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Abstract

An experimental investigation has been carried
out to appraise the combustion behaviour of a solid
fuel ramjet (SFRJ) under different conditions. Var-
ious solid fuels - pure hydrocarbons and fuels with
metal additives - have been studied with the aim of
increasing the performance of the engine.

All combustion tests were conducted on a connect-
ed-pipe stand system, which comprised a large air
oxidizer reservoir and a vitiated air heater, so that
a wide range of flight Mach numbers and heights
could be simulated. The fuel grain is in the shape
of a cylindrical shell serving as the combustion cham-
ber, with the ingested air oxidizing the fuel vapour
emanating from the chamber walls. To determine the
average regression rate of the solid fuel wall, the
weight loss method was used by weighing the fuel
grain prior to and after each run. The regression
rate variation with flight Mach number and altitude on
account of changing air mass flux, air inlet temper-
ature and chamber pressure was investigated with a
polyethylene (PE) fuel over a wide range. Other
hydrocarbon and different metal-laden fuels were
also tested under the same test conditions and com-
pared to a hydroxyl terminated polybutadiene (HTPB)
fuel, which was chosen as the baseline fuel in this
study. Furthermore, some aspects of manufacturing
procedures and properties of ramjet fuels are being
described.

I. Introduction

For practical application ramjet propulsion systems
have gained increased importance. Airbreathing en~
gines have a remarkably higher specific impulse than
solid rocket engines in a wide range of flight Mach
numbers as shown by different authors(1),(2) (see
Fig. 1). Ramjets with subsonic combustion may be
potential missile propulsion systems for Mach numbers
between 2 and 5. In this group, the SFRJ is of
great interest because of its operational simplicity,
since it does not require fuel tanks, fuel pumping
devices or fuel controls to operate. In spite of the
promising advantages, the selection of a solid fuel
type requires a relatively complex analysis and many
sea-level test firings to study the regression behav-
iour of the solid fuel under many different combustion.
configurations.

Fuels for SFRJ propulsion systems have to meet
several requirements as well as solid propellants for
rockets. Prior to selecting a ramjet fuel, the specif-
ic mission has to be considered, because fuel proper-
ties like heat of combustion, density, combustion
efficiency and regression rate have to be compatible
with the mission and determine the flight perform-
ance of the missile. Other properties, which are not
so closely related to the flight performance, are stor-
ability, mechanical properties, signature of exhaust
gases, price, etc. Two limiting types of missions,
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mass-controlied missions and missions which are
volume-controlled are generally considered.

The heat of combustion is one of the most impor-
tant properties of a ramjet fuel. One has to distin-
guish between the gravimetric and the volumetric
heat of combustion, the latter being important for
volume-controlled missions. Fig. 2 shows some values
for typical fuel candidates. The fuels can roughly
be classified into metals, non-metals, half-metals,
inorganic compounds and organic compounds. The
high potential of some elements like B, Al, Ti and Si
is evident. Be and Zr which also have a high poten-
tial are not considered in this study. The heats of
combustion of organic compounds can be derived from
the heats of formation which, in their turn, can be
estimated from bond energies or group contributions(3),
The results of such calculations show that, considering
solid fuels, the presence of nitrogen or oxygen in the
fuel molecule leads to lower gravimetric and volumetric
heats of combustion. Thus, the result of these con-
siderations is that ramjet fuels should be hydrocar-
bons which may be mixed, of course, with suitable
metals.

The volumetric heat of combustion is the product
of gravimetric heat of combustion and fuel density.
Therefore, the fuel density is another important fac-
tor that has to be considered in connection with vol-
ume-determined missions. The density of hydrocar-
bon fuels depends on the carbon-to-hydrogen ratio
and on the molecular structure. The density in-
creases with increasing carbon-to-hydrogen ratio.
Polycyclic structures are most favorable. Several of
these high density hydrocarbons have been synthe-
sized in the past, and Pre?asation procedures are
given in the literature 4).,05),

The heat of combustion per unit mass of air and
the air requirement of the fuel are two parameters of
somewhat minor importance but should be mentioned
here, too.
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Figure 2. Heating Values of SFRJ Fuel Candidates

The regression rate of a fuel is also an important
factor. Regression rate requirements depend on the
selected mission. The regression rate is not a fuel
property alone, combustor geometry, surface area
and heat as well as mass transfer in the combustion
chamber are of influence, too. It has been found(®).
(7) that the rate of polymer degradation plays an
important role in solid fuel ramjet combustion. For
instance, the regression rate of HTPB is much higher
(about 70 to 80 percent) than that of PE. There are
four general mechanisms of thermal decomposition of
organic polymers(8): random-chain scission, end-
chain scission, chain stripping and cross-linking.
Polymers which decompose according to the chain-
stripping or cross-linking mechanism are not always
suitable for solid fuel ramjet combustion, because
they don't burn without residue and tend to char.

Combustion efficiency is another important para-
meter that has to be considered in solid fuel ramjet
combustion. However, combustion efficiency is not a
typical fuel property, because it depends mainly on
external conditions like residence time, mixing, gas
phase reaction rate, combustor geometry, and heat
and mass transfer.

Mechanical stability and storability of the ramjet
fuel are as important as in connection with solid
propellants, but the problems are less complex be-
cause the fuel composition is not so complicated.
Antioxidants are often added in order to increase the
storability.

Ramjet fuels usually do not burn without smoke.
This is especially the case with metalized fuels which,
of course, cannot be smokeless. Many hydrocarbon
fuels produce soot during combustion. Polyethylene
is a fuel which has an almost smokeless exhaust.

The price of a ramjet fuel should be low. There-
fore, some more exotic high density hydrocarbons
might not be suitable. Chemical compounds, which
are already produced for other purposes or which
are intermediates for other products, are mostly
available at low costs as compared to laboratory chem-
icals. It has also to be considered that the price of
an interesting fuel compound being high at present
can be considerably lowered if it is produced in very
large amounts.

Moreover, ramjet fuels should ignite and burn re-
liably within the stability limits.

The mechanism of the combustion process and the
flow characteristics in SFRJ combustors with non-
metalized fuels were studied by different authors(9-12)
Fig. 3 gives an impression of the complex nature of
the flow field in the dump combustor. The foremost
region of the combustor is characterized by a recir-
culation zone caused by the sudden enlargement of
the inlet step. This zone is used for flame stabiliza-
tion. The length of the recirculation zone is deter—
mined by the step height. The second important
combustion zone can be described by a turbulent
diffusion flame within the redeveloped boundary layer
downstream of the reattachment point. The amount
of vaporized fuel is determined mostly by the convec-
tive and radiative heat transfer from the narrow
"flame sheet" to the fuel surface. Fuel vapors from
the surface and oxygen-rich gases from the core
flow diffuse from opposite sides into the boundary
layer. This diffusion-controlled flame is sustained
by the hot combustion products of the recirculation
zone, which are partly mixed with the increasing
core flow; thus the combustion cycle is completed.
The dominant parameters for the heat transfer, or
the total amount of vaporized fuel, are the air mass
flux Gajp , the chamber pressure pc , and the air
inlet temperature Ty {0t

The description of the combustion process in SFRJ
combustors using fuels with meta! additives differs
from the non-metalized situation. Gany and Netzer(13)
studied the combustion phenomena of highly metalized
solid fuels by means of high speed photography and
a windowed two-dimensional SFRJ combustor. - Metal
additives are usually introduced as fine powders into
a matrix of a polymeric binder. The particles tend
to accumulate and coalesce at the condensed fuel sur-
face. Thus, large agglomerates are ejected to the
gas stream without ignition at the fuel surface, be-
cause no oxygen is existing there. The rate of inert
heating or the amount of evaporation of the particle
depends upon the material. While magnesium, having
a very low boiling point, may evaporate at or near
the fuel surface, this is not the case especiaily for
boron or boron compounds. The understanding of
metal particle combustion in an SFRJ combustor seems
to be very difficult, but for achieving high combus-
tion efficiencies with metal-laden fuels more funda-
mental investigations of these phenomena are neces-
sary.

It was the intention of this study to give an idea
on the potential of commonly used hydrocarbon fuels
and some fuels with different amounts of metal par-
ticles.
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1. Experimental Set-Up and Fuel
Manufacturing Procedure

The experimental system consists of an SFRJ com-
bustor and an air heater, which are mounted on a
thrust stand (Fig. 4). The air is heated up by the
combustion of hydrogen and oxygen. Oxygen is re-

plenished, so that the amount of oxygen is kept con-
stant at 23 percent of the total air mass flow rate.

|\

Figure 4. Photographic View of Test Hardware

The ramjet engine consists of four main compo-
nents (Fig. 5):
the solid fuel grain, the afterburner chamber, and
the nozzle. The length of the fuel grain can be var-
ied to adjust different mixture ratios of fuel to air.

0, Straightener Igniter

X N\ozzle
Solid fuel grain Afterburner
Air heater Step inlet chamber
Figure 5. Air Heater and SFRJ Combustor
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SFRJ Dump Combustor Flow Field

All tests of this study were carried out at an ini-
tial portdiameter for the fuel grain of 60 mm. For
ignition of the solid fuel, a hot gas (H,/0, spark
torch igniter) will be injected into the recirculation
zone downstream of the step inlet. Typically, the
ignition will be shut off after one second. Several
temperatures, pressures and the axial thrust are
recorded by a data acquisition system.

To give an idea of the requirements of a ramjet
test facility, the combustion chamber entrance con-
ditions in dependence of flight Mach number and
altitude are shown in Fig. 6. The simulation range
of the DFVLR ramjet test facility is shown as the
shaded area in this figure. Flight Mach numbers up
to 3.5 at sea-level and up to Mach 4 for altitudes
between 10 and 25 km can be simulated.

- vk
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Total temperature T; 1o
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Flight Machnumber Mg

Figure 6. Ramjet Combustor Entrance conditions
Two different methods were applied in order to
produce the fuels for this experimental study, cast-
ing and pressing. Commercial hydroxyl-terminated

polybutadiene ARCO R 45 M was used as a binder

for the casting process. The fuel ingredients (metals
or polymers) were mixed with the binder by an im-
peller. During the mixing process the product was
heated up to 80 °C, causing a decrease in viscosity.
The mixture was degassed under vacuum in a glass
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vessel. TDI was added as a curing agent; then the
mixture was stirred and degassed again. The re-
sulting highly viscous liquid was cast into a cylindri-
cal mould made of reinforced phenol-formaldehyde
resin. The cylindrical mandrel was made of polyethy-
lene. The fuels were cured for three days at 80 °C.
After storing the moulds for a short time in a refrig-
erator, the mandrel could be removed by a hydraulic
press. No antioxidants were used because the fuel
was not stored very long but subsequently fired.

The fuels which were produced by the pressing
procedure were treated as follows. The ingredients
were mixed in a blade kneader, and the moist mass
was filled into a vacuum mould and compressed to
fuel blocks by means of a hydraulic press. The fuel
grain was made from several fuel block elements.

111. Test Results

As described above, the key factors for the per-
formance evaluation of an SFRJ fuel are the regres-
sion rate, fuel density and the gravimetric heat of
combustion. To compare different fuels, HTPB was
chosen in this study as the baseline fuel. Thus, the
energy flux ratio is defined as

- p-r~AHc

(per0H ) y1pp

This definition assumes that the released fuel can
be completely burnt inside the combustor.

Pure Hydrocarbon Fuels.

For a PE-fuel the regression rate was investigated
over a wide range of different flight Mach numbers
and altitudes, respectively, at different chamber
pressures, air mass fluxes and inlet temperatures.
In Fig. 7 an example of the regression rate study is
shown. With increasing air inlet temperature T3 tot
and chamber pressure p. the regression rate in-
creases. The experimental data can be approximated
by the following power function:

28 0.50

2,tot

As shown in (9), the influence of Gg;,. is of the
same order as the chamber pressure.

ro= 0.008'pc0' . T

Test results of the energy flux ratio for different
hydrocarbon fuels are shown in Fig. 8. The pure
PE- and PMMA fuels, and the HTPB/PS and HTPB/PE
mixed fuels have lower energy fluxes than pure
HTPB fuels. These tests were carried out at the
same test conditions (p. ~ 4.3 bar, Gajr ~ 13.5g/cm?s,
T2,tot ~ 15 °C). The mixed fuels with HTPB and
PAMS show distinctly higher energy fluxes than a
pure HTPB-fuel (test conditions: p¢ ~ 5.2 bar,

Gair ¥ 26 g/cm?s, Ty tot = 200 °C). The combustion
efficiency is not taken into account in this compari-
son. Especially the test with the HTPB/ PAMS *-fuel
showed an exhaust plume with large amounts of soot,
so that a larger afterburner chamber or additional
mixing devices will be needed to yield a sufficient
combustion efficiency.

By increasing the fuel -surface with a spoke type
grain (Ag > 2+Acy},), it is possible to increase the
fuel mass flow and thus the energy flux.
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Fuels with Metal Additives.

A test series with fuels containing different
amounts of magnesium are shown in Table 1. Under
the same test conditions the regression rate increases
with an increasing magnesium content. The density
of the cast blend of HTPB and magnesium is up to 9%
lower than the theoretical one; possibly the manu-
facturing techniques used did not allow to produce a
fuel without any air inclusions. Adding of wetting
agents as additives did not increase the fuel density.
The magnesium particles had a diameter of < 100 ym.
The gravimetric heat of combustion decreases with an
increasing magnesium content, but is outweighed by
the gain in regression rate and density.

Test results of fuels with different metal composi-
tions are shown in Fig. 9 (test conditions: p¢ =
3.8 bar, Gajr ~ 13.8 g/cm?s, Ty tot = 400 °C). All
HTPB fuels with metal additives have a higher energy
flux than the pure HTPB. The HTPB/Al and HTPB/Si
fuels show an energy flux maximum, so that an opti-
mum can be assumed for metal portions of less than .
50 wt.%. SFRJ fuels loaded with different metal parti-
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_'*) O -
FUEL/(WT %) 0 ¢ 0 per A prr-AH,
HTPB | Mg (g/em?) (mm/s) (p*flyrpR (kJ/g) (per-AH ) pTpg
100 0.93 0.414 0.95 1.00 42.99 1.00
90 10 0.97 0.419 0.99 1.06 41.16 1.02
80 20 1.02 0.474 1.14 1.26 39.33 1.15
70 30 1.08 0.441 1.19 1.55 37.51 1.35
60 40 1.14 0.597 1.20 1.77 35.69 1.47
*) s ]
: = = 2 = ©
test conditions: p_ = 5.3 bar, G . =13.5g/cm?s, Tz,tot 5 ¢C

TABLE 1.

cles (HTPB/Mg/Si , HTPB/AI/B4C , HTPB/Mg/ByC)
seemed to improve the performance compared to a
blend of HTPB and only one metal type.

Furthermore, two tests with hydrocarbon fuels
containing significant amounts of oxidizer are shown
(BS/ PE /AP, test conditions: p¢ ~ 5 bar, Gzj =
13 g/em?s , Ty ot ~ 5 °C). These fuei types have
distinctly higher regression rates but low heating
values.

90% HTPB 10% Al N
90% HTPB 10% Si NN\
90% HTPB 10% Mg AN
70% HTPB 30% Al N
70% HTPB 30% Si \NANNNNARNY
50% HTPB 50% Al NANNN
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50% HTPB 25% Mg 25% Si SS———
50% HTPB 25% Al 25% Bj4C ————
60% HTPB 20% Mg 20% B4C ANNNNNNNY
20% BS 50% PE 30% AP i
20% BS 40% PE 40% AP N
(Kyrpg = 1.0)

0910 1112 1314 1516 1.7
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Figure 9. Energy Flux of Fuels with Different

Metal Additives

1V. Summary

The energy release of solid fuels has been studied
by using a SFRJ combustion chamber equipped with
‘a vitiated air heater. Some properties upon which
fuel selection is generally based are discussed. For
a PE fuel the regression rate dependence on flight
altitude and Mach number, or on air mass flux, cham-
ber pressure and air inlet temperature, respectively,
is shown and can be expressed by an empirical power
function. The influence of the air inlet temperature
is somewhat larger than that of the chamber pressure
and the air mass flux. Other experiments with pure
hydrocarbon fuels or blends of HTPB with PE, PS or
PAMS were carried out, and their energy fluxes were
were presented in comparison to the HTPB baseline
fuel. The investigated regression rate of metalized
fuels (magnesium, aluminum, silicon, boron-carbide)

Test Firings with HTPB /Magnesium Fuels

shows a considerable increase in performance related
to pure hydrocarbon fuels.

V. Nomenclature

A = area

Dv = diameter

Gair = air mass flux (r'n/AB)
AHc = gravimetric heat of combustion
m = air mass flow

P = combustion pressure

t? = average regression rate
Ttot = total temperature

o = density

o} = equivalence ratio

AP = amonium perchlorate
BS = butadiene-styrene
HTPB = hydroxyl-terminated polybutadiene
PAMS = poly-o~methylstyrene
PE = polyethylene

PMMA = polymethylmethacrylate
PS = polystyrene

TDI = tolylene diisocyanate
Subscripts

2 = flameholder inlet

3 = fuel port

5 = nozzle throat

s = fuel surface
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