrid rocket (General Electric).

effect on combustion, 3) hard starts were never observed, 4) combustion was sta-
ble because the fuel surface acted as its own flameholder, 5) throttling was easily
accomplished by a single valve, and 6) a high liquid-to-solid ratio was desirable
to simplify uniform burning in the combustion chamber. On the negative side, the
investigators noted that the inherent thermal instability of peroxide was a problem
and that it was very difficult to vary the burning rate by more than a factor of two.
The authors’ observations and conclusions were largely substantiated in later years.

In 1952, William Avery and coworkers at the Applied Physics Laboratory of
John Hopkins University conducted burning tests with a reverse hybrid rocket
propellant system [4]. The propellants tested were benzene and jet propellant (JP)
fuel, with potassium perchlorate, ammonium nitrate, and ammonium perchlorate
as oxidizers. They concentrated on JP ammonium nitrate because it represented
perhaps the lowest cost propellants available, which was the primary motivation
for the investigation. Unfortunately, this propellant combination was difficult to
burn. The major problems encountered in their work were rough burning and
rather poor performance. Note that the liquid-to-solid ratio (F /O) of this propellant
combination is in the range of 0.035, which is about 200 times smaller than that
used by Moore and Berman.

Other versions of the reverse hybrid were studied by both Thiokol and
United Technology Center (UTC) (renamed CSD ~1974) in the mid-1960s using
hydrazine-based liquid fuels and such solid oxidizers as ammonium perchlorate,
hydrazinium diperchlorate, and nitronium perchlorate. These solid charges were
pressed, usually with a non-reactive fluorocarbon as a binder. Efforts were
abandoned because of poor combustion behavior and insufficient performance
improvement to justify the difficulties experienced in compressing the charges.

[1l. Typical Fuelsand Oxidizers

Because of the characteristics of a hybrid rocket, the fuels and oxidizers that have
been tested far exceeds those used in liquid and solid rockets combined. The vista
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of available propellants is greatly expanded because two phases are available. The
classical hybrid containing an inert solid fuel and liquid oxidizer has the largest
inventory of propellants, whereas the reverse hybrid is more restricted. This is
because suitable solid oxidizers are limited in number, are usually crystalline,
and are difficult to cast in moderate-to-large sizes because of mechanical property
limitations.

Aside from the natural rubbers, the largest class of suitable fuels, based on
performance and mechanical properties, is the polymeric synthetic rubbers based
on the polybutadiene monomer, (PB with the formula C4Hg). Typical polymers
based on PB PB-acrylonitrile (PBAN), PB-acrylic acid (PBAA), HTPB, and
carbon-terminated PB (CTPB). The most popular of this group, based on cost
and commercial availability, is HTPB. As with all of these polymers, they require
curatives to polymerize, the favorite ones being the diisocyanates (DI) such as
TDI, DDI, and IPDI. Thus, each propulsion company has its own version of the
polymer based on its purity specification to the supplier, the selected curative,
and other additives to impart special properties. A good working composition for
the PBs is C4HgOg 1. Other hydrocarbons that have been used, mostly in smaller
motors to date, are the paraffin waxes, polyethylene (a higher molecular weight
version of paraffin), Plexiglas (Lucite), metatoluene diamine/nylon, and, in earlier
small-scale testing, the common fuels, coal and wood.

The formulated fuels, PB polymers, and paraffin waxes, have the virtue of
allowing performance additives. A partial list of these additives include Al, AlH3,
Li, LiH, LiAlH4, LisAlHg, B, BigH14, LiBH4, aromatic amines, anthracene, etc.
These additives can enhance either motor performance through Isp improvement
or vehicle performance through increased density and, hence, mass fraction. In
some cases, as with Al, for instance, optimum performance results in a shift to a
lower O/F that can be beneficial in reducing the gas corrosivity. Other additives,
such as amine compounds, have been added to impart hypergolicity when used
with HNO3 or N2Oyg.

Another class of fuels is the cryogenic solids, including pentane, methane, CO,
O3, and Hy. The original stimulus for this research was to obtain hybrid-propellant
combinations that are competitive with the high-performance liquid cryogenic
propellants. Despite these virtues, the expense, insulating weight penalty, and
inconvenience of handling these cryogens in the solid state overshadow the
advantages.

The hybrid liquid oxidizers and those used in the liquid rocket engines are
essentially the same. These include Oz, N2O, N20O4, HNOg3, inhibited red fuming
nitricacid (IRFNA), FLOX (% Fo + % 02),H20,, CTF (CIF3) and hydroxyl amine
nitrate (HAN). Of this group, the most energetic are O, and FLOX. Although F»
is very energetic, it has not reached operational status because of its toxicity and
corrosivity. FLOX, on the other hand, is much less corrosive, can be used with
conventional carbonaceous fuels, and is much less hazardous to use.

Table 1 shows a list of some propellant combinations, nearly all of which
have been tested at some time or other. The high-performing solid cryogenic
propellants have lsp values only slightly less than the noncryogenic liquid coun-
terparts because the heat of fusion is small relative to the combustion heat.
The reverse hybrids are low performing except for nitronium perchlorate (NP),
which, however, is thermally sensitive and potentially explosive. The combination
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Table1l Performance of hybrid propellants, Pc = 500 psia and Pe = 14.7 psia

Sea level
Fuel Oxidizer Optimum O/F Isp, s c*, ft/s
HTPB LOX 1.9 280 5972
PMM(C5HgO>) LOX 15 259 5449
HTPB N>O 7.1 247 5264
HTPB N0y 35 258 5456
HTPB RFNA 4.3 247 5219
HTPB FLOX(OF») 3.3 314 6701
Li/LiH/HTPB FLOX(OF») 2.8 326 6950
PE LOX 25 279 5877
PE N»O 8.0 247 5248
Paraffin LOX 25 281 5920
Paraffin N»O 8.0 248 5268
Paraffin N0y 4.0 259 5469
HTPB/AI(40%) LOX 1.1 274 5766
HTPB/Al(40%) N,O 35 252 5370
HTPB/AI(40%) N>Oy4 1.7 261 5509
HTPB/AI(60%) FLOX(OF») 25 312 6582
Cellulose (CgH1005) GOX 1.0 247 5159
Carbon Air 11.3 184 4017
Carbon LOX 1.9 249 5245
Carbon N,O 6.3 236 4992
Cryogenic hybrids
Pentane(s) LOX 2.7 279 5870
CHag(s) LOX 3.0 291 6140
CHay(s)/Be(36%) LOX 1.3 306 6292
NH3(s)/Be(26%) LOX 0.47 307 6452
Reverse hybrids
JP-4 AN 17.0 216 4651
JP-4 AP 9.1 235 5007
JP-4 NP 3.6 259 5476

that most closely resembles the LOX/JP-4 (or kerosene) liquid propellant is the
LOX/paraffin hybrid followed closely by LOX/HTPB. Wood, which is approx-
imated by cellulose, shows a fair performance with gaseous oxygen (GOX). As
expected, the lowest-performing combination is carbon/air due to the dilution of
the oxygen by nitrogen.

A. High-Energy Combinations

In the mid-1960s, a series of NASA-sponsored studies was begun at UTC
devoted to high-energy space engines. One concept was based on the use of the
very energetic reaction between lithium and hydrogen with fluorine, elements at
opposite ends of the Mendeleev periodic table. With the use of the fundamental
versatility of the hybrid, the lithium was incorporated in an HTPB binder and
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the fluorine was mixed with oxygen to create FLOX, a fluorine/oxygen mixture
containing about 70% fluorine. This solution optimizes the performance of a typical
hydrocarbon system because it allows most of the oxygen to combine with the
carbon to form CO, whereas the fluorine combines both with the hydrogen and
lithium. To satisfy conductivity restrictions of the binder and avoid melting of the
lithium, a combination of lithium and lithium hydride was finally developed for
the propulsion system [5]. The motor diameter was 35 in. (1.07 m) and had an 11
port wagon-wheel grain configuration. The propellant was hypergolic, even on a
refire six days later. This throttleable system burned smoothly and exhibited high
performance with an Igp efficiency of 93%, corresponding to a delivered vacuum
impulse of about 380 s at an area ratio of 40/1. This firing is shown in Fig. 3 as it
appeared on the cover of the 26 January 1970 issue of Aviation WWeek and Space
Technol ogy.

Another approach to high-performance space engines, also under a NASA
contract, was based on the beryllium/oxygen/hydrogen system. The concept is
analogous to the nuclear rocket where an intense energy source is used to heat Ho,
a low molecular weight gas. The specific heat of combustion of beryllium is more
than 40% greater than aluminum, a common energetic additive. As a consequence,
this combination yields the highest calculated performance in a chemical rocket
with readily available chemically stable ingredients. The plan was to incorporate
beryllium into a binder that would act as the structure for a low-conductivity fuel

Fig. 3 High energy upper stage hybrid-fuel: Li/LiH/PBAN oxidizer: F»/O5.
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Fig.4 Be/Ho/HTPB-O; tribrid.

grain, a requirement for satisfactory hybrid operation. Calculated Isp values for
80% Be in HTPB are shown in Fig. 4, where a 65-s improvement over H, /O is
observed. This investigation was initiated with aluminum for testing convenience,
but the project was later abandoned because of the anticipated toxicity problems
that would be associated with the handling and development testing of Be.

IV. Flight Programs
A. Target Drones

In the mid-1960s, a requirement arose for target drones that could fly at high
altitudes for durations up to 5min. The unit was to be launched at an altitude of
about 12 km and accelerated to 30 km at Mach values between 2 and 4 attaining
a range up to 90 km. This clearly called for a boost and low-thrust sustain unit
that the hybrid motor could easily satisfy. UTC and Beech Aircraft began work on
the Sandpiper, using a storable propellant combination composed of mixed oxides
of nitrogen (MON-25) as an oxidizer (25% NO, 75% N20O4) and a polymethyl
methacrylate (PMM)/Mg fuel. The first of six flights occurred in January 1968
at the Eglin Air Force Base missile range, 18 months after start of the program.
Throttleability over a range of 8:1 was required after launch at about 40,000 ft to
attain speeds up to Mach 4 at an altitude of 100,000 ft. The flight duration was in
excess of 300s.

Two more drone programs followed the Sandpiper (Table 2). A second U.S. Air
Force program, which required a heavier payload, was the High Altitude Super-
sonic Target (HAST). In contrast to the Sandpiper, the thrust chamber diameter
was increased from 10 to 13 in., the propellant changed to IRFNA/PB/PMM
(PB/plexiglass), and the oxidizer was pressurized by a ram air turbine instead of
N2. The thrust range on command was controlled by a throttle valve providing
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Table2 Hybrid drone programs

Program Description

Sandpiper NO/N>0Q4 oxidizer, PMM /Mg fuel
13-in. outside case diameter
6 flights in 1968
Burn times to 300s
Throttleable over 8:1 range

HAST IRFNA oxidizer, PMM/PB fuel
13-in. outside case diameter
38 built in 1970s
Ram-air pressurization of oxidizer
Recoverable
Throttleable over 10:1 range

Firebolt 40 built, early 1980s
Launch at 40,000 ft, M = 1.5
Ram-air pressurization
Cruise at 100,000 ft, M = 4.0
Recoverable
Throttleable over 10:1 range

a 10/1 range. The grain configuration was also changed from a single cylindri-
cal port to a cruciform using four liquid injectors. Unlike the Sandpiper, which
was expendable, the HAST was recoverable by use of an onboard drogue chute
and retrieved in midair by helicopter. A later version of this target missile was
initiated in 1980 with CSD and Teledyne Ryan Aircraft as the airframe contrac-
tor. The propulsion configuration and performance was the same as for HAST.
In this program, 48 thrust chamber assemblies were delivered. The program was
successfully completed in the mid-1980s. These drones were the only hybrid flight
programs built to military specifications.

B. High-Altitude Sounding Rockets

During the 1960s, two European countries engaged in hybrid studies leading to
flight tests of sounding rockets. The organizations were ONERA [in conjunction
with SNECMA and Société Européenne de Propulsion (SEP)] in France and Volvo-
Flygmotor in Sweden. The ONERA development [7] was centered on a hypergolic
propellant combination based on nitric acid (or RFNA) and an amine fuel consisting
of metatoluene diamine/nylon. It constituted the Lithergol experimental (LEX)
series. The motor was throttleable over a 5/1 range to optimize flight performance.
The first flight of this vehicle occurred in April 1964, followed by three flights in
June 1965, and four flights of an improved version in November 1967. All eight
flights were successful, reaching altitudes in excess of 100 km, which was a record
for that time period. They then embarked on a larger, more complicated version,
the LEX 04, and conducted 12 successful ground tests. No flights, however, were
conducted with this motor.
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The Swedish program was initiated by Volvo Flygmotor in 1962 and was also
based on a hypergolic combination using nitric acid and Tagaform (PB plus an
aromatic amine). This propellant was used in the HR-3 hybrid vehicles, which
had a diameter of 125mm, a length of 2.86 m, a propellant mass of 5.6 kg, and
an average thrust at 35 bar of 2.3 kN. There were two successful flight trials with
the HR-3 rocket probe using this fuel, one on 30 September 1965 and the other
1 October 1965. Because of the softening point of 65°C of the fuel, no further
testing occurred. An improved version of this fuel was later developed (Sagaform
A) with better physical properties, such as a softening point of 143°C, a specific
gravity of 1.18, and an ignition delay of 8 ms. Two sounding rockets were planned
using Sagaform A, the SR-1 and SR-2. The SR-1 design listed a payload of 25 kg, a
launch weight of 361 kg, a propellant weight of 264 kg, and a calculated altitude of
200 km, whereas the SR-2 design called for a capability about four times greater.
These vehicles were scheduled for flight in the early 1970s but there does not
appear to be any published record that this took place (private communication
from G. Broman, 7 October 1970, and S. Bjornholt, March 1971 included plans
for flights in the 1971-1975 time period).

Note that these early European hybrid programs utilized hypergolic propel-
lants based on nitric acid and a solid amine-containing fuel. It appears probable
that this choice was based on the German experiments during the early 1940s
on hypergolic liquid propellants based on nitric acid and hydrazine. These exper-
iments also influenced the choice of the hypergolic nitric acid/aniline/furfuryl
alcohol propellant subsequently employed by the Jet Propulsion Laboratory (JPL)
in the Corporal vehicle in the late 1940s. It was natural, therefore, that the
early hybrid propellants chosen used a solid amine compound with nitric acid
as propellants.

There were two significant sounding rocket programs after 1995 in the United
States. One was the Hyperion Sounding Rocket by the Environmental Aeroscience
Corp (eAc) using N2O and HTPB as propellants ([7] and private communication
with K. Kline of eAc). They employed a single-port slotted grain to provide an
increased burning surface area. The vehicle height was 18 ft 8 in. (5.7 m) with a
6 in. (152 mm) diameter. The propellant mass fraction was 50% and the delivered
lsp was 205s. Four rail-launched flights took place, two on 18 November 1996
(within 90 min of each other), the third on 8 January 1997, and the fourth on
25 April 1997. The first two flights were planned for low altitude of ~25,000 ft,
which was achieved by off-loading the oxidizer and adding ballast. The next two
flights carried the full propellant load of 103 1b and achieved altitudes of 36.5
and 33.8 km, respectively. These flights represent the first time a self-pressurized
oxidizer was successfully employed in flight.

A few years later on 18 December 2002, the Lockheed Martin Corporation
flew a larger hybrid rocket based on LOX and HTPB [8]. This was a multiport
motor with a height of 57 ft (17.4 m) and a diameter of 2ft (61cm). It had an
initial thrust of 60,000 Ib (267 kN) and achieved an altitude of 44 miles (~71km).
Although the altitude was somewhat less than the predicted 62 miles, this flight
represented the largest hybrid sounding rocket successfully flown to that date.
The two previous attempts at larger sounding rockets by Starstruck and AMROC
failed to complete their missions due to stuck oxidizer valves (cf., later section on
large-scale hybrids).
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V. Fundamental Studies

In the decade of the 1960s, there was a great increase of interest in hybrid
propulsion in the United States. Among the U.S. Army, Navy, Air Force, and
Advanced Research Projects Agency (ARPA), there were over 40 sponsored stud-
ies covering a wide area of activities [9]. In addition, several industries pursued
research with their own funds. The U.S. companies involved at that time included
UTC, Aerojet, Marquardt, Rocketdyne, Thiokol, Atlantic Research, and several of
the government agencies including the U.S. Naval Ordnance Test Station (NOTS).
Of this group, amajor contributor was UTC, and asummary of its activities follows.

In late 1959, shortly after UTC was formed, Altman began assembling a tech-
nical group to investigate the fundamentals of hybrid rockets and their potential as
alternates to both solids and liquids. (UTC developed the large solid boosters for
the Titan vehicle, and as a consequence of its success, many of its design elements
were subsequently used in the shuttle and the Ariane 5.) This group contained
over 12 professionals exploring the fundamental science of ballistic behavior and
engineering development. Within the decade of the 1960s, in addition to basic bal-
listic studies, they experimented with a wide variety of fuels and oxidizers. These
included IRFNA, N>O4, MON, FLOX, O,, and air as oxidizers and the various
PBs with such additives as Al, Mg, Li, AP, and AN.

A. Hybrid Demonstrator

A rather simple device that accelerated the analytical and experimental analysis
of hybrids was the hybrid demonstrator [10] (Fig. 5). This small combustor used
several types of igniters including a short pulse of propane or butane with a high-
voltage spark plug in parallel with the oxygen flow to ignite the fuel grain. Also used
was an electrically heated steel wool in an oxygen flow. This device proved to be
safe, inexpensive, and an excellent laboratory tool for investigating interior ballistic

Fig. 5 Hybrid demonstrator.
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behavior. It was used to obtain the schlieren photographs of the hybrid combustion
process that formed the basis for developing the hybrid regression rate equations by
Marxman and Gilbert [11]. One specific example of its application occurred in the
study of oxygen dilution effects where it was found that, with a proper flameholding
device, operation was successful with an 80% N dilution. This observation, made
by Holzman in 1962, subsequently led to the development of the solid-fuel ramjet.
Because of the smooth and reliable burning of the demonstrator unit, a lunar lander
module was designed using it. Figure 6 shows this system operating in 1969 at the
Alabama Space and Rocket Museum in Huntsville as witnessed by Werner Von
Braun and E. Buckbee, the Museum Director. Over a period of more than 10 years,
over 10,000 tests were performed with dozens of fuels and many oxidizers such
as oxygen, 90% hydrogen peroxide, and dilutions of oxygen with nitrogen, argon,
and helium.

By 1962, a considerable amount of work had been accomplished, a good portion
with the help of the subscale testing [12]. A listing of some of the concepts divulged
during that period is as follows:

1) Justification was found for the practical use of a simplified space average
regression rate expression, that is, f = a Go" L™, where Go is the oxidizer flux, L
the port length, and a, n, and mare determined empirically.

Fig. 6 Hybrid demonstrator aslunar lander model.
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2) Engine design studies were conducted. Equations were developed for the
thrust and O/F shift with time, port L/D based on Go and regression rate, stoi-
chiometric length, and thrust-time decay for circular ports. These relations were
later used in the design of the drone vehicles.

3) Pressure effect on regression rate was determined. Theoretical studies of
hybrid combustion indicate that the regression rates should be independent of
pressure except for the case where radiation is significant or where combus-
tion kinetics is dominant. These effects were initially evaluated with PMM and
later with PBAN showing little variation for pressures over 90 psia with PMM
or between 40 and 715 psia for PBAN. However, for 45% metallized PBAN, a
regression rate increase with pressure was noted.

4) Impact of aft chamber L* and mixers on combustion, c*, efficiency were
determined. For the PMM/O, system, c* was measured for various aft chamber
lengths. Data using aft end chamber L* exhibit a humpback curve when c* effi-
ciency is plotted vs L*. This behavior results from the competing effects of
additional length to increase residence time but also increases heat loss. In exper-
iments using a perforated mixer plate at the aft chamber entrance, the efficiency
was considerably improved. Adding L* in this case led to a decrease in c* due
to heat loss. The mixer concept was scaled up and tested in a 12-in.-diam hybrid
motor using a 45% aluminized grain. The delivered Isp achieved a respectable 92%
of theoretical,

5) Use of a plug nozzle for c* enhancement was investigated. It was found that
this restriction upstream of the throat can create a recirculation region where mixing
of the oxygen-rich core and the fuel-rich annulus is improved before entering the
nozzle. This configuration increased c* from 85% efficiency in conical nozzles to
95% in a plug nozzle. (Note that the reentrant nozzle partially accomplishes the
same purpose.)

6) Temperature sensitivity of regression rate was explored. An expression for
the variation of regression rate with ambient temperature was derived, and it was
shown to be many times smaller than for typical solid propellants. Experiments
validated this conclusion, which means that, in contrast to solid motors, the concern
over MEOP in hybrid motor design is insignificant.

7) Efforts were made to increase regression rate. Techniques investigated were
solid oxidizer added to the fuel, aluminum addition, and surface roughening by
use of screens. These techniques will be discussed further in the section on high
regression rate fuels.

8) Oxidizer flooding was studied. The main liquid oxidizer used during this
period was N2QOg4. It was found that with a given injector, there was a given
maximum value above which flooding occurred in the upstream region of the
port. The flooding could be reduced by improved atomization and provision of
a heat source in the vicinity of the injector, such as use of a hypergolic agent.
To quote the report [12], “This situation is attributable to insufficient heat being
generated by the reaction at the point of principal contact to effectively vapor-
ize the liquid.” This observation has been confirmed years later where the large
motor developments using LOX (AMROC and HPDP programs) were plagued by
instabilities.



JAIAA.

The Worlds Forum for hemspos Lssdwesip Purchased from American Institute of Aeronautics and Astronautics

OVERVIEW AND HISTORY OF HYBRID ROCKET PROPULSION 17

B. Regression Rate Modeling

A significant accomplishment during that period was the development of a
regression rate model by Marxman and coworkers [mainly Muzzy and Wooldridge
(see Bibliography)]. It was more complete and versatile than any proposed at
that time (cf., Green, Price, and Smoot in the Bibliography). With the schlieren
photographs taken by Muzzy as a guide (Fig. 7), a combustion model was estab-
lished (Fig. 8). The treatment employed turbulent boundary-layer theory showing
both a combustion and a momentum layer. It is interesting that the concept of
a combustion zone standing off from the fuel surface was successfully treated
10 years earlier by Godsave [at the National Gas-Turbine Establishment (NGTE)
in the United Kingdom] to explain droplet burning in a turbine combustion cham-
ber. That expression was also used by Altman at JPL in the late 1940s to calculate
the L* of the Corporal liquid motor assuming that the vaporization time lag was
longer than the gas-phase combustion kinetics. The application of this model to
hybrid burning was more complex, of course, because it had to consider burning in
a high-velocity turbulent flowfield with boundary-layer growth and heat-transfer
blockage from the issuing fuel vapor. The first of several papers [11] during this
period by Marxman and Gilbert on the boundary-layer combustion was deliv-
ered in 1962. (Additional references are listed in the Bibliography.) The resulting
regression rate expression took into account the two boundary layers (combustion
and momentum), the impact of blowing on reducing the heat flux, the use of a
total effective heat of vaporization to account for various thermal reactions at the

EXPOSURE TIME 3,000 microsec

0in. 1 in, 2n: Bin 4in, 5'in, i 7w, 8in. 9in.
|45 ;
Re = 0.210 % 10 Re = 0.838 x 107 Re = 1.676 x 107
Re = 0.419 x 10 Re = 1.257 x 107
0in. | in. 2in. 3in. 4in. 5in. &in. 7in. Bin. %in.

S

EXPOSURE TIME 5 microsec

Fig. 7 Hybrid combustion boundary layer Schlieren photographs.
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surface, and the contribution of radiation when coupled with convection. It is still
widely used today.

An interesting set of laboratory experiments was conducted by Houser and
Peck [13] during this period on the PMM/O2 system in which they measured
the regression rate down the port as a function of the axial length. The grain
consisted of a stacked series of cubical blocks, 5cm on a side, with cylindrical
holes 2.5cm in diameter. There were 12 of these stacked to form a 60-cm-long
grain. At two different oxygen flow rates, they measured the weight loss every
15s for a duration of 180s. From these measurements, they calculated the port
diameters and regression rates as a function both of time and of axial distance. The
diameter—time plots were quite smooth, and they fell on the curve predicted by the
regression rate expression

r =aG"/x™

where G = Go + Gf(x). In particular, although not mentioned by the authors, it
may be observed that the measurements further showed the minimum in ¢ vs x as
predicted in the preceding equation (discussed by Ordahl and Altman [10]). That
was the first time such detailed measurements were reported.

Fundamental programs continued for the remainder of the decade at a slower
pace, where major attention was paid to motor development. The basic studies
included 1) further refinement of the regression rate equations including better
understanding of the blowing phenomenon, radiation effects, and its coupling with
conductive heat transfer; 2) startup and throttling transients in motors; 3) deep
throttling (used in the drone programs) and associated performance loss due to the
O/F change, 4) studies on hypergolic fuels that can be used with either N2O4 or
IRFNA,; and 5) studies on propellants to yield high performance (Li, LiH, Be, as
fuel additives with LOX and FLOX as oxidizers).
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VI. Large-ScaleHybrids

It has always been envisioned that a major advantage for hybrids can potentially
be realized in large boosters due to their inherent operational safety, potentially
lower cost, throttleability, and shutdown capability. These are features that the
solid cannot claim, and although the liquid can, it does so at greater complexity
and cost. The challenge has been to demonstrate acceptable grain fabrication and
efficient motor operation as the motor dimensions increased. The low regression
rate required multiport designs to provide sufficient burning surface for the neces-
sary fuel flow. The further problem had to do with efficient mixing of oxidizer and
fuel, which is scale dependent because it results from a macroscopic diffusion pro-
cess. These problems were addressed by several organizations over a three decade
period as discussed next.

The prospect of scaling the hybrid motor to large boosters was first investigated
by UTC in the mid-1960s with the hybrid test motor (HTM) series. Under U.S. Air
Force sponsorship, the HTM-38 motor (38 in. diam) was built using N2O4 as oxi-
dizer and aluminized PB as the fuel. Because of the low regression rate, a 12-port
wagon-wheel grain was designed and tested at a thrust level of 40,000 Ib. Ignition
was provided by a hydrazine injection, which is hypergolic with the oxidizer. The
uniformity of burning was quite remarkable, an important observation confirming
the practicality of multiport fuel grains as shown in Figs. 9a and 9b [15]. Encour-
aged by these results, CSD researchers subsequently proposed very large motor
designs in which the fuel could be separately cast in convenient segments and
bonded together in the motor at the launch site. This manufacturing method was
believed to be possible with the hybrid because of the insensitivity of operation

Fig. 9 a) 38in.diahybrid fuel grain—ascast. b) 38in. dia hybrid fuel grain—after
test firing.
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to internal cracks. This approach, however, was not pursued because it required
regression rates much higher than those available at that time.

In the mid-1980s, there were two situations that created a stimulus for reviving
interest in the large hybrid rocket. One was the recognition of the growing business
worldwide in commercial satellites, which stimulated many industrialized nations
to build their own versions of a space vehicle capable of placing communication
satellites in orbit. This caused a price competition and a search for a low-cost
approach to launch space vehicles. Although many of these vehicle programs
were government supported, private ventures, principally in the United States, led
to a search for a low-cost space vehicle that could be profitable in the growing
commercial market. Both liquid rockets, and more particularly solid rockets based
on assembling existing developed units in Tinkertoy fashion, became candidates.
An alternative to this approach was made by two companies in the 1980s employing
hybrid motors.

The company STARSTRUCK was created in March 1981 to develop a large
50-ft-long sounding rocket (the Dolphin) weighing 16,500 Ibs. The propellants
were LOX and a PB fuel developing a thrust of 35,000 Ib in a 42-in.-diam motor.
After six full-scale static tests, a sea launch of this vehicle was attempted on
3 August 1984 off the coast of San Clemente Island in the Pacific Ocean. The
flight was a partial success where at 3 s into the flight, a thrust vector LOX valve
froze in the closed position causing a pitch over and a subsequent command ter-
mination [16]. Except for the component failure, the motor performance was as
predicted for the initial period and was the largest hybrid vehicle flown, despite its
short duration.

The company was subsequently reorganized in 1985 and renamed AMROC
under a new sponsor. The company was founded on the belief that a nonexplo-
sive, throttleable and low-cost manufacturing system could translate to a profitable,
competitive commercial launch vehicle. With private funding, AMROC proceeded
to build a series of motors at vacuum thrust levels between 5000 Ib and 260,000 Ib
based on LOX/HTPB propellants. During the period 1985-1992, 124 static test fir-
ings were made at various subscale levels. There were more than a dozen successful
firings with the 75,000-Ib thrust motor, which represented the largest hybrid motor
fired to that time. Scaling the motor to this size presented few problems because
the grain configuration was patterned after the UTC HTM-38 motor fired some
20 years earlier. Based on these successful firings, a 51-in.-diam sounding rocket
was built that was a factor of two greater than the Dolphin vehicle. The 75,000-1b
thrust motor was incorporated in the single engine test (SET-1) Koopman Express
sounding rocket. (Koopman was the president of AMROC at that time.) A flight was
attempted from the Pacific coast in 1989. It unfortunately suffered a fate similar
the Dolphin in that a LOX valve froze in a partially open position resulting in
insufficient thrust for liftoff. Undaunted, the company proceeded with its plan to
use this motor as a subscale version of a 250,000 Ibf (1.1 MN) 6-ft-diam motor to
become the basic booster in a three- or four-stage AQUILA vehicle for satellite
missions. The individual motor is shown in Fig. 10. Many versions of the AQUILA
vehicle were studied in which the first two stages were the basic 1.1-MN motor.
Four firings of this motor took place between 22 January 1993 and 24 March 1993.
Figure 11 shows the second firing on 17 February 1993, which developed a thrust
of 272,000 Ib during a 10-s burn time.
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Fig. 10 AMROC DM-01 motor assembly-250K b thrust.

Fig. 11 AMROC 250KIb thrust firing.
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To prove its flightworthiness, the HyFlyer sounding rocket program was
initiated with a mission of carrying a 1420-lb payload into a high altitude of
about 295 n miles (545 km), which would provide a 10-min, gravity-free trajec-
tory. Because AMROC had insufficient funding to pursue this program on their
own, a new group was formed, with the partial support from NASA, to participate
in the development of the vehicle. The project was renamed the Hybrid Technology
Option Project (HyTOP) program and included the companies AMROC, Martin
Marietta, and CSD as the dominant participants. Static tests of the basic large
motor occurred during 1993 and 1994. After a short period of stable burning, the
tests encountered a period of low-frequency instability. Resolution of the problem
in this large motor with proposed fixes was very expensive, and in 1995, AMROC
lost its sponsor. Because of the continued interest of the remaining members of
the group, a new program was generated, called the Hybrid Propulsion Demon-
stration Program (HPDP) with a new member (Thiokol) replacing AMROC in the
consortium. The objective of a flight vehicle was abandoned, and the focus was
placed on the motor development itself. This motor design continued from the
AMROC design with several improvements. The principal changes were in the
grain design, where the 15-port wagon-wheel grain with a blocked centerport was
replaced with a thicker web 7-port grain and an active center circular port. Several
11-in.-subscale motor tests were made to obtain regression rate data followed by
24-in.-subscale tests with a single quadrilateral fuel port of the same size as those
planned in the full-scale motor [16]. Four tests were conducted at NASA Stennis
Space Center of the 250,000-Ib-thrust hybrid rocket motor. The internal configura-
tion of this motor is shown in Fig. 12. A firing of the third test of motor 2 is shown in
Fig. 13. A major problem appeared in both the subscale and full-scale tests using
LOX. The vaporization of the LOX did not happen fast enough in the precom-
bustion chamber, with the result that liquid droplets of oxygen entered the eight
ports. As a consequence, relatively low-frequency, high-amplitude pressure oscil-
lations appeared as the oxidizer flow tried to balance out in the eight ports between
the upstream and downstream plenums. In the earlier UTC HTM-38 motor tests,
these oscillations were not a problem because each of the fuel-grain ports had its
own oxidizer injector, which inhibited any backflow. In summary, the experience

Aft M Chamber (MC
Finned Vaponzation Chamber (VC) Ultrasonic Transducers g Chamber ()
LOx injector /

Loaded Center Segment

Finned VC Flow Deflector Center Seg Ports

Fig. 12 HPDP 250KIb motor component schematic.
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Fig. 13 HPDP 250K Ib motor firing.

of over 10 years of testing large LOX hybrid motors, at two organizations, has
emphasized the need to provide adequate head end heating to vaporize the LOX
before entrance into the fuel ports.

VIl. High Regression Rates

A major deficiency of the hybrid when scaled to larger units is the low regression
rate. This defect was brought home after the Challenger disaster when NASA-
sponsored studies for a hybrid replacement of the solid booster strapons. Many
companies participated in this effort with basically two design approaches. One
involved the use of a low-grade solid propellant that required liquid oxidizer to
sustain burning. The oxidizer was fed into the thrust chamber either at the head
end or aft of the grain to achieve a roughly stoichometric proportion for maxi-
mum Igy. The regression rate now had a modest dependence on pressure because it
basically was a gas-generator-type solid propellant. This design showed good per-
formance and was throttleable. However, it suffered from two basic uncertainties:
1) Because of the oxidizer addition, the fuel would be classified as a low-grade
solid propellant, that is, potentially explosive, which would add costly restrictions
on manufacture, assembly, and shipping. 2) The shutoff requirement of the new
motor could not confidently be demonstrated in a large booster. In small motors,
shutting off the oxidizer flow would terminate combustion if the additive were
below a critical concentration. However, this process follows the similar prin-
ciple as dp/dt extinguishment in solid propellants, where a rapid pressure drop
causes flame blowoff. In a given motor configuration, each oxidizing additive has
a critical concentration above which sustained burning will persist. This critical
concentration, which is scale dependent, posed a rather uncomfortable uncertainty
in large-scale applications.

The second approach involved the use of a conventional hybrid that retains the
advantage of low cost; safety in manufacture, shipping, and assembly; is throt-
tleable; and can be shut off with no uncertainty. However, the design suffered from
the low burning rate that now required a grain design with many ports. One design
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showed 32 ports arranged in two rings around a centerport. This design posed the
disadvantage of requiring web supports that would degrade the volumetric load-
ing efficiency of the grain and, therefore, performance. The web supports plus the
remaining slivers would now add considerably to the inert weight of the motor. This
design emphasized the basic deficiency that had been recognized for many years,
namely, the low regression rate and its impact on grain design, motor envelope,
and performance.

A. Energetic Fuel Additives

Early efforts to increase regression rates started in the 1960s when both
NH4ClO4 [ammonium perchlorate (AP)] and NH4NO3 [ammonium nitrate (AN)]
were employed as fuel additives. In an earlier period, these systems were described
as liquid-augmented solid propellants, where the incentive was to improve the per-
formance and impart throttleability. As discussed in the preceding section, each
additive has a critical concentration above which the fuel performs as a low-grade
gas generator and shutoff is not possible. This critical concentration is also motor
size dependent because of extinguishment requirements in solid rockets. Various
other energetic additives such as nitroorganic compounds, RDX (CH;N207)3 and
HMX (CH2N20,)4 have been added to conventional PB fuels to lower the heat
of vaporization effectively by generating an exothermic reaction in the vicinity of
the propellant surface. The regression rates of these propellants are typically both
pressure and mass flux dependent. Although this approach is effective, its main
deterrent is that manufacturing, handling, and shipping costs can be increased due
to an increased hazard classification.

B. Turbulence Generators

Another favorite approach has been designs that generate a high degree of tur-
bulence at the burning surface, thereby increasing the heat-transfer coefficient.
An early design, tested at UTC, was based on inserting wire screens periodi-
cally in the grain normal to the axis. During burning, the ragged edges of the
screens acted as turbulence trippers, and an increased overall burn rate was indeed
observed (Fig. 14). The burned surface showed periodic troughs just downstream
of the screens due to the localized turbulence. The approach was not pursued at that
time due to the perceived increased cost in fabrication. The principle of increasing
the local heat-transfer coefficient has also been explored with other techniques. One
is by adding an easily vaporized component that on vaporization creates vacuoles
to roughen the surface. This technique can be enhanced by the use of crystalline
additives to further roughen the exposed surface [17].

Another technique found to be highly effective is the generation of a vortex in a
circular fuel port, driven by the tangential injection of oxidizer [18]. The oxidizer
is injected at the aft end and travels forward to the head end where a smaller
counterflowing coaxial vortex travels aft through the nozzle. With conventional
polymeric substances, such as HTPB and PMMA, substantial regression rates
averaging abouta fourfold increase over a standard injection pattern were observed.
In this approach, the magnification of the local mass flux is sufficient to override
the inhibiting blowing effect of the classical hybrid. The challenge in using this
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Fig. 14 Metal screen turbulence generators.

technique is the scaling to larger sizes and the maintenance of consistent vortex
intensity during burning for practical thicker webs.

C. Entrainment

In U.S. Air Force investigation of solid pentane as a hybrid fuel with GOX, itwas
found that the regression rates were 3-5 times higher than with a conventional fuel.
This increase could not be accounted for with the regression rate equation [20].
In an analysis made at Stanford University [21], it was conjectured that fuels
that develop a melt layer of low viscosity could entrain liquid droplets under
the influence of the shear stress of the gas flow in the port. It has been shown
that if the melt layer is sufficiently fluid, that is, with low viscosity and surface
tension, then under a high gas flux environment, an instability is created in the
liquid layer, resulting in the formation of liquid droplets that are expelled from
the surface. This behavior is typical of cryogenic compounds that crystallize on
solidification and exhibit high fluidity on melting. Also included are a class of
non-polymerizable fuels, such as the alkanes, whose melt layers are quite fluid.
When liquid entrainment occurs, the resulting propellant flow from the surface is
composed of a mixture of vapor and liquid droplets. This occurrence can have a
profound effect on the regression rate, increasing it by many factors. There are two
reasons for this effectiveness:

1) The droplets that are formed do not require a heat of vaporization, but only
a heat of fusion, which is generally several times less than vaporization.
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2) Because the gas flow from the surface is reduced, the blowing term B is
diminished, resulting in a reduced blocking of the convective heat transfer.

The effect of blowing on heat transfer when entrainment occurs is shown graph-
ically in Fig. 15. The range for classical polymeric hybrid fuels (5 < B < 20)
shows a heat-transfer reduction by a factor of about 3-6, whereas, with entrain-
ment, the value of B is estimated to be <2, showing a much reduced heat-transfer
blockage. This effect explains the effectiveness of porous wall cooling in combus-
tion chambers, where, on the other hand, blocking is desired. The higher alkanes,
including many of the paraffins, can also form liquid layers of sufficiently low
viscosity to exhibit entrainment of liquid droplets. A similar result was obtained at
ORBITEC [22] in studies to produce high-performance with solid Oz, CHy4, CoH3,
and Ho. The results showed even higher regression rates approaching a factor of
20 over HTPB for solid Hy. A concern with liquid entrainment has been whether
the droplets have sufficient residence time for complete burning. This concern
has been addressed by providing an aft combustion chamber, typically one-half
diameter in length to provide enhanced mixing.

To test the entrainment concept with a noncryogenic fuel that satisfies the
viscosity and surface tension requirement in the liquid phase, the Space Propulsion
Group and Stanford University developed a paraffin-based fuel suitably modified to
satisfy the structural requirements for motor testing. Some 200 tests were initially
conducted in a laboratory burner at a thrust level of 230 N. These tests verified
that the increased burning rate observed with pentane was obtained with GOX
after calibrating the equipment with a standard fuel [20]. As a consequence, under
support from both the Defense Advanced Research Projects Agency (DARPA) and
NASA, scaled-up tests were performed at thrust levels between 4 and 9 kN with
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Fig. 15 Blowing effect asa function of entrainment.
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a) Facility Stanford University

Thrust — approximately 50 lbs
Oxidizer — gaseous oxygen
Grain diameter — 2 3/8 inches
Nozzle type — simple convergent
Number of tests to date - 200

Thrust — approximately 900 Ibs
Oxidizer — Nitrous oxide

Grain diameter — 5.25 inches

Nozzle type — 5:1 converging-diverging
Number of tests to date - 15

Thrust — approximately 2500 lbs
Oxidizer — gaseous Oxygen
Grain diameter — 7.5 inches
Nozzle type — simple convergent
Number of tests to date - 15

Thrust — approximately 2000 Ibs
Oxidizer - liquid Oxygen

Grain diameter — 8.40 inches

Nozzle type — 5:1 converging-diverging
Number of tests to date - 5

Fig. 16 Single port paraffin at four facilities.

27

three different oxidizers (GOX, N»O, and LOX). All tests indicated a regression
rate amplification of 200-300% for the given oxidizer. Figure 16 shows a group
of firings of a single-port, paraffin-based fuel with three different oxidizers and
four different facilities. The significant conclusion from these scaled tests is that
larger motors in the 100-1000 kN class can be designed with simple one- or two-
port grain configurations. This capability with its reduced grain complexity would
greatly enhance the acceptability of hybrids in the larger motor class such as space

engines, thrust augmenters, and boosters.
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VIII. Survey of University Work

It was natural for universities to select the hybrid rocket for both fundamental
ballistic studies and flight projects because of the inherent safety with the use of
hybrid propellants and the ability to use common fuels and oxidizers in a laboratory
environment. Many schools have done regression rate and configuration evalua-
tions with minimal safety problems outside of those associated with pressurized
systems and high-temperature exhaust flames.

Some of the colleges and universities that have generated technical papers
on hybrids include the University of Alabama, University of Arizona, Univer-
sity of Arkansas, the U.S. Air Force Academy in Colorado Springs, John Hopkins
University, Pennsylvania State University, University of New Orleans, Purdue
University, Stanford University, and Utah State University. These are some of
the facilities using the hybrid rocket concept as a teaching, research, static test-
ing, and flight-testing tool. Hybrid rocket activities are also being conducted in
Germany, The Netherlands, India, Japan, Korea, Italy, Sweden, Israel, and Russia
at a minimum.

A. Universities
1. John Hopkins University

The earliest university hybrid studies occurred in 1952 where burning tests with
a reverse hybrid rocket propellant system were conducted at the Applied Physics
Laboratory of John Hopkins University. The propellants tested were benzene and JP
fuel as liquids with potassium perchlorate, AN, and AP. Because of the significance
of this research in opening the door to reverse hybrids, it was discussed in more
detail earlier in Sec. Il, “Early History.”

2. University of Alabama in Huntsville

The University of Alabama in Huntsville (UAH) Propulsion Research Center in
Huntsville, Alabama, has been doing hybrid work since the late 1980s. They have
worked closely with NASA Marshall Space Flight Center (MSFC) and industry
on a laboratory-scale hybrid rocket motor on combustion stability, ballistics of
mixed-oxidizer propellants, water-tunnel studies of head end flowfields design
and testing of microporous LOX injectors, test-facility design, and uncertainty
analysis of burning rates and thrust.

3. University of Arizona/Arizona Sate University

Both schools have done significant research on hybrid fuels and regression
rate determination. The University of Arizona has done work with HAN and AN
mixtures. They have also worked with metallized fuels in addition to PMM, the
standard initial tool of most investigators. At Arizona State University, testing was
done in such areas as swirl injector design and its effects on increasing regression
rate and combustion stability.

4. University of Arkansas/Hendrix College

The test facilities used are located at the University of Arkansas at Little Rock
(UALR) Hybrid Rocket Facility. There is some collaboration with Hendrix College



CLILY.¢

The Worlds Forum for hemspos Lssdwesip Purchased from American Institute of Aeronautics and Astronautics

OVERVIEW AND HISTORY OF HYBRID ROCKET PROPULSION 29

at Conway, Arkansas. Early test work was done on glycidyl azide polymer added
to HTPB for increased performance and regression rate. Many of their published
papers involve optical evaluation on the test stand. These included spectral studies,
plume flicker, opacity studies, and UV spectroscopic monitoring of the combustion
process.

5. Pennsylvania State University

At Pennsylvania State University, the activities included regression rate studies
of the standard GOX/HTPB hybrid and pyrolysis and combustion of solid fuels in
oxidizing atmospheres. They have also done performance comparisons of HTPB-
based solid fuels containing nanosized energetic powders, principally aluminum,
and scaleup studies of hybrid rocket motors.

6. University of New Orleans

At the University of New Orleans, they have done the mathematical modeling
of regression rate of ablating hybrid solid fuels and the study of flame propagation
in hybrid rocket motors.

7. University of Tennessee Space I nstitute

The published papers from Tullahoma, Tennessee, are on inviscid modeling of
classical and vortex injection hybrids.

8. Purdue University

Much of Purdue University’s hybrid activities have involved the use of 85%
hydrogen peroxide as the oxidizer of choice with PE and PMM. They have also
evaluated higher strength peroxide and high-energy additives. Additional studies
were made on the basic combustion phenomena in hybrids.

9. Sanford University

The Aeronautics and Astronautics Department has been involved with ballistic
studies where they developed the theory for high regression rate fuels by way of
liquid entrainment. The principal fuel is paraffin based with stabilizing additives.
Three flight tests were conducted at Black Rock in Nevada in October 1999 with
both a cellulose fuel and a paraffin fuel using N2O as the oxidizer. The motor
hardware was a commercial purchase from Aerotech RMS/Hybrid 54 that nor-
mally comes with a cellulose fuel. It was 45.5 in. long with a diameter of 2% in.
The cellulose-fueled rocket achieved an altitude of 5360 ft, whereas the first paraf-
fin flight flew to 5800 ft. The third paraffin flight had a damaged fuselage from
a previous recovery and achieved a lower altitude of 4460 ft. The difference in
altitudes of the cellulose- and paraffin-fueled rockets can be largely explained by
the difference in Isp values as seen in Table 1.

10. Hybrid Rocket Activities at Utah Universities

In 1991-1992, R. Gilbert Moore of Utah State University initiated the Unity IV
university hybrid rocket program. The name was derived from the four universities
involved: Brigham Young University, University of Utah, Utah State University,
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and Weber State University. The goal was to collaboratively build and launch
a hybrid rocket to an altitude over 100,000 ft and carry an atmospheric density
measuring instrument. The initial rocket used GOX and HTPB in a 50-in.-long
aluminum motor. After several launch attempts, a successful flight was achieved
in November 1995 at the Utah Test and Training Range reaching an altitude of
approximately 3800 ft. The second-generation rocket was based on the use of
liquid nitrous oxide for the oxidizer due to its relative safety as compared to other
oxidizers. This vehicle had an 8-in.-diam motor with a 2-in. nozzle throat devel-
oping 2500 Ib of initial thrust. This vehicle had a successful launch in December
2003 reaching an altitude of 4100 ft.

B. International Universities
1. Germany

A discussion of the early work on the BARBARELLA rocket in the 1970
time period at the Technical University of Munich was given at the beginning
of this section. In the subsequent period, from 1974 to 1987, storable hybrid
propellants were experimentally investigated at DLR German Aerospace Center
Lampolshausen. The purpose was to demonstrate the technical feasibility of
storable hybrid motors for missile propulsion and fuel-rich gas generators for
ram rockets. The effects of different fuel additives on fuel regression rate were
determined, and most of the experiments were done with RFNA and N2Q4, some
with hydrogen peroxide as oxidizer. Investigations on a hybrid gas generator with
metal- (Mg, Al, B) containing fuels at low O/F mixture ratios producing a fuel-
rich exhaust. A suitable concept for manufacturing fuels with up to 80% of boron
was developed. These compositions were analytically shown to be suitable for ram
rocket applications in the late 1970s.

2. Ingtitute of Space Propulsion Technology at Technical University of Munich

Somewhat later between 1968 and 1974, a group of students of the Institute
developed a hybrid rocket, the BARBARELLA [23]. It used HNO3 and a mixture
of toluidine and aminophenole as the fuel. The rocket had a length of 1.6 m and
diameter of 10 cm, with an initial mass of 10.6 kg. It had a thrust of 370N and
burned for 22 s. A flight took place in 1974 off the coast of the Baltic Sea.

3. The Netherlands

The TNO Prins Maurits Laboratory at Rijswijk, The Netherlands, has been
involved in hybrid studies for a number of years. They have developed system
analysis models of complete hybrid systems with optimized grain designs with the
associated liquid components.

4. Indian Efforts

Hybrid rocket research has taken place mostly in the academic institutions:
Gorakhpur University, Birla Institute of Technology, Indian Institute of Science,
and Indian Institute of Technology Madras. The first two institutions initiated
studies to establish regression rate equations. At the Indian Institute of Science,
the study was mainly devoted to understand the combustion mechanism in hybrid



CLILY.¢

The Worlds Forum for hemspos Lssdwesip Purchased from American Institute of Aeronautics and Astronautics

OVERVIEW AND HISTORY OF HYBRID ROCKET PROPULSION 31

rockets. The Indian Institute of Technology Madras focused on the issue of finding
methods to enhance fuel regression rates.

Rastogi and his coworkers at the Gorakhpur University studied experimen-
tally the regression rates of different kinds of polymers (polystyrene, polystyrene
containing B-O and B-C linkage, and oxygen styrene copolymers) with GOX at
atmospheric pressure. They measured the regression rates at different GOX mass
fluxes by two methods: 1) from the loss of fuel mass and 2) from the measurements
of the port diameters at the grain ends for a known burn time.

Paul et al. at the Indian Institute of Science conducted experiments on
rubber/oxygen/nitrogen system and explored the effect of the mass transfer num-
ber B on regression rate. He found it to be more sensitive than predicted by the
theoretical expression given by Marxman and coworkers. They further experimen-
tally obtained the fuel regression rates in a hypergolic combination (difurfurylidene
cyclo-hexanone plus RFNA) for different mass fluxes and found them to be
pressure independent.

George et al. at the Indian Institute of Technology Madras conducted a sys-
tematic experimental investigation on the methods of enhancing the regression
rate in GOX/HTPB hybrid rocket motor. They showed that the addition of AP
or aluminum in the fuel, and the reduction of grain port diameter enhanced the
regression rate.

IX. SpaceTourism

It has always been the dream of amateur rocketeers to fly into space commer-
cially. Inspired by the Lindbergh transatlantic solo flight in the Spirit of St. Louis
aircraft in 1927, a group of space enthusiasts led by Peter Diamandis, founder
of the X Prize Foundation, proposed a new Spirit of St. Louis in 1996. The goal
was for a commercially sponsored flight to transport three people safely to an alti-
tude of 100 km and to repeat this feat within two weeks. It was envisioned that,
because the Orteig Prize in 1927 stimulated the commercial aviation industry we
have today, a similar stimulus might have a corresponding result for rocket travel in
space. The New Spirit of St. Louis organization met in May 1996 to announce the X
Prize contest. In attendance were Lindbergh’s two grandsons, NASA administrator
Dan Goldin, Richard Fleming, astronaut Buzz Aldrin, and Burt Rutan, president
of Scaled Composites. This group was able to attract several million dollars of
support, and in May 2004, the Ansari family contributed the additional funds to
create the $10 million Ansari X Prize.

This challenge attracted 26 teams from 7 countries. A leading contender and
eventual winner was Burt Rutan, who received his financial support largely from
retired Microsoft executive Paul Allen. He had a running start because his own
personal goal had been to show the feasibility of privately developed manned space
flight. In this pursuit, his group had developed several safety related concepts. His
approach was to use an aircraft to carry a rocket ship to an altitude of 46,000 ft
(14 km), at which point the rocket would be launched from a horizontal position.
While in a descending glide to clear the mother ship, the rocket engine is fired using
the ship’s wings to reorient to a near-vertical trajectory. The rocket thrust would
then provide the velocity to achieve the apogee of 100 km. He actually realized
this goal in a publicly attended flight on 21 June 2004. After this successful flight,
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Fig. 17 SpaceShipOne vehicle.

he set out to fly the heavier payload of the X Prize requiring two flights within
two weeks. Rutan officially accomplished this feat on 29 September 2004 and
on 4 October 2004, ahead of all other competitors, thus claiming the $10 million
reward. The second flight reached an altitude of 112 km exceeding the goal by
12 km [24-27]. The SpaceShipOne vehicle is shown in Fig. 17.

After the evaluation of the various types of rocket motors for the second por-
tion of the flight, it is significant that Rutan chose a hybrid motor. The important
considerations were safety of operation, good performance, system cost, quick
turnaround, and thrust termination. The propellant system selected was nitrous
oxide (N2O) and HTPB, a PB fuel. To satisfy their required burning time of 80s
with the relatively low burn rate, the grain design contained four longitudinal ports
to increase the burning surface area. The N2O with its ambient vapor pressure in
the 600700 psi range allowed self-pressurization, a weight-saving feature.

The success of the Rutan flight has inspired other more ambitious contests
including the X Prize Cup and Bigelow’s $50 million America’s X Prize with a
goal to launch a crew of five to an altitude of 400 km. This must be accomplished
twice before 10 January 2010. The ultimate goal, of course, is to provide a satellite
capability so tourists can view the entire planet for indefinite periods of time
[27]. This would require an energy of 5-10 times that of the X Prize involving a
multistage rocket vehicle probably in the meganewton thrust class.

X. Highlightsin Perspective

When viewed in perspective, some of the highlighted events retained their sig-
nificance in later years. The following events were chosen because either they
were the first in which significant experiments were conducted, they divulged a
new concept, or they provided an expanded insight into a useful technology.

A. Pacific Rocket Society Experiments

This activity, which covered an early period from the mid-1940s to the 1950s
involved both static and flight tests. In contrast to earlier work, investigations
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were conducted of a wide variety of fuels and ended with practical propellants,
such as LOX and rubber, which are common to this day. A successful flight was
accomplished in June 1951 reaching an altitude of 30,000 ft (9100 m).

B. 180-Kilonewton Thrust Motor, Tested by UTC in 1967

This early version of a multiport grain paved the way to the later developments
by STARSTRUCK, AMROC, and the HPDP consortium two decades later. The
wagon-wheel grain design was used as the basis for these subsequent motors.

C. DronePrograms Sponsored by U.S. Air Force

These vehicles, which used UTC hybrids, lasted for 15 years. They demon-
strated the practicality of the hybrid motor in a mission requiring a wide 8/1
throttling ratio. Several versions of the hybrid motors were employed, including
two oxidizers, three fuels, and a stacked disk approach to fuel fabrication. No
hybrid flight program has ever persisted for such a long period of time and satis-
fied military specifications. It also demonstrated the versatility of the hybrid in that
several system concepts were employed with different propellants, all performing
successfully.

D. Burning Rate Expression Developed by Marxman and Coworkers

In the early 1960s, this was the most complete treatment up to that time and is
a basic relation used to this day. The expression incorporates the effect of blowing
on heat transfer, the two boundary layers of momentum and combustion, and the
radiation correction, taking into account coupling with convection. Because of its
versatility, it has served as a starting point for interpreting various burning rate
concepts, such as entrainment, and provided the basis for engine design.

E. LargeBoostersin >1 Meganewton Thrust Motor Class

Using the principles learned in earlier scaling programs, AMROC, and subse-
quently the HPDP consortium, were able to design and test large hybrid engines
in the meganewton thrust class. Although these motors did not reach operational
status, they elucidated the problems facing large booster development, such as
grain fabrication, fuel utilization, and combustion stability.

F. SpaceShipOne Suborbital Manned Flight by Scaled Composites

This privately funded event in 2004 opened the door to space tourism in sub-
orbital flights with the future potential for tourist flights into orbit. It has also
stimulated venture capitalists to sponsor future space flights.

XI. Conclusions

In viewing the past history of hybrid motor development in perspective, it is
clear that most, but not all, of the claimed advantages have been realized. Most
important, the units are safe and there has never been a reported chemical explo-
sion. The failures that have occurred have been relatively few and benign in nature,
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resulting in occasional damage to the motor but nothing significant to the test facil-
ity. Throttling and shutoff capability have been demonstrated, features that are of
importance in manned flight applications. Because of the safety and reduced man-
ufacturing tolerances, the hybrid motor has been the rocket of choice by both
universities and amateur rocket enthusiasts. Furthermore, the versatility of propel-
lant selection has been amply demonstrated in that it has outstripped the available
candidates in both solid- and liquid-propulsion systems.

Problems have arisen, however, in the development of motors whose diameters
are roughly in excess of 1 m. This approximate diameter limitation, due to the
low regression rate of the classical hybrid, has led to multiport grain designs
that have partially compromised motor mass fractions and created an uncertainty
in grain behavior at burnout, particularly in flight. Some of the current efforts on
investigating burning rate increase appear promising and need further verification
for larger size motors. An additional area of considerable importance is combustion
instability, particularly with LOX as an oxidizer. In contrast to both liquids and
solids, the hybrid does not exhibit severe high-frequency acoustic modes. However,
it does experience a low-frequency chugging-type behavior that can be aggravated
by inadequate vaporization of a liquid oxidizer in the precombustion chamber.
This is not a fundamental objection because all rocket and airbreathing engines
have experienced instability at some time in their development, but it does need
more research for acceptable resolution. In contrast to the solid and liquid rocket
development programs, the hybrid has received only a fraction of the investment
made with the other engines. It is reasonable to expect that, with a more substantial
funding, the hybrid motor can play a significant role in major space applications
envisioned today.
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Chapter 2

Review of Solid-Fuel Regression Rate Behavior in
Classical and Nonclassical Hybrid Rocket Motors

Martin Chiaverini*
Orbital Technologies Corporation, Madison, Wisconsin 53717

Nomenclature

A = Arrhenius preexponential constant, mm/s
B = blowing parameter, psr/(Gcs /2)

Bmod = modified blowing parameter, Bexp(qy/qy)
¢cs = fuel specific heat, J/kg - K

¢ = skin-friction coefficient

Cp = gasisobaric specific heat, J/kg - K

C* = characteristic exhaust velocity, m/s

D = diameter,cm

D = mass diffusivity, m?/s

Da = Damkdhler number

Dn = hydraulic diameter, cm

Ea = activation energy, kcal/mole

G = local, bulk mass flux, kg/m? - s

h = enthalpy, J/Kg; port height, mm

lsp = specific impulse, s

k = absorption coefficient, kinetic rate constant
K = concentration
L = length of fuel slab, cm

Le = Lewis number

Np = particle number density

Nu = Nusselt number

O/F = oxidizer to fuel mass mixture ratio
Pr = Prandtl number

p = pressure, atm or MPa

q’ = heat flux, W/m?

*Principal Propulsion Engineer. AIAA Senior Member.
Copyright © 2007 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.
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= Reynolds humber

= universal gas constant, kcal/kg - K

= regression rate, mm/s

= Schmidt number

= geometric swirl number defined in Eq. (69)

= Stanton number

= swirl number

= temperature, K

=time, s

= streamwise velocity component, m/s

= fuel web thickness, mm

= mole fraction

= axial location, cm

= mass fraction

= absorptivity

ap = particle weight fraction

AH? = heat of formation, J/kg

AH; = heat of reaction per unit mass reactants, J/kg

AH, = heat of vaporization, J/kg

= emissivity, or turbulence dissipation rate, m?/s®

= thermal conductivity

= viscosity, N - s/m?

= density, g/cm®

= fuel density, g/cm?®

= Stefan—-Boltzmann constant

= temperature ratio, Ts,,/Ts

= weight fraction of gas in decomposed fuel products at
fuel surface

RXXXECTHAYRYYT DY

Qx> T A®

Subscripts

av = average
C = convective

d = hydraulic diameter
e = boundary layer edge
eff = effective

f =fuel

fl = flame

g = gas phase

i =initial

o0 = oxidizer, or reference
rad = radiant

s = surface or soot

sw = swirl

t = turbulent

tot = total

v = vortex

w = wall
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x = local, axial
+ = just above fuel surface
— = just below fuel surface

. Introduction

IKE liquid- or gelled-bipropellant propulsion systems, monopropellant

thrusters, and solid rocket motors, hybrid rocket propulsion systems use energy
liberated from the combustion of fuel and oxidizer to generate thrust. In hybrid
rockets, however, the propellants are both physically separated and stored in dif-
ferent phases. For example, conventional (sometimes called classical or typical)
hybrid motors use a solid-fuel grain and a liquid oxidizer. The liquid oxidizer is
injected into the head end of the solid-fuel grain, sometimes first through a pre-
combustion chamber that serves to vaporize the oxidizer and allows it to enter
the combustion port in a nonpreferential manner. The pyrolyzed gaseous fuel and
oxidizer mix and react along the length of the fuel grain and undergo final mixing
in the aft combustion chamber. The hot product gases are then expelled out the
nozzle to generate thrust. Figure 1 illustrates the main features of a classical hybrid
rocket propulsion system.

The key parameter influencing the design of hybrid fuel grains, and, therefore,
the overall hybrid-motor design, is the solid-fuel regression rate. The regression
rate, a velocity, is defined as the rate at which the solid-phase fuel is converted to a
gas. Though the term burning rate is sometimes used to describe hybrid solid-fuel
regression, this term is more appropriately applied to solid propellants, which typ-
ically undergo combustion reactions on the propellant surface. In hybrid motors,
combustion usually occurs in the boundary layer above the fuel surface rather than
at the fuel surface itself. Sometimes, the terms erosion rate or ablation rate are also
used and are essentially equivalent to the more favored regression rate. Two other
terms of interest in the literature are the pyrolysisrate and sublimation rate of the
fuel. The term sublimation is used in the usual sense of phase change from a solid
to gas without first passing through the liquid phase. The term pyrolysis refers to a
solid-to-gas phase change that is accompanied by a chemical change, such as the
polymer chain breaking, cyclization, and re-organization that occurs in the in-depth
near-surface region when polymer-based fuels degrade and regress. However, note
that some specialized fuels, such as solid cryogens (for example, frozen methane)
and paraffin waxes, appear to regress. Solid cryogens seem to melt or sublimate
without a chemical change, whereas paraffins have been proposed to melt and
form wavelets on the fuel melt-layer surface that spray droplets into the gas flow.
However, these fuels are exceptions to the general behavior and are discussed later.

KPcsl-CombuslIon Chamber g n”ef7
Solid Fuel Grain Injector Pressurization System
7 / &
A /f/ 7 \ m
R 7777777 \ WAL

Fuel Port X‘M—'Oxidlzer Valve L —Onddizer Tank

Pre-Combustion Chamber

Fig. 1 Typical classical hybrid propulsion system.
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The main objective of this chapter is to survey broadly some of the more
significant theories and analyses that have been developed to explain the solid-
fuel regression rate behavior of various types of hybrid motors and solid fuels
under different operation conditions. Both classical and nonclassical hybrid motor
configurations, as well as traditional and nontraditional fuels, will be examined. In
Sec. I1, a brief introduction to hybrid motors is provided and particular advantages,
disadvantages, and performance characteristics compared to liquid-bipropellant
rocket engines and solid-propellant motors, are discussed. In Sec. I, physical
processes involved in hybrid solid-fuel regression are described and a review of
relevant literature is presented. This review focuses primarily on theoretical and
semi-empirical approaches to developing regression rate laws. The effects of turbu-
lent heat transfer, radiant heat transfer, gas-phase kinetics, heterogeneous reactions
on the solid-fuel surface via oxidizer attack, oxidizer injector design, and fuel addi-
tives are described and discussed. A few investigations of scaling and geometry
effects are also discussed. In Sec. 1V, regression rate characteristics of nonclassical
hybrid motor configurations are discussed, including swirl-injected hybrids, vortex
hybrids, and end-burning hybrids, as well as regression rate behavior of nontradi-
tional fuels such as paraffins and cryogenic solid fuels. Other types of nonclassical
hybrid concepts are also briefly reviewed and discussed. Conclusions and recom-
mendations for future research are also presented. The reader is referred to Chapters
3 and 4 for additional discussions of regression rate mechanisms and measurement
techniques, Chapter 10 for solid fuel characteristics, and Chapter 12 for scaling
effects. We will not here address the very important subject of transients or unsteady
combustion in hybrid rocket motor as this subject is discussed in Chapter 9.

Il. Hybrid Motor Characteristics

Because they store fuel and oxidizer in separate phases, conventional hybrid
systems offer several important advantages over their liquid and solid rocket
counterparts that potentially make them attractive for a variety of applications.
Characteristic hybrid benefits include those listed in the following paragraphs:

1) Safety—Enhanced safety compared to liquid bipropellant and all-solid sys-
tems often represents the most desirable and distinguishing characteristic of
conventional hybrid-propulsion systems. Because the fuel and oxidizer are sepa-
rated by distance and phase, hybrids have almost no explosion hazard and very few
failure modes. Moreover, solid fuels are not hazardous for storage and transporta-
tion, unlike solid propellants and volatile liquid fuels such as hydrogen, methane,
and kerosene.

2) Insensitivity—Unlike solid-propellant grains where the fuel and oxidizer are
intimately mixed, hybrid-fuel grains are insensitive to cracks and imperfections
because they are inert. In conventional hybrids, heterogeneous reactions due to
oxidizer attacking the fuel surface generally do not come into play because the
diffusion flame zone shields the fuel surface from the oxidizer-rich core flow.
Therefore, potential cracks and fuel imperfections that may increase the fuel sur-
face area do not have a significant effect on the internal ballistics of the fuel grain.
The inert solid-fuel grain is ideally suited for tactical systems that require “wooden
round” insensitivity to small arms fire and case penetration. Solid-propellant
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cracks, on the other hand, can have a catastrophic effect on the motor because
they increase the burning surface area, which in turn increases the motor pres-
sure beyond the design conditions. Finally, solid-fuel regression rates are typically
not sensitive to ambient temperature effects, providing for reliable and consistent
motor operations over a broad range of conditions. Solid-propellant motors, how-
ever, must incorporate design margins to allow for chamber pressure variations
that result from burning rate temperature sensitivity.

3) Reiability—Because only the oxidizer is stored in liquid form, hybrid rock-
ets require only half as much feed-system hardware as liquid-propellant rockets.
This arrangement provides advantages in terms of improved reliability, lower feed
system weight, and less complex mechanical design.

4) Energy management—Hybrid rockets can be throttled for thrust control,
maneuvering, motor shutdown, and restart by adjusting only the oxidizer flow rate
while avoiding the necessity of matching hydraulic characteristics with the fuel,
as must be done for liquid-propellant rockets. Throttling is attractive for various
tactical applications such as missile-intercept and air-to-air missions. Hybrid rocket
designs can also include a non-destructive mission abort mode.

5) Fuel versatility—The solid-phase fuel provides a convenient matrix for
introducing a variety of additives for purposes such as plume signature tailoring
for military applications, metal particles for high-energy missions, and simulating
solid-propellant exhaust products or other chemically reacting flows for research
purposes.

6) Design flexibility—Though most hybrid developmental efforts have focused
on large boosters or upper stages using the conventional configuration, additional
concepts described later in this chapter have been proposed for a variety of missions
including in-space propulsion, satellite maneuvering, orbit maintenance, waste
generators, and even an underwater welding torch. In Chapter 14, the historic
flight of Space Ship One, the first privately developed spacecraft, which used
an N2 O/hydroxyl-terminated polybutadiene (HTPB) hybrid motor, is described.
Hybrids are also a very safe and effective educational tool for demonstrating rocket
propulsion concepts to a broad audience. Overall, hybrids possess a great range of
design flexibility to meet a wide variety of missions.

7) Environmental friendliness—Hybrid rockets using typical propellants such
as liquid oxygen (LOX) and rubber-based fuel such as HTPB, have environmen-
tally clean exhaust without hydrogen chloride or aluminum oxide, which can be
ecologically damaging.

8) Low cost—Hybrid rockets pose almost no explosion hazard during manufac-
ture, transport, ground test, and storage because the fuel and oxidizer are separated
both physically and by phase. This arrangement also allows for easier and safer
clean up in the event of an oxidizer spill. Hybrids should be very economical to
both manufacture and launch because of their inherent safety and minimal failure
modes.

Classical hybrid rockets also display several disadvantages with respect to other
chemical-propulsion systems, including the following:

1) Sow regression rate—Polymeric hybrid fuels, such HTPB, regress rather
slowly, generally at least an order of magnitude slower than solid propellants.
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To produce the necessary mass flow rate of pyrolyzed vapor from the fuel grain
consistent with a desired thrust level, multiport grains with large wetted surface
areas must often be employed. Such grains require proportionally large pressure
cases and can display poor volumetric loading. Also note that low regression rates
are also a disadvantage when small grain L/D ratios may be desirable, such
as for upper stages. Fuel-rich gas-generator grains with some oxidizer content,
such as glycyl azide polymer (GAP) or HTPB with small amounts of ammonium
perchlorate (AP), can be used to increase regression rates, but are not as insensi-
tive as pure fuels. However, as described later, advanced solid fuels and innovative
injection methods have recently shown great promise for overcoming the design
difficulties associated with low fuel regression rates.

2) Low volumetric loading—In addition to slow regression rates leading to
poor volumetric loading, the use of aft combustion chambers downstream of the
fuel grain to complete the mixing and combustion of fuel and oxidizer further
exacerbates the mass fraction disadvantage compared to liquid and solid sys-
tems. Conventional hybrid propulsion systems therefore, typically require a larger
installation envelope.

3) Fuel residuals—Conventional hybrids with multiple ports cannot be burned
to completion because portions of the fuel web between the ports would dislodge
from the host grain and potentially block the nozzle. Therefore, a few percent of
the fuel must be left intact at the end of the mission. These so-called fuel slivers
subtract from the overall propulsion system mass fraction.

4) Mixture ratio shift—Because of the strong coupling between the oxidizer
flow through the fuel port and the grain ballistic behavior, the overall mixture ratio
during the burn displays a time variation due to the increase in the port size. As
will be discussed in detail later in this chapter, the increase in port cross section
increases the fuel burning surface area but decreases the fuel regression rate. These
two effects are in general not balanced, leading to a change (usually a decrease) in
the overall fuel production rate. This variation in turn affects the propulsion system
performance. However, use of secondary oxidizer injectors and innovative grain
designs can offset or eliminate the mixture ratio shift.

5) Mixing/combustion inefficiencies—Hybrids have fundamentally different
mixing and combustion processes than either liquid-bipropellants or all-solid sys-
tems. In liquid engines, propellant mixing occurs on a droplet-size scale, whereas
in solids the fuel and oxidizer are intimately mixed during the grain casting process.
In hybrids, however, propellant mixing and combustion occur in a macroscopic
diffusion (nonpremixed) flame zone that has a length scale of the same order as
the fuel grain length. This mode of mixing and combustion may result in slightly
lower overall combustion efficiency than competing chemical systems.

Whereas this chapter primarily addresses solid-fuel regression rate behavior
in both classical and nonclassical hybrid motor configurations, it is worthwhile
reviewing some of the basic performance characteristics and applications of hybrid
motors to place the importance of the regression rate in proper context. The early
days of hybrid combustion research and development often saw use of wood,
wax, and carbon for fuels. Though polymethylmethacrylate (PMM) and polyethy-
lene (PE) are sometimes used for laboratory experiments, the most commonly
employed modern solid fuels for hybrid motor propulsion are the butadiene-based
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fuels, such as HTPB. HTPB is safe and easy to formulate using a two-part polymer
mixture of resin and curing agent. Additives may include cross-linking agents
for enhanced mechanical strength, densifying agents such as polycyclopentadi-
ene, carbon powder to opacify the grain to thermal radiation penetration, and
metal powders for increased energy density. In Chapter 10 hybrid solid fuels are
discussed in much more detail.

When combined with various oxidizers, HTPB-powered hybrids typically dis-
play specific impulse greater than that of solid propellants, such as AP/HTPB
heterogeneous solids, but lower than that of high-energy liquid-bipropellant combi-
nations such as hydrogen—oxygen systems. However, HTPB/LOX is quite similar
in performance to kerosene/LOX. On the other hand, HTPB hybrids have higher
density impulse than liquid-bipropellants, but lower than that of solid propellants.
Figure 2 shows the theoretical specific impulse and density impulse performance
of HTPB as a function of mixture ratio for several oxidizers at a chamber pressure
of 1000 psia and a nozzle area expansion ratio of 10:1. Notice that LOX provides
the highest specific impulse because of high oxidation potential, whereas hydrogen
peroxide (H20;) provides the larger density impulse due to its high mass density. In
Chapter 9, hybrid oxidizers, especially the use of hydrogen peroxide, are discussed
in more detail. Figure 3 provides additional comparisons of the performance of
various hybrid-, solid-, and liquid-bipropellant systems.

The fuel mass for a given mission may be determined from an analysis of
the specific impulse for the selected propellant combination. However, the shape
of the fuel grain and design of the combustion port(s) depends on the internal
ballistic characteristics of the motor, which in turn are set by the fuel regression
rate behavior. Therefore, a thorough understanding of the physical processes that
govern solid-fuel regression under various conditions is essential for optimizing the
design of high-performance hybrid motors. In the next section, we turn our attention
to the main focus of this chapter, a review and discussion of the fundamental
processes governing solid-fuel regression phenomena in various types of hybrid
motors. To set the stage, the salient features of boundary-layer combustion and
solid-fuel regression in hybrid motors are presented.

Figure 4 shows in a qualitative manner, many of the physical processes involved
in hybrid combustion. Shortly after ignition, a chemically reacting boundary layer
develops over the solid-fuel surface due to the injection of oxidizer at the head
end of the motor. Though the oxidizer could be introduced in either gaseous
or liquid form, liquid droplet and spray physics are not represented in Fig. 4
for clarity. In addition, the boundary layer is assumed to be turbulent due to the
typically high injection Reynolds numbers for hybrid motors; however, laminar
and transition flow regimes could also be present near the leading edge of the
fuel grain under some circumstances. The turbulent boundary layer is character-
ized by strong velocity, temperature, and species gradients normal to the surface,
and mass, momentum, and energy transport are dominated by the turbulent flow
processes.

Shortly after ignition, a diffusion flame region forms in the boundary layer.
According to Marxman and Gilbert [2], the flame resides at a location approxi-
mately 10-20% of the boundary-layer thickness above the surface. Heat from the
flame is convected and radiated to the fuel surface. This energy flux causes the solid
fuel to pyrolyze (undergo a physical change accompanied by chemical changes).
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The pyrolyzed fuel vapor is then transported to the flame zone by convection and
diffusion, where it mixes with the gaseous oxidizer, which has been transported
through the boundary layer from the core flow region via turbulent diffusion. The
two components react in the diffusion flame, a process that provides heat to sustain
further fuel pyrolysis. The fuel mass flux due to pyrolysis, however, blocks some
of the heat transfer to the surface, which causes a decrease in the regression rate
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and corresponding strength of the wall blowing effect and, in turn, a weakening
of the blocking action, which in turns means that more heat can reach the surface,
and so on. This tendency toward a self-regulating interaction between heat flux,
mass blowing, and heat flux blockage is a distinguishing characteristic of hybrid
combustion.

The hybrid boundary layer is also characterized by several different spatial
zones normal to the fuel surface. A fuel-rich region exists below the diffusion
flame and an oxidizer-rich region resides above the flame. Under some conditions,
oxidizer gas may be able to pass through the flame zone and participate in hetero-
geneous reactions with the fuel on the pyrolyzing surface. The importance of this
phenomena was the subject of much investigation during the 1960s and 1970s and
will be discussed further in Sec. I11.

Additional fuel surface phenomena include polymer degradation and frag-
ment desorption (for polymeric fuels) as discussed by Arisawa and Brill [3, 4],
surface roughness effects that can affect heat transfer, mechanical deformation
of the solid fuel by chamber pressure excursions, and the effects of solid-fuel
additives, such as metal particles, on modifying (usually lowering) the bulk
fuel enthalpy of gasification and the heat-transfer blocking effect. A liquid-
melt layer may also form on the fuel surface in the absence of sufficient heat
flux to cause direct gasification of the solid fuel. As discussed later in the
chapter, Karabeyoglu [5-7] have proposed that cryogenic solid fuels, for exam-
ple, frozen methane, and certain paraffin fuels regress quickly compared to
conventional fuels because, in addition to gasification, they also undergo a sur-
face melt-layer/fuel droplet entrainment process that does not contribute to the
blocking effect. These fuels will be discussed later in this chapter as well as in
Chapter 10.
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In all practical hybrid rocket fuel grains, the gas-phase flow is confined between
the fuel surfaces. Thus, a true freestream does not really exist, and the flow is more
similar to an internal pipe flow than the flat plate-type flow shown in Fig. 4. The
core flow may, therefore, undergo axial acceleration along the fuel grain, caused by
accumulation of fuel mass and combustion enthalpy in the downstream direction,
as well as by boundary-layer growth. Axial temperature, enthalpy, pressure, and
mixture ratio gradients can also affect the character of the boundary layer above the
solid-fuel surface. In addition, the boundary layers may grow to the point where
they merge at some location along the fuel port.

The interfacial energy, species, and overall mass flux balances are also shown in
Fig. 4, for asurface fixed in space. With respect to the fuel surface, one may imagine
the solid fuel feeding into the pyrolyzing surface at the regression velocity r. The
energy balance is the most complex boundary condition and consists of conductive,
radiative, and enthalpy changes across the interface. Term 1 represents the heat
flux convected from the flame to the fuel surface, whereas term 2 is the heat lost by
conduction into the solid fuel. The analogous radiant fluxes are given by terms 3
and 4. Term 3 represents the net radiant flux to the surface from the flame and
possible soot particles. The fuel-rich gases between the flame and surface may
absorb some portion of the radiation, and reradiation from the surface to the gas
phase is also possible. For fuels containing metal additives, such as aluminum,
an additional term must be included in the energy flux balance to account for
the radiant flux due to metallic particles. Terms 5 and 7 represent the chemical
enthalpy and sensible enthalpy, respectively, delivered to the pyrolyzing surface
by fuel regression. Notice that these terms both contain the solid-fuel regression
rate as a variable. Term 6 indicates the chemical enthalpy carried away from the
surface by the pyrolyzed species via bulk motion and diffusion, and term 8 accounts
for the corresponding sensible enthalpy flux. This energy flux balance can serves
as a useful starting point for an analytic regression rate approach based on heat
transfer from the flame to the fuel surface and is given by

n n
Qtot = ptr [(Z Yi+AHf0,i> - AHfo,HTPB:| + pr ZY‘+ [/T
i i

The Appendix provides the derivation for this equation. The chemical species
mass flux boundary condition represents a balance between species generated on
the surface by decomposition reactions and species carried away from the surface
by bulk motion and diffusion. Here, terms due to subsurface diffusion and species
accumulation on the surface are assumed negligible. The overall mass flux balance
has been used to show that the pyrolyzed-fuel mass flux must equal the product of
solid-fuel density and regression rate.

At this point, note that most empirical, semi-empirical, or theoretical inves-
tigations have shown that the fuel regression rate depends very strongly on the
local mass flux along the fuel port. However, the “normal” regression rate regime
of practical interest is bound between two extreme mass flux regimes: the upper
limit, often called the “flooding” limit, and the lower limit, referred to here as the
“cooking” limit. Flooding corresponds to a situation wherein the oxidizer flux is
high enough to prevent burning in the fuel port, or is increased to the point where
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the flame is extinguished, presumably due to finite reaction rates that can not keep
pace with fluid dynamic mixing rates at high flux levels or to the development
of very oxidizer-rich conditions in the fuel port. Flooding has not received much
attention in the open literature, although Muzzy [8] has described it briefly. Accord-
ing to him, in the transition region between steady-state combustion and the onset
of flooding, the combustion process appears to be controlled by kinetics and not
by diffusion. Flooding limits also appear to depend on the specific fuel /oxidizer
combination and the motor pressure. Highly reactive fuels and oxidizers, such as
lithium hydride and fluorinated oxidizers, have higher flooding limits, that is, can
operate in classical hybrid mode at a relatively high G, threshold, than less reactive
propellants, such as hydrocarbon fuels with N2O. Establishing particular flooding
limits may be important for some volume-limited, high-energy applications, such
as tactical systems.

On the other hand, at very low mass fluxes, the convective heat-transfer rates to
the fuel surface, and, therefore, the fuel regression rates, are low and the thermal
wave penetrates deep into the solid-fuel grain. Depending on the specific type
of fuel, this situation can lead to melting or charring and subsurface cooking
reactions that may cause the virgin fuel to undergo depolymerization reactions
well below the surface. According to Marxman et al. [9] this situation may lead
to undesirable modifications to the fuel properties, poor combustion efficiency,
and unreliable operation. For Plexiglas/oxygen, Marxman et al. [9] showed that
the minimum regression rate before these phenomena become important is about
0.1 mm/s, which is probably lower than any practical application of interest. For
the remainder of this chapter, we will concern ourselves with systems that operate
between these two extrema of flooding and cooking.

This brief, qualitative description of some hybrid rocket combustion phenomena
serves as an appropriate point of departure for a review of the relevant literature.
Probably the most influential theory so far for explaining regression rate behavior
was developed by Marxman and Gilbert [2], Marxman et al. [9], and Marxman [10,
11]. They based their approach on turbulent combustion over a flat-fuel surface.
According to their study, the solid-fuel regression rate is governed primarily by
convective heat transfer from the flame to the fuel surface. The local mass flux G
is the primary operating parameter governing regression rate in this theory. Both
Marxman and Paul et al. [12] later attempted to modify Marxman and Gilbert’s
original approach to account for density variations across the boundary layer.
Marxman et al. [9] and Marxman [10, 11] also made allowances for radiant heat
flux due to gas-phase combustion products, but concluded that only a strong source
of thermal radiation would significantly alter the regression rate behavior.

Several more recent investigations have furthered the study of thermal radia-
tion effects in hybrid combustion. Estey et al. [13] found that including a term
to account for thermal radiation improved empirical correlations for metal-loaded
fuels, whereas convective heat-transfer theory worked best for pure hydrocarbon
fuels. Strand et al. [14] measured the total radiant heat flux to the fuel surface in
a slab-geometry, laboratory-scale motor. In contrast to Estey’s findings and the
earlier conclusions of Marxman, they found that radiation from soot may signifi-
cantly influence the regression rate of pure HTPB, especially at lower O/F ratios.
They also suggested that future experiments consider the variations in thermal
radiation with motor pressure and O/F ratio. Chiaverini et al. [15, 16] drew on
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Strand’s work [14] to semi-empirically characterize radiant heat fluxes from both
gas-phase combustion products and soot for a large amount of hot-fire data under
practical operating conditions for oxygen and HTPB.

At about the same time Marxman and his coworkers performed their work,
Smoot and Price [17-19] conducted a large number of experiments which indi-
cated that, at relatively low pressures and high mass fluxes, the solid-fuel regression
rates in hybrids employing fluorinated oxidizers displayed a strong dependency
on chamber pressure, but only a weak dependence on mass flux. After an exten-
sive investigation, they concluded that oxidizer transport to the fuel surface and
subsequent first-order heterogeneous reactions were responsible for the observed
pressure dependence. Their correlation predicted the experimental regression
rates to within +£40%. However, both Kosdon and Williams [20] and Muzzy [8]
attributed the pressure dependence to finite-rate gas-phase chemical kinetics,
whereas Rastogi and Deepak [21] suggested that heterogeneous reactions at the
fuel surface could be responsible for this phenomenon. Citing a mismatch between
pyrolysis data obtained in a hybrid motor and from various thermal pyrolysis
studies, Kumar and Stickler [22] also considered the possibility of fuel surface
attack by unburnt oxidizer passing through the boundary layer. Miller [23] derived
an expression, based on both chemical kinetic and gasdynamic variables, that
successfully correlated Smoot and Price’s data to within the accuracy of their exper-
iments. However, Wooldridge et al. [24] and Kosdon and Williams [20] pointed
out potentially significant limitations of Miller’s approach. Chiaverini et al. [16]
did not find any significant effects of chamber pressure on regression rate and con-
cluded that, under typical hybrid motor conditions for oxygen and HTPB, neither
gas-phase chemical kinetics nor heterogeneous surface reactions play a signifi-
cant role in regression rate behavior. In support of this result, they subsequently
conducted thermal pyrolysis experiments at atmospheric pressure in an inert envi-
ronment and showed that the resulting pyrolysis law matched their motor firing
data to within the accuracy of the experimental measurement [25]. These various
works, as well as those of others, will be examined in more detail later.

The results for the classical hybrid configuration provide a strong basis for
the analysis of non-classical hybrids, which include swirl-injected hybrids, vortex
hybrids, end-burning hybrids, radial-flow hybrids, and hybrids employing cryo-
genic solid fuels or paraffin-based solid fuels. These concepts will be reviewed in
Sec. IV.

I11. Regression Rate Behavior of Classical Hybrids

Here, we will examine regression rate characteristics of classical hybrid con-
figurations in the following manner: First, a few early investigations that laid the
groundwork for future efforts are discussed. This section is followed by a more
thorough discussion of the very important classical diffusion-limited theory, as
developed by Marxman and his coworkers in the early 1960s. The accuracy of
heat-transfer diffusion-limited theory has largely been borne out in the intervening
years since Marxman’s original work, especially for modern fuels such as HTPB
and HTPB-based fuel blends. Modifications to classical diffusion-limited theory
to account for the effects of thermal radiation and variable fluid and transport prop-
erties across the boundary layer are also presented. This section is followed by a
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discussion of the effects of chemical kinetics on regression rate behavior. It should
be stated from the outset that the role of chemical kinetics, whether for gas-phase
reactions in the boundary layer, heterogeneous reactions due to oxidizer attacking
the fuel surface, or polymer degradation in the condensed phase, appears to have
been the most controversial aspect of hybrid regression rate analyses and exper-
imentation during the 1960s and early part of the 1970s. For an example of this,
the interested reader is invited to review the Comments section at the end of [11]
where Marxman responds to various inquiries from other hybrid researchers such
as F. A. Williams, L. D. Smoot, and R. J. Muzzy.

A. Early Investigations

Early investigations into hybrid solid-fuel regression rate behavior were con-
ducted by Bartel and Rannie [26], Emmons [27], and Houser and Peck [28]. Green
[29] presented an early summary of hybrid research that included work by addi-
tional investigators. Bartel and Rannie considered the one-dimensional axial flow
of air through a tube of carbon. The turbulent airstream entered the tube of diameter
D with assumed known inlet velocity, density, pressure, and total temperature.
Bartel and Rannie theorized that the diffusion of oxygen to the fuel surface con-
trolled the fuel regression process. They also assumed that the mass addition due
to fuel burning was negligible in comparison to the air mass flux down the tube
length and that fuel and air were completely mixed at each station along the tube.
By examining the rate of heat added to the gas flowing through an elemental cross
sectional area, they obtained the following expression:

1
prir =5 Gfmexp(—2ctx/D) ()

where pfr is the mass burning rate of fuel per unit area, ¢; the friction coeffi-
cient on the fuel surface, G the average mass flux down the tube, fy, the fuel/air
ratio of the reaction, x the distance along the tube from the entrance, and D the
tube inner diameter. According to this expression, the fuel burning rate decreases
exponentially with axial position along the tube. Bartel and Rannie also used the
well-known pipe flow correlation of friction coefficient with Reynolds number,

¢ = 0.046Re;2. When this expression is substituted into Eq. (1), a G*® depen-
dency is obtained because Rep can be written as GD/u. Although Bartel and
Rannie correctly obtained the classical G°® dependence for the regression rate,
the exponential decay of the regression rate with respect to length has not been
empirically verified. In fact, most empirical results show an increase in regression
rate with respect to increasing distance from the head end of the fuel grain, a behav-
ior that is usually attributed to accumulation of fuel and corresponding increase in
turbulence intensity and heat transfer in the downstream direction.

Emmons [27] also obtained a solution for the boundary-layer combustion of
a gaseous oxidizer flowing over a fuel surface, although he did not necessarily
have in mind hybrid rocket propulsion as an application of the problem. Emmons
assumed a laminar flame zone of finite thickness in the boundary layer and then
transformed the energy, momentum, and species equations into Blasius-type equa-
tions by assuming unity Prandtl, Lewis, and Schmidt numbers. His exact numerical
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solution was

pir = pelieY (B)/Rey/? 2

where Y (B) is a function of the blowing number B (which Emmons calls the heat
ratio). The blowing number is a very important parameter for hybrid regression
rate investigations and can be defined as the ratio of the thermal energy per unit
mass of the core flow to the thermal energy required at the surface to gasify a unit
mass of fuel

. [(Ko, — Kog)(H/No) + Cp(Te — Tg)]
[AHy + ¢s(Ts — Ti)]

In Eq. (3) Ko is the oxidizer concentration, H the heat of reaction per mass of fuel,

and np the O/F ratio. Subscript e indicates the outer edge of the boundary layer,

and subscripts sand i represent the surface and initial conditions, respectively. For
the range of 0.5 < B < 5, Emmons found

B

©)

piT = peUel0.18 + l0g;o (B + 0.7)]/Rel/2 “)

where pelle = G. Notice from this expression that psr is proportional to G*° due
to the assumed laminar nature of the flow. The boundary layer involved in practical
hybrid systems is probably mostly turbulent due to the destabilizing influence of
mass injection at the solid surface, as well as the high Reynolds number of the
oxidizer flow. However, the significance of Emmons work is the inclusion of the
boundary layer-blowing parameter B, which later investigators have found central
to hybrid regression analysis.

Houser and Peck made a useful contribution to the hybrid literature with their
measurement of quasi-real-time regression rate of a cylindrical hybrid-fuel grain of
several polymeric fuels burning with gaseous oxygen [28]. They burned cylindrical
blocks of varying total length having an initial inner diameter of 1in. Most tests
were conducted with polymethylmethacrylate (PMMA\) as the solid fuel. They also
used embedded chromel-alumel thermocouples of either 25 or 15 um diameter to
measure the fuel surface temperature. The regression rates were deduced at several
axial positions at various flow rates, using an interrupted burning technique wherein
the combustion is stopped, fuel thickness measured, and the test restarted. The main
disadvantage of this method is that it is difficult to estimate the cumulative error
generated by the startup and shutdown transients. Houser and Peck found that
the inner radius of the combustion port followed a power-law function of time of
the form

rad(t) = A+ Bt%8 4 Ct0® (5)

so that the instantaneous regression rate r at a particular axial location can be found
by taking the time derivative of Eq. (5),

r(t) = 0.8B/t%? + 0.3C/t%7 (6)

where A, B, and C are empirical constants. Houser and Peck did not provide
any theoretical significance for this equation. Notice that the best-fit equation
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given by Eqg. (6) does not apply at time zero, where the regression rate goes to
infinity. In addition, Houser and Peck were unable to obtain accurate data for
times less than 10 s after ignition. Despite these shortcomings, they were possibly
the first to recognize the importance of obtaining the regression rates as a function
of both axial position and time. Houser and Peck also showed experimentally
that the regression rate decreases with time due to an increase in port area (and
corresponding decrease in port mass flux) and increases with axial distance due to
an increase in mass flux from fuel addition. (Note that this experimental finding
contradicted Bartel and Rannie’s earlier theoretical treatment [26].) Furthermore,
Houser and Peck showed that the measured fuel surface temperatures were the
same for both translucent fuel grains and opaque fuel grains processed with carbon
black. Chiaverini et al. [14, 15] drew upon their method to determine instantaneous
regression rates from x-ray radiography videos of hybrid rocket fuel ports and
found similar qualitative results concerning the time and spatial dependence of the
solid-fuel regression rates.

B. Marxman’sDiffusion-Limited Analysis

The most influential heat-transfer-limited theory of hybrid combustion was
developed by Marxman, Gilbert, Wooldridge, and Muzzy at the United Technology
Center in Sunnyvale, California during the early-to-mid 1960s. Marxman and
Gilbert [2] and Marxman et al. [9] discuss their initial analysis and experiments in
detail. According to their theory, a flame sheet separates the boundary layer into two
zones: one zone above the flame, where the temperature and velocity gradients are
opposite in direction, and one zone below the flame, where the gradients are in the
same direction, as shown in Fig. 4. The upper zone is oxidizer rich, while the lower
zone is fuel rich. The flame occurs at a position where the concentrations of each
are sufficient for combustion to occur [2], but not necessarily at a stoichiometric
condition, according to their analysis. In as much as Marxman and Gilbert [2]
conjectured that heat transfer from the flame to the fuel surface was the controlling
mechanism of hybrid combustion, they applied a simplified energy flux balance at
the fuel surface to obtain an expression for the fuel regression rate, as follows:

P T AHy eff = Qtot (7

where pr is the solid-fuel density, r the regression rate, Qi the heat transfer
per unit area to the fuel surface (which may include both convective and radiant
components), and AH, ¢ff the total energy required to heat a unit mass of the solid
fuel from its initial temperature to the surface temperature and then to vaporize
it. Physically, Eq. (7) states that the enthalpy delivered to the fuel surface via
solid-fuel regression equals the total heat flux incident on the fuel surface.

To derive a useful equation for the regression rate from Eq. (7), Marxman and
Gilbert assumed that the boundary-layer flow was turbulent over the entire fuel
slab length due to the destabilizing effect of fuel injection at the surface. Second,
they reasoned that the Reynolds analogy (which states that the transport of energy
and momentum in a boundary layer are similar) and unity Lewis and Prandtl num-
bers hold in both the upper and lower boundary-layer zones, but not necessarily in
the flame sheet itself. Third, they assumed that the velocity profile in the bound-
ary layer is unaffected or only slightly affected by the presence of wall blowing
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and combustion, so that the standard friction coefficient for a turbulent boundary
layer remains valid. (Note that later numerical and semi-empirical analyzes by
Venketeswaran et al. and Chiaverini et al. have found that the hot, low-density
reaction zone in the boundary layer may actually have a quite significant effect on
the velocity profile. These analyses and effects are discussed later in this chapter
and in Chapter 8.) By employing these assumptions, Marxman and Gilbert [2]
developed an equation for the local solid-fuel regression rate given by

pit = CGRe%2(S/So) (Ue/Um)[(hai — hw)/ AH, eff] (8)

where C is a function of the mainstream Mach number (about 0.03 for the low
Mach numbers encountered in hybrids), G the local mass flux due to both oxidizer
injection and all upstream fuel addition, & the Stanton number, &, the Stanton
number in the absence of blowing for turbulent flow over a flat plate, ue the velocity
at the edge of the boundary layer, u; the velocity at the flame, hy the stagnation
enthalpy at the flame temperature, hy, the enthalpy at the wall in the gas phase, and
AH, ¢ff the total heat of gasification, as in Eq. (7). The ratio of Stanton numbers,
/S, represents the fraction of heat transferred to the surface by convection when
compared to the case with no wall blowing. According to Marxman and Gilbert,
this ratio may be lower than 0.2 for typical hybrid combustion conditions [2]. The
velocity ratio ue/ug is determined by the flame position in the boundary layer
through an analysis discussed in [9]. If radiant heat transfer is also important, as
may be the case with metallized or sooty fuels [9], an additional term is added to
the right side of Eq. (8),

PfTrad = Tew(egTi — agTa)/AHy eff 9)

where o is the Stefan—Boltzmann constant, ey, the emissivity of the wall, g the
emissivity of the gas at the flame temperature Ty, and «g the absorptivity of the
gas at the wall temperature T
Marxman et al. [9] present methods to obtain some of the factors comprising the
right side of Eq. (8), which are not known a priori for a given hybrid system. Using
the integral technique of boundary-layer theory, they showed that the velocity ratio
between the combustion zone and boundary-layer edge may be obtained from
un _ [O/F (hn — hw)/AH] (10)
Ue Koxe + (O/F 4 Koxo)[(hfi — hw) / AHy eff ]
where O/F is the oxidizer-to-fuel mass ratio and Koy, is the mass fraction of
oxidizer in the freestream core flow, which, for a hybrid motor using oxygen as
the oxidizer, would equal unity. Marxman et al. assumed that the O/F ratio and
the (hs — hw)/AH, et factor are independent of axial location along the fuel port
and constant for a given oxidizer/fuel combination. Marxman approximated the
Stanton number ratio as a function of B as [9]

/S = 1.2B7077 (11)

for5 < B < 100, where

_ PVlw . 3
B= Pele(Ct/2) ue/unl(hai — hw)/AH, eff] (12)
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is the mass transfer, or blowing, number. (Altman [30] has recently shown that the
power of —0.77 originally determined by Marxman is actually closer to —0.68.)
When the Prandtl number is equal to unity, indicating similar transfer of momentum
and energy, and the radiation term in Eq. (9) is negligible, the value of B can be
approximated by the last expression given on the right side of Eq. (12), knowing the
velocity ratio from Eq. (11). The blowing number B represents both the similarity
parameter for a boundary layer with wall injection and a thermodynamic parameter
of the system that describes the enthalpy driving force between the flame and
the wall that causes fuel regression. When B = constant and Le = 1, the velocity,
species concentration, and enthalpy profiles are similar everywhere in the turbulent
boundary layer [9].

Combining Equations (8), (11), and (12) yields a useful, simplified regression
rate expression for hybrid combustion with no radiant heat transfer,

pit = 0.036GB%#Re; % o« B*23G08x 02 (13a)
or, with Altman’s refit of the data,
prr oc BY32GP8x 02 (13b)

Note that specifying the oxidizer/fuel combination essentially fixes B in this
analysis. Marxman noted that because B is raised to a small power, even large
changesin (hq — hw) or AH, ¢t produce only minor changes in the regression rate.
This phenomenon reflects the tight coupling between the solid-fuel regression rate
and the aerodynamics of the reacting boundary-layer flow. Increasing (hg — hy),
for example, tends to increase the regression rate. However, the increase in fuel
mass injection into the boundary layer creates stronger blockage of the convec-
tive heat transfer to the surface, which tends to decrease the regression rate. Paul
et al. [12] later attempted to modify Marxman’s analysis to account for the effect
of the molecular weight of the pyrolyzed species on the blocking effect, which,
according to Paul et al. [11], may explain why hydrocarbon fuels often display
significantly different regression rates under the same operating conditions. This
will be discussed later in more detail.

In Marxman’s analysis, the fuel regression rate depends primarily on G, the
total mass flux. Because G at some location x depends on both the oxidizer flow
entering the combustion port as well as all fuel injected upstream of location X,
the local regression rate depends on the regression rate at all upstream locations.
In addition, G decreases as the port area increases during burning. Therefore,
one expects the regression generally to increase with axial position along the fuel
grain, while decreasing with time, as Houser and Peck [28] showed experimentally.
However, recall from Eq. (13a) that the regression rate also exhibits a weak negative
dependence on axial position x, which reflects the effects of boundary-layer growth
on heat transfer. As the boundary layer increases in the downstream direction,
the boundary-layer temperature and velocity gradients normal to the fuel surface
become less severe, all other things being equal, so that the convective heat flux
decreases. As predicted by Marxman and Gilbert [2], the competing effects of
increasing mass flux and increasing boundary-layer thickness in the downstream
direction suggest that a location of minimum regression rate exists somewhere
along the fuel port.
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Several researchers have reported empirical evidence of this phenomenon,
including Chiaverini et al. [15] and Yuasa et al. [31]. Figure 5 shows typical data
Chiaverini et al. observed during their empirical investigation of hybrid motor
internal ballistics using a real-time x-ray radiography system to interrogate local,
instantaneous regression rates in a slab-geometry hybrid burning gaseous oxygen
(GOX) and HTPB [15]. The lower portion of the graph shows several instanta-
neous regression rate profiles from test 13, with an initial G, of 215 kg/m? - s, and
from test 15, with an initial G, of 320 kg/m? - s. For test 13, the x-ray system was
set up to view the upstream portion of the fuel slabs, whereas for test 15, the x-ray
images were taken from the downstream region of the fuel slabs. The instantaneous
profiles are 0.5 s apart for test 13 and 0.4 s apart for test 15.

The test 13 data show that the regression rate is relatively high near the leading
edge of the fuel slabs, but decreases with axial location for a certain interval until
reaching a minimum, beyond which the regression rate increases with increas-
ing axial distance from the leading edge. This point of minimum regression rate
corresponds to the crossover of the two competing effects of boundary-layer
growth, as represented by the local Reynolds number, and increasing local mass
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Fig.5 Internal ballistic behavior in alaboratory-scale, slab-geometry hybrid motor.
(From Chiaverini et al. [15].)
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flux. Near the fuel slab leading edge, the effect of boundary-layer growth (increas-
ing Reynolds number Rey) dominates the solid-fuel regression rate, but farther
downstream, the effect of mass flux becomes more important, thus, causing the
bowl-shaped regression rate profiles shown in Fig. 5. In addition, the location of
the minimum regression rate xy,;, moved downstream slightly during the test, as
indicated by the heavy line passing through the locus of minimums. It is believed
that because the regression rate is more sensitive to G than to x, the decrease of
mass flux with time tends to favor the boundary-layer growth effect, thus, causing
the location of minimum regression to move downstream with time. The regres-
sion rates also vary with position in the downstream region, but generally tend to
increase in the downstream direction due to fuel mass accumulation. The nonuni-
form regression behavior of the fuel slabs in the downstream region was assumed
by the researchers [15] to be caused by local increases in turbulence generated by
several embedded thermocouple extension wires.

The upper portion of Fig. 5 shows the variation of the power n on G, that
is, r ~ G", with time-averaged axial Reynolds number (as measured from the
fuel slab leading edge), which has a one-to-one correspondence with the x/L
axis. The deduced value of n, obtained by curve fitting a set of instantaneous
r with the corresponding G values at a given axial station, gives an indication
of the boundary-layer characteristics. In the downstream region (test 15 data),
the particular n at individual axial locations did not vary significantly from the
expected value of 0.8 for fully turbulent flow. In the upstream entrance flow region,
however, the local n varies signficantly. Near the fuel slab leading edge, for x/L
between 0.125 and 0.15, the deduced instantaneous regression rates were found
to be independent of G, that is, n = 0, and also constant with time. Chiaverini
et al. [15] conjectured that this behavior may have been caused by a vortical
recirculation zone, due to the axial GOX injector, standing in the port entrance.
As discussed later in Sec. I11F, recent results from injector studies suggest that this
type of regression rate behavior may also be related to a similar phenomena of
oxidizer jet impingement.

Downstream of this initial region, the value of n increases approximately lin-
early until reaching the end of the viewing window at x/L = 0.28. This behavior
suggests that entrance effects or recirculating flow structures due to the aerody-
namics of the injector influence the flow behavior in this region. Although it is
tempting to suggest the existence of a laminar flow regime in the vicinity of the
n ~ 0.5 region, it is difficult to see how a laminar boundary layer could exist in
the aggressive environment present in the hybrid motor, especially considering the
destabilizing influences of wall blowing (fuel pyrolysis) and temperature inver-
sion due to the presence of the flame zone. More likely, this behavior is also a
consequence of entrance effects and the particular GOX injection method.

C. Effectsof Thermal Radiation on Convective Heat-Tr ansfer-Limited
Models

For systems wherein radiant heat transfer to the fuel surface may be important,
such as in the case of a solid-fuel grain with a high metal loading or a heavily
sooting fuel, the diffusion-limited analysis must be modified to account for the
additional surface heat flux due to radiation. Marxman et al. [9] showed that the
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regression rate for combined convective and radiant heat transfer can be estimated

from
pit = [QceXp(—Qrad/Qc) + Qradl/ AHy eff (14)
where
Qc = 0.036GAH, ¢ff (Gx/ ) *2B%% (15)
Qrad = oew(egTq — agTy) (16)

whereas B remains as defined earlier. Note that Eq. (14) reduces to Eq. (8) in
the absence of radiant heat transfer. Equation (16) results from a radiation exchange
between the fuel surface and the flame zone. The first term in parentheses represents
the radiant flux emitted by the flame zone to the surface, whereas the second is
the radiant flux absorbed by the flame from the surface. Note that because the
flame temperature typically has a value of about 3000 K or greater for practical
hybrids, while the surface temperature is on the order of 1000 K, the second term
in parentheses is negligible due to the T# dependence and because the emissivity
and absorptivity of the gas-phase reaction zone are typically of the same order.
Marxman et al. stated that for a Plexiglas/oxygen system, the gas-phase emissiv-
ity is about 0.02 [9]. Their experiments indicated that the radiant transfer to the
solid-fuel surface amounted to about 5-10% of the convective heat transfer for
nonmetallized fuels.

From the preceding analysis, Marxman noted that small amounts of radiant heat
flux should not affect the regression rate to a significant degree because the radiant
flux causes additional mass transfer into the boundary layer, which in turn acts to
block more of the convective heat flux. Marxman et al. [9], and later Muzzy [8],
suggested that only strong radiation sources are likely to significant affect solid-fuel
regression rate behavior in hybrid motors. Marxman’s analysis in [10] indicates
that weak radiant transfer on the order of one-half the convective heat transfer,
results in a small (about 10%) net increase in regression rate.

Several other researchers have constructed heat-transfer models that include the
effects of thermal radiation on regression rate behavior, and it should be noted that
a fair amount of disagreement appears in the literature regarding the importance
this effect.

In a more recent publication, Estey et al. also considered radiant heat
transfer [13]. They employed a radiant flux term of the form

Quad = 0Ty (1 — e7f) 17)

which is similar to that suggested by Muzzy [8]. Here, the parameter Kq is the gas-
phase absorption coefficient and the term in parentheses is the emissivity of the
gas phase, which increases as the product of pressure and diameter (or hydraulic
diameter) increases. Note that Eq. (17) is equivalent to Eq. (16) if one ignores
the (small) second term on the right side of Eq. (16). From their correlation of
both small- and large-scale data obtained from other researchers, Estey et al. con-
cluded that the addition of a radiant transfer term for metal-loaded fuels improves
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empirical correlations, whereas for pure hydrocarbon fuels, classical convective
heat-transfer theory worked best [13].

Strand et al. [14] provided a empirical treatment of radiant heat transfer in a
laboratory hybrid slab-burning motor. They used a calorimeter, radiometer, and
infrared thermometer to measure the total heat flux to the fuel surface, radiant
heat flux to the fuel surface, and flame temperature, respectively. The operating
pressure, average regression rate, and average O/F ratio were also measured and
reported. Based on observations of the combustion zone through optical windows
and of the exhaust plume, Strand et al. suggested that the measured radiant heat
flux incident to the fuel surface originated from both combustion product gases,
such as CO2 and H20, and soot particles [14]. For the gas-phase radiation, Strand
used Eq. (17), but also included an empirical expression for kg as a function of
pressure

kg =9.33 x 107 — 6.19 x 107°p+ 1.79 x 10~8p? (18)

which was obtained from thermal radiation measurements of a high-energy,
nonmetalized solid propellant, where p was measured in pounds per square inch
gauge. They represented the radiant heat flux from soot by

Qrs= aTé'(l — e @) (19)

where Nj is the particle number density and a; is a constant. Note the similarity to
Eq. (17). The term apN, depends on the weight fraction of the radiating particles
and may be evaluated from [14]

apNp = 0.134[app/(1 + O/F — ap)] (20)

where ayp, is the soot particle weight fraction. Notice that the exponential term in
Eqg. (19) depends on the pressure and O/F ratio through Eq. (20). Strand et al.
found a reference particle weight fraction «;, by solving Egs (19) and (20) using
the measured radiant surface heat flux at a test condition of 158 psi and an assumed
O/F ratio of 2.0. They calculated a value of 0.045 for o, at these conditions, but
also suggested that, at higher pressures and higher O/F ratios, ap could decrease
to about 0.01.

Implicit in the Strand et al. development is the assumption that the soot particles
have the same temperature as the flame zone. Because soot particles generally
have sizes in the range of 0.1-0.005 um, they should come to equilibrium with the
surrounding gas very quickly and emit thermal radiation over the entire infrared
spectrum [32]. In contrast to previous researchers, Strand et al., thus, concluded
that particle radiation from powdery soot was a significant source of energy driving
solid-fuel regression in their experiments. They found that the total radiant heat
flux, from both gas-phase products and soot, often accounted for more than 50% of
the total heat flux, which represents a much larger fraction than that postulated by
earlier researchers. They also emphasized the importance of including variations
in gas radiation with pressure and O/F ratio in future works.

As part of their investigation, Chiaverini etal. [15, 16, 33] used a semi-empirical
approach to investigate radiant heat-transfer phenomena in hybrid motors burning
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Fig. 6 Schematic of Pennsylvania State University slab-geometry motor instrumen-
tation: ultrasonic transducer (UST), pressuretap (P), and thermocouple (TC).

HTPB and GOX. As described earlier, they employed an x-ray radiography system
to interrogate the internal ballistics of a slab-burning hybrid motor as a function
of both time and local position. They also used an ultrasonic pulse—echo system to
verify the regression rate results from the x-ray radiography system [34]. Shown
in Fig. 6, the laboratory-scale hybrid motor had fuel slabs located at the top and
bottom of the motor and reinforced graphite windows to accommodate the x-ray
radiography system along the motor side walls. The motor utilized two opposing
fuel slabs each 58.4 cm long and 7.62 cm wide with a uniform initial web thick-
ness of either 4.28 or 4.45 cm, corresponding to port heights of 1.27 or 0.89cm,
respectively. The motor operated at pressures of 13.5-68 atm, GOX mass fluxes of
100-530 kg/m? - s, initial fuel port length-to-hydraulic diameter ratios of 25-37,
and average O/F ratios of 1.6-2.5.

During the early portion of the investigation, Chiaverini et al. found indications
of the potential influence of radiant heat transfer by examining behavior of the
instantaneous regression rate traces vs the total mass flux [15]. As shown in Fig. 7,
the chamber pressure (in terms of megapascal at various locations) seemed to affect
the regression rate in the low-mass-flux regime, with higher pressures causing
higher regression due to larger overall heat flux to the fuel surface. If turbulent
heat transfer alone governed the regression rate the data would tend to follow
a straight line on this log—log plot of r vs G. Notice also that the influence of
radiation tends to decrease the effective slope of the regression rate vs oxidizer mass
flux curve in the low-mass-flux regime. The power n of a simple aG" correlation
would be lower under the influence of radiation than in the absence of radiation
because of the reduced importance of convection (represented by G). Strand et al.
also recognized this effect at low flux levels [35]. In addition, Muzzy presented
regression rate data for polybutadiene/PMMA fuel burning with inhibited red
fuming nitric acid (IRFNA) from the High-Altitude Supersonic Target (HAST) Il
program that indicated a similar pressure dependence due to radiation [8], shown
here as Fig. 8. Note the similarity with Fig. 7.

Using the interfacial energy flux balance shown in Fig. 4 and described in the
Appendix, Chiaverini et al. coupled their local, instantaneous regression rate data
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Fig. 7 Effect of pressure via radiant heat flux on regression rate for HTPB/GOX.

(From Chiaverini et al. [15].)

with their empirical fuel pyrolysis law [25] (shown later) to calculate the local total
heat flux to the fuel surface. The total heat flux was assumed to be the sum of the
convective heat flux, the radiant heat flux due to soot particles, and the radiant heat
flux due to gas-phase combustion products. To determine these component heat
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Fig. 8 Effect of pressure via radiant heat flux on regression rate for 80% PB/20%
PMMA fuel and IRFNA oxidizer. (From Muzzy [8].)
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fluxes, the Strand et al. data were used to develop an appropriate soot radiation
model. To distinguish the relative amounts of radiation from soot and gas-phase
products in the Strand et al. [14] experiments, Chiaverini et al. employed chemical
equilibrium calculations coupled with Leckner’s method to estimate the heat flux
due to CO, and H,O and Edward’s exponential wide-band model to calculate
the contribution from CO [32]. The amount of radiation due to these gas-phase
products was then subtracted from the Strand et al. total radiation measurements
to yield the estimated amount of net radiation due to soot particles reaching the
solid-fuel surface. The results of this analysis indicated that radiation from the gas-
phase products actually contributed a relatively small amount to the total radiant
heat flux. Soot was found to account for about 80% of the total radiant heat flux
measured by Strand et al. [14].

The soot absorption coefficient ks was found by assuming that the soot particles
were in thermal equilibrium with the surrounding gas and that the deduced values
of Qr s at the operating conditions provided by Strand et al. had the following form:

Qs=0Tjl—e™) (21)

where Qs is the net radiative heat flux due to soot shown in Table 1 and the
term in parentheses is the effective soot emissivity. The gas temperature Ty was
estimated to be 95% of the equilibrium flame temperature because Strand et al.
provided the measured flame temperature only for one particular case. Chiaverini

Table 1 Empirical data from Strand et al. [14] and estimated quantities from
Chiaverini et al. [16] used to determineradiant characteristics of HTPB/GOX

Case
Quantity 1 2 3 4 5 6 7
Pressure, psia 150 313 158 158 217 320 240
Global O/F 2 3 2 2 2 3 2
G, Ibm/in2 s 0.125 0.072 0.074 0.080 0.107 0.125 0.087
Tieq, K 3419.2 3614.2 3425.9 34259 34689 3616.6 3482.9
Total heat flux, 94 69 80 84 107 111 80
cal/cm? - s
Convective heat flux, 60 35 35.5 40 60 74 42
cal/cm? - s
Total radial heat flux, 34 34 44.5 44 47 37 38
cal/cm? - s
Gas radiant heat flux 1.78 5.67 1.89 1.89 257 5.72 2.85
cal/cm? . s@

Gas-phase emissivity?  0.0128 0.0321 0.0134 0.0134 0.0174 0.0326 0.0188

Soot radial heat flux, 3222 2833 4261 4261 4443 31.28 3516
cal/cm? - s@

Effective soot 0.174 0123 0.228 0.226 0.227 0.135 0.176
emissivity?

3Estimated quantities from Chiaverini et al. [16].
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et al. [16] noted that use of a reference gas temperature does not imply that all of
the soot particles are at this temperature. In general, the soot in the motor should
have a temperature distribution. Nevertheless, the reference gas temperature Ty
was used to relate the absorption coefficient to the motor operating conditions.
They then correlated the absorption coefficients ks calculated using Eq. (21) with
the experimental chamber pressures and O/F ratios for the different cases given
by Strand et al. Table 1 summarizes the data given by Strand et al. and the quan-
tities estimated by Chiaverini using the procedure described earlier. Notice that
the calculated soot emissivites (~0.12-0.23) are much larger than the gas-phase
emmisivities (~0.013-0.033), which include the combined contributions of CO>,
H>0, and CO, especially at the lower O/F ratio. According to the data, ks exhib-
ited no obvious pressure dependence, but depended strongly on the measured O/F
ratio, in a linear fashion, such that

ks = 0.51 — 0.1130/F (22)

Though Strand et al. measured average O/F ratios between 2 and 3, Chiaverini
et al. assumed that Eq. (22) remained valid for the mixture ratios in their exper-
iments, which ranged from about 1.5 to 3.5. Equation (22) indicates that higher
O/F ratios lead to lower soot emissivities because more oxidizer is available to
react with the pyrolysis products. With regard to the weak pressure dependency
of the soot emissivity, Glassman [36] stated that the soot concentration should
depend primarily on temperature and only weakly on pressure, which supports the
described finding. Also note that Eq. (22) probably applies only for the combus-
tion of oxygen and HTPB. Other solid-fuel and oxidizer combinations may display
different sooting tendencies.

Chiaverini et al. subsequently used Egs. (21) and (22) to determine the radi-
ant heat flux due to soot particles and the Lecker and Edwards as given in [31]
correlations to determine the gas-phase radiant heat flux. These quantities were
then subtracted from the total heat flux given by the interfacial energy flux balance
equation given in Sec. Il along with the empirical regression rates and pyroly-
sis law (which relates regression rate to surface temperature) to provide the local
convective heat fluxes. As described fully by Chiaverini et al. [16] and Chiaverini
[37] they then developed semi-empirical correlations to relate the regression rate
to heat transfer and fluid dynamic parameters, as follows:

Qrad d (Qrad )d b [ (Qrad >:|
=~ xp | — =aSBoP [F (==
C(Qc>+6p[c Q e U
(23)
where a—d are empirical parameters. In Eq. (24), the ratio of heat fluxes in the term
in square brackets represents the ratio of the total radiant heat flux (sum of soot

and gas-phase products) to the convective heat flux. The blowing parameter B and
Stanton number & were defined as

psl b
— = aSBo
G

S = Q¢/G[AH; + (hpuik — hw)] (24)
B = [AH + (houik — hw)1/(AHy)etf (25)
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The term 6 in Eq. (23) represents the ratio of the average flame temperature to the
surface temperature and, as will be discussed further in the following section, was
included to account for the effects of variable fluid and transport properties across
the boundary layer.

Whereas Marxman suggested that ¢ and d were both unity for hybrid sys-
tems with B > 5, Chiaverini et al. allowed these two parameters to vary to fit
the data because the local, instantaneous values of B were sometimes found to
be less than 5. Using a least-squares analysis to minimize error, they found that
a=0.524,b=0.6,c=1.3,and d = 0.75. Figure 9 shows that Eq. (23) predicted
their experimental results to within +-3%, which is about the same as the esti-
mated measurement error [16]. Chiaverini noted that although Eq. (23) does not
have a particularly simple form, each of the factors has a definite physical sig-
nificance: Stanton number & and B account for turbulent heat transfer to the fuel
surface in the presence of wall blowing, the term in brackets accounts for the
additional driving force of thermal radiation, and 6 accounts for effects of fluid
and transport property variations in the shear layer below the reaction zone. When
the intricate aerothermodynamics and combustion phenomena in the chemically
reacting boundary-layer flow that govern the solid-fuel regression rate behavior are
considered, the complex nature of Eq. (23) is not surprising. Figure 10 shows the
results of asimple r = aG" Chiaverini et al. developed from their global (time- and
space-averaged) data applied to both their instantaneous and average regression
rate data. The correlation fairly accurately describes the average regression rate
data. However, the local, real-time data does not fit nearly as well and frequently
displays errors up to +-20%.
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Fig.9 Regression ratecorrelation using Eq. (23) with empirical constantsa = 0.524,
b=0.6,c=13,and d = 0.75[16].
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Figure 11 shows the behavior of the radiant term in Eq. (23) and the cor-
responding term suggested by Marxman et al. [9] and Marxman [10]. Up to a
radiant-to-convective heat flux ratio of 2.86, the function F(Qrad/Qc) shown in
Eq. (23) is larger than Marxman’s term. When Qraq/Qc = 1.0, F(Qrad/Qc) is
about 15% larger than Marxman’s. Above 2.86, Marxman’s term becomes larger.
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Fig. 11 Comparison of theMarxman et al. [9] and Marxman [10] and the Chiaverini
et al. [16] radiation correction terms.
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For the Chiaverini et al. tests, the calculated values of Qraq,/Qc Were most typically
between 0.5 and 1.0, indicating that the radiant heat flux was generally on the same
order as convective heat flux. As already noted, Strand et al. found similar results
for the combustion of HTPB and GOX. Though Chiaverini [16] and Strand’s [14]
results may represent a reasonable approximation for other butadiene-based fuels
burning with oxygen, they would not necessarily be expected to apply directly to
other fuel /oxidizer combinations. In addition, systems employing fuels containing
metal additives, such as those described in Chapter 10, would most likely behave
in a different manner due to the additional effects of radiant heat flux resulting
from the metallic combustion products.

D. Effectsof Variable Fluid Properties

Although not often discussed in the more recent literature, variable fluid prop-
erties across the boundary layer has been found by several researchers to have a
significant effect on the local regression rate. In 1965, Wooldridge and Muzzy [38]
presented the results of a detailed and well-designed set of experiments to under-
stand the structure of reacting, turbulent boundary layers with mass addition
from the sidewalls. To simulate hybrid boundary-layer combustion processes, they
conducted wind-tunnel experiments in an apparatus with sectional porous walls
through which they injected mixtures of hydrogen and nitrogen. They controlled
the blowing parameter B over a wide range of values, 2.2-54, and set the mixture
of Hy /N3 to react with the crossflow air at a temperature of about 1000°C. They
also used a combined pressure, temperature, and gas-sampling probe to interrogate
the boundary-layer profiles. They showed that for B = 2.2, a value representative
of typical hybrid combustion situations, the flame resides at a position about 20%
of the boundary-layer thickness above the fuel surface. This result confirmed the
earlier theoretical work of Marxman and Gilbert [2]. In addition, the tempera-
ture profiles indicated a flame thickness of only about 10% of the boundary-layer
thickness, suggesting that the thin-flame approximation invoked by Marxman and
Gibert [2] and Marxman et al. [9] was valid, at least for this set of test conditions.
Interestingly, gas sampling measurements indicated small, but finite concentra-
tions of oxidizer at the wall surface and of fuel above the flame, indicating that
unburnt reactants can cross the finite-rate reaction zone.

Interestingly, Wooldridge and Muzzy [38] also found a significant static pres-
sure gradient normal to the wall beneath the flame, which they attributed to the
interaction of a strong density gradient and the gradient of the vertical velocity.
Above the flame, they found only a negligible pressure gradient. In addition, no
pressure gradient normal to the wall was detected for noncombusting flow.

Another significant result was that the presence of the flame zone in the boundary
layer distorted the profile of the axial velocity in the direction normal to the wall
(represented in Fig. 4 by the uvelocity), causing an inflection near the reaction zone
location. However, similar inflections were also found for the sensible enthalpy and
species concentrations profiles, suggesting that the generalized Reynolds analogy
assumption (equal coefficients for energy, mass, and momentum transfer) is valid,
even in turbulent combusting boundary layers. This result is important because use
of Reynolds analogy greatly simplifies analytic approaches, such as Marxman’s.
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Marxman also analyzed the effects of variable fluid properties across the bound-
ary layer on the mass transfer number B and the regression rate [10]. He reasoned
that, even for low Mach numbers, flows with chemical reactions should be treated
as compressible to account for the effects of large temperature and density gra-
dients on heat transfer. Marxman used a Howarth—Dorodnitsyn transformation to
show that his previous regression rate law

off = (pv)w = 0.03GRe, %%(S/S,)B (26)
with
B = (Ue/us) (hfi — hy)/AH, eff (27)

and derived under incompressible assumptions, becomes
pfr = 0.036G(p/ pe) 0B Re 02 (28)

for compressible flow situations with 5 < B < 100 where p is the average gas
density. In deriving Eqg. (28), Marxman assumed that

(So/) = 1.2B7077 (29)

again for 5 < B < 100. [However, as already mentioned, Altman [30] has noted
that a more accurate expression over this range of blowing parameters is given
by (So/St) = 1.2B268, 50 that in Eq. (28) B should be raised to the 0.32 power
rather than the 0.23 power originally determined by Marxman.] Marxman then
assumed that the gas density variations are linear both above and below the
flame and showed that the density-ratio term in Eq. (28) can be calculated from
a closed-form but rather complex function of the flame density, gas density at
the wall, gas density at the edge of the boundary-layer, blowing number B, local
Reynolds number, and boundary-layer thickness (see Eq. (16) in [10]). However,
most of these quantities are not conveniently known, and the boundary thickness
must be measured at some reference state. Marxman presented typical values for
PMMA /oxygen systems indicating that the density ratio factor is about 1.38. When
used to predict the variation of local flame height above the fuel surface, the theory
based on Eq. (28) was shown to be in good agreement with schlieren measurements
by Wooldridge and Muzzy [38].

Paul et al. [12] also studied the effects of variable fluid properties on regression
rate behavior of rubber-based fuel /oxygen systems. They discussed discrepancies
between Marxman’s diffusion-limited theory (Marxman and Gilbert [2], Marxman
et al. [9], and Marxman [10]) and experiments by Wooldridge et al. [24] that,
according to Paul etal., reportedly showed significant pressure effects on regression
rate, as well as the inability of Marxman’s theory, even with his density ratio term
shown earlier, to account for the significant differences in regression rates among
different polymeric fuels. Citing earlier literature by Lees [39] on the reduction of
the heat-transfer blocking effect when dense gas is injected from the wall (dense as
compared to the core flow), Paul et al. then developed a modified theory that relies



CLILY.¢

The Worlds Forum for hemspos Lssdwesip Purchased from American Institute of Aeronautics and Astronautics

REVIEW OF SOLID-FUEL REGRESSION 67

on correction factors based on density ratios between the flame and core flow and
the wall and core flow. Their resulting regression rate equation was

ofr = 0.033GRe, %% (/) *8[B/(1 4 B)??) (30)

where Reynolds analogy was used to substitute S /S for Ci /Cro. In the Paul et al.
derivation, the evaluation of Cs /Cso, or equivalently § /S, is complicated. There-
fore, they obtained a simplified regression rate expression by empirically curve
fitting Cs /Cso (or, equivalently, S/So) as a function of pf/0e, ow/pe, and B to
obtain

pir = 0.056GRe " (on1/0e)* ™ (ow/ pe) X *B(L + B)~(O73-0002m/re (31

where the densities correspond to those at the flame, of, the wall, o, and the core
flow, pe. Paul et al. do not show the correlation that gives Cs /Csg VS pf1/ pe and
ow/pein[12], nor do they provide a physical interpretation of the peculiar variable
power on the (1 + B) term. However, they state that Eq. (31) matches Eq. (30) to
within 5% over the range of interest for hybrid motors. Furthermore, they note
that the density variations across the boundary layer are affected by both the gas
temperature and the molecular weight of the injected species, with the molecular
weight having the stronger influence [12]. They note that the molecular weights of
typical pyrolyzed species at the fuel surface are on the order of 100-400 g/mole,
compared to about 24-28 g/mole in the core flow. According to Paul et al., this
large difference can cause a significant reduction in the blocking effect, which is not
accounted for in earlier theories. Consequently, they note that the significantly dif-
ferent regression rates empirically measured for polymeric fuels may be explained
by the different molecular weights of their respective decomposition gases near
the fuel surface. For example, Paul et al. [12] note that PMMA, which gener-
ates near-wall gases with a molecular weight of about 90-100 g/mole, regresses
slowly compared to fuels such as polybutadiene—acrylic acid—acrylonitrile ter-
polymer (PBAN) and polyurethane (PU), whose decomposition gases are roughly
250 g/mole. The heavier decomposition gases of the latter fuels reduce the blocking
effect caused by mass injection into the boundary layer, and, therefore, regress rel-
atively faster than fuels with lower molecular weight decomposition gases because
the fuel surface is subject to a relatively higher heat flux.

Paul et al. also made an interesting, but not conclusive, observation related to the
dependence of regression rates with chamber pressure measured by Wooldridge
et al. (albeit at fairly low pressures of about 50-250 psia) [24], which would
presumably apply to similar results by other researchers. According to their hypoth-
esis, the pressure dependence is due not to chemical kinetics or heterogeneous reac-
tions at the fuel surface, but instead to a variation of core temperature with pressure.
This temperature variation in turn affects the density ratios used in the Paul et al.
regression rate expression. However, note that flame temperatures are typically not
strongly influenced by pressure. For example, chemical equilibrium calculations
show that at a mixture ratio of 2.5 the combustion temperature of HTPB and GOX
increase from about 3450 K at 100 psia to about 3800 K at 1000 psia, an increase
of only about 10% for an order of magnitude increase in pressure. Therefore, the
validity of the Paul et al. hypothesis that pressure effects arise due to gas tempera-
ture variations with pressure is open to question and requires further investigation.
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Further note that the Paul et al. experiments were conducted at fairly low pressure

(75-270 psia) and low mass flux (initial oxidizer flux of 0.045 Ibm/in.2 - s) with
an unusual fuel composed of 1 part poly isoprene and 3 parts difurfurylidiene
cyclo hexanone (DFCH) and a mixed oxidizer composed of oxygen and nitrogen.
Although it may be difficult to ascertain the applicability of the Paul et al. results
to other propellant combinations, the potential significance of the boundary-layer
fluid property variations they elucidated should not be overlooked.

Following the property ratio method suggested by Kays and Crawford for flows
with chemical reactions and/or high speeds [40], Chiaverini et al. [16], therefore,
used a temperature factor 6 representing the ratio of the flame temperature to the
local surface temperature, to account for the effects of variable fluid properties
across the boundary layer on heat transfer to the fuel surface where

0(t,x) = T(t,xX)/Ts(t, X) (32)

These particular temperatures were chosen because the reaction zone represents the
effective “boundary” for heat transfer to the fuel surface. (Note that this assumes
that the near-wall gas temperature was in thermal equilibrium with the fuel surface
temperature.) More recent research efforts have employed a similar approach to
account for fluid property variations (personal communication with Greg Zilliac,
NASA/AMES, July 2006). In the Chiaverini et al. semi-empirical analysis, the sur-
face temperature Ts was treated as a local, instantaneous quantity and calculated
by combining the measured local, instantaneous regression rates with an empirical
pyrolysis law that relates r (t, x) to Ts(t, X) [25]. The flame zone temperature was
calculated using a procedure described fully by Chiaverini [37] and summarized
in [16]. Here, it is worth noting that they did not make a thin-flame approxima-
tion, but instead estimated the local, instantaneous flame zone thickness using an
approximate method described in [16]. The Ty used in Eq. (32) (as well as in the
Chiaverini et al. gas-phase radiant heat flux calculations described earlier) is actu-
ally a local, instantaneous quantity that represents the average temperature across
the finite-thickness reaction zone. However, as noted in [16], these average values
were quite close to 95% of the theoretical adiabatic flame temperature.

The Chiaverini et al. regression rate equation has already been introduced in
Eg. (23), where it was shown that parameterization yielded a value of 0.6 for the
empirical power on 6. For typical values of surface temperature and average flame
temperature in their tests, Chiaverini et al. determined that 9% ranged from 1.7 to
2.0. Note that this correction factor does not explicitly account for effects of gas
molecular weight variations, as do those of Paul et al. [12]. However, according to
the results of the Chiaverini et al. thermal pyrolysis experiments in a gas chromato-
graph mass spectrometer [25] shown in Fig. 12 and listed in Table 2, the molecular
weights of the pyrolysis gases do not vary much with respect to pyrolysis temper-
ature and have typical values of around 60 g/mole. If similar behavior is assumed
in hybrid motor firings, it may be expected that the influence of the pyrolyzed-fuel
gas molecular weight on the blocking effect in the boundary layer may not be read-
ily apparent during a given test, or even from test to test for a given fuel/oxidizer
combination. This result may explain why the Chiaverini et al. data correlated well
with the flame-to-surface temperature ratio: In the absence of significant changes
in pyrolysis gas composition or mixture molecular weight, the gas density effects
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Fig. 12 HTPB pyrolysisproduct mixture molecular weight vs. temperature.

Table2 HTPB pyrolysisproduct massfraction vs. temperature

Major pyrolysis Mass fractions of pyrolysis products
product at various temperatures, K
species M;, Heat of formation

chemical formula AH?, /g 773 873 973 1073
Ethene, CoHg 1865.69 —— 559 3.05 6.58
Propene, C3Hg 485.49 — — 490 10.99
1,3-Butadiene, C4Hg 2037.27 774 89.06 66.1 41.07
3-Pentene-1-Yne, C5Hg 2119.82 — — 920 10.28
Benzene, CgHg 1062.29 — —— 103 22.02
Toluene, C7Hg 542.97 — — 641 9.06
4-Vinyl-cyclohexene, CgH12 280.78 226 53 — e

represented by the density ratios in Eq. (31) are due primarily to variations in
gas temperature. However, the role of potential boundary-layer pressure gradients
below the flame, such as those measured by Wooldridge and Muzzy [38], must
also be considered because these can also affect the boundary-layer density pro-
files. Our understanding of fuel regression rate and boundary-layer combustion
processes would benefit from a more thorough treatment of these various effects
in future investigations.

E. Effectsof Chemical Kinetics

This section focuses on various theories proposed to explain the regression
rate pressure-sensitivity observed by several researchers, most notably Smoot and
Price in the 1960s, over certain ranges of hybrid operating conditions for vari-
ous fuel/oxidizer combinations. In general, the approaches fall into one of three
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categories: 1) pressure dependence due to gas-phase chemical reaction kinetics,
2) pressure dependence due to heterogeneous reaction kinetics, and 3) theo-
ries where both gas-phase and heterogeneous reaction kinetics play important
roles. After a review of Smoot and Price’s experiments and subsequent analysis
(which focused on heterogeneous reactions at the solid-fuel surface) each of these
categories is discussed.

1. Smoot and Price's Analysis

Besides Marxman and his associates, several other groups were actively pur-
suing hybrid combustion research during the 1960s. Smoot and Price [17-19]
performed over 150 experiments with a laboratory-scale slab burner at what was
then the Lockheed Propulsion Company in Redlands, California. They initially
developed a theory of solid-fuel regression by extending the work of earlier
researchers to include the effects of condensed-phase species in the near-wall
region. Like previous researchers, Smoot and Price also found that the local
regression rate should theoretically vary with G%8 such that [17]

ot = 0.03GRe 2{In[1 + (AB/Pr?/3)]/1} (33)
for turbulent boundary-layer flow and
pit = 0.023GRe;%?(In[1 + (AB/Pr?/3)]/1) (34)

for fully developed turbulent flow in circular tubes. In Egs. (33) and (34), the
Reynolds numbers are defined in the usual way of Rey = Gx/u and Rep = GD/ u,
so that in both cases the overall regression rate variation with G%8 is evident. Note
that Eq. (33) is similar to Marxman’s expression given in Eq. (13a) except that
Smoot and Price used a different definition for B and also included the term A, the
weight fraction of gas in the decomposed fuel grain at the fuel surface, to account
for the possibility of condensed-phase decomposition products that tend to reduce
the heat-transfer blocking effects of wall blowing. Smoot and Price defined B as

B = (hg — hw)/AH,eff (35)

where the numerator represents the enthalpy difference between the combustion
gases at the theoretical flame temperature and the pyrolyzed fuel gases at the wall
temperature and the denominator is the effective heat of gasification of the solid
fuel.

Smoot and Price performed initial experiments using solid fuels of butyl rubber,
polybutadiene-acrylic acid (PBAA) copolymer, and PU. They varied the oxidizer
composition from 100% fluorine to 100% oxygen. They found that average regres-
sion rates were higher when a larger ratio of fluorine to oxygen was used for the
oxidizer. They also discovered that at low total mass fluxes (G less than about
0.07 Ibm/in.? - s) the average regression rates of the butyl rubber solid-fuel slabs
followed the diffusion-limited G%8 law. However, at higher G levels the regres-
sion rate became essentially independent of mass flux, but appeared to be strongly
dependent on total operating pressure. The threshold value of G where this occurred
seemed to depend strongly on the oxidize composition and the chamber pressure.
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For the relatively low operating pressures involved (<170 psia), the regression rates
always fell below that predicted by the G%8 theory, but increases in pressure pushed
the regression rate toward the value predicted by diffusion-limited theory. They
predicted that at 1000 psi the regression rates should reach the diffusion-limited
values predicted by the G2 relationship [17].

Smoot and Price defined three regimes of regression rate dependency [17].
In the low-mass-flux regime, the regression rate was controlled entirely by heat
transfer and depended on G%8. For intermediate mass fluxes, the regression rate
depended on both flux rate and pressure, with higher pressures causing increasing
regression rate for a constant mass flux. In this region, Smoot and Price postulated
an empirical equation of the form

r = (aG*8bp") /(aG%® + bp") (36)

where p is the motor pressure and a, b, and n are empirical constants, which were
not determined in the investigation. In the “high-" mass-flux regime, Smoot and
Price suggested that the regression rates depended solely on operating pressure,
such that r = ap", similar to a solid-propellant grain [17].

Smoot and Price also studied the regression rate behavior of solid-fuel grains
loaded with metal particles [17]. They varied the solid-fuel composition from
100% butyl rubber to 90% LiH (lithium hydride) and the oxidizer composition
from 100% fluorine to 100% oxygen. They found that in the low-mass-flux regime
(G < 0.041bm/in.2 - s) the average regression rate increased significantly with
respect to %LiH only if the amount of LiH in the grain was greater than about 50%
[17]. This is the same region where they found 100% butyl rubber grains to regress

according to the G%8 law, as already discussed. At higher mass flux levels, where
the operating pressure was found to influence the regression rate, the solid-fuel
regression rates displayed much more sensitivity to the LiH mass fraction. Smoot
and Price postulated that the observed change in regression rate sensitivity to LiH
mass fraction resulted from the transition from one controlling mechanism to the
other, that is, from a diffusion-controlled to a kinetics-controlled regression rate.
They also found that increasing the percentage of LiH reduced the sensitivity to
pressure in the high-mass-flux region.

Smoot and Price suggested that either gas-phase reactions between the oxidizer
and the pyrolyzed fuel vapor or heterogeneous reactions between oxidizer and
fuel at the fuel surface were responsible for the observed dependence of regression
rate on operating pressure [18]. However, after performing a series of experiments
wherein they varied the fluorine partial pressure independently of the total pressure
by using oxygen and nitrogen as diluents, they found that the solid-fuel regression
rates depended significantly on the partial pressure of fluorine, but not on the total
pressure. Based on these results, they concluded that oxidizer transport to the fuel
surface and subsequent first-order heterogeneous reactions were responsible for
the pressure dependence and derived the following equation:

Po. /ptT = {33Peo(x/10)%2 S 3[exp(B1) — 11/G*8BA} + (1/K) (37)

where Pq_, is the partial oxidizer pressure in the freestream (pounds per square
inch absolute), P, the total freestream pressure, and k a kinetic rate constant.
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Recall that Wooldridge and Muzzy [38] measured a small but finite concentration
of oxidizer at the porous injection surface in their experiments, a result which tends
to support Smoot and Price’s hypothesis. Equation (37) correlated most of Smoot
and Prices’s data to within about 30-40% error. It is worth emphasizing that the
experiments described in [17-19] were conducted at relatively low pressures of
about 20 to 165 psia. This range may lie below the practical operating pressures of
many applications. Next, we shall discuss various theories presented by different
researchers to explain the phenomena observed by Smoot and Price.

2. Approaches Based on Analysis of Gas-Phase Chemical Reaction Kinetics

The effect of gas-phase kinetics on regression rate has been studied by several
researchers, including Miller [23] and Kosdon and Williams [20]. Miller derived
an analytical expression to describe the solid-fuel regression rate as a function of
both chemical kinetic and gasdynamic parameters. He estimated the thickness of
the reaction zone by considering molecular diffusion of the fuel to the flame and
the rate of chemical reactions within the flame zone and derived the following
expression:

Po../pir = (pBY8X02/aG*8)0/F|g + (X3/K) (38)

which relates regression rate to both gasdynamic and kinetic variables. In Eq. (38),
O/F |4 is the stoichiometric propellant mixture ratio, X3 is the oxidizer mole
function at the flame, and py is the oxidizer partial pressure in the core flow. Miller
used Eq. (38) to correlate Smoot and Price’s data successfully to within the accuracy
of their measurement. Note that Miller’s expression bears some similarities to
Smoot and Price’s in that for both equations the regression rate varies linearly with
oxidizer partial pressure and is proportional to G%® /x%2, However, the expressions
differ in the functional dependency on B. Miller does not define B specifically, but
it may be inferred that he used Smoot and Price’s definition from [17] because he
correlates their data from this reference.

Kosdon and Williams [20], who also attributed the pressure dependence to finite-
rate, gas-phase chemical reactions, noted potential weaknesses in Miller’s analysis
due to limitations of his formula for reaction zone thickness [23]. They suggest that
Miller’sanalysis is probably applicable only to weakly pressure-dependent systems
at flow rates that are not “too large.” Kosdon and Williams used a perturbation
analysis to develop a regression rate law valid f