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Experimental Investigation of a Supersonic
Combustion Solid Fuel Ramjet
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An experimental parametric investigation of a solid-fuel supersonic combustion chamber in a scramjet
configuration was conducted. A hydrogen-burning vitiated air heater was designed and built to simulate
flight conditions of Mach 5.5 in high and medium altitudes in a static test facility (stagnation temperatures
and pressures of up to 1500 K and 50 atm, respectively). Flow and combustion phenomena were studied
by pressure measurements along the fuel grain and by analyzing video images, digitized from the video
recording of each test. Self-ignition and flameholding characteristics were consistent with results from
previous works. Flow and combustion characteristics changed as inlet conditions extended, exhibiting
initially choked or unchoked flow patterns. In the parametric investigation, incoming airflow conditions
(total pressure, total temperature, and mass flow rate) defined the parametric space, yielding a regression
rate power law of these parameters. Combustion efficiency was found to decrease with the increase of
each of the inlet parameters. Increasing the diversion semiangle of the diverging section of the solid grain
resulted in lower regression rate values.

Nomenclature
A - cross-sectional area
a = constant
Cp = specific heat in constant pressure
d, D = diameter
F = thrust force
G = mass flux
h = enthalpy
L - fuel grain length
M = Mach number
m = mass flow rate
P = pressure
R - gas constant
r = fuel regression rate
T = temperature
/ = time
u = velocity
x = axial distance
a = diversion semiangle of fuel grain diverging

section
y = ratio of specific heats
j] = efficiency
p = density
9 = equivalence ratio

Subscripts
a, Air = air
e = exit
exp = experimental
in = inlet
t = total
th = theory

Superscripts
b, c, d = exponents in empirical regression rate law
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Introduction

A S the flight Mach number is increased beyond the area
of Mach 5, the hypersonic phenomena that begin to occur

significantly reduce the performance of conventional ramjet
engines with a subsonic-flow combustion chamber. Reduction
of the flow velocity from these high Mach numbers to subsonic
ones, ordinarily by passing through several oblique shocks and
a normal shock, results in a considerable increase in the flow
static temperature as well as in a significant reduction in total
pressure. The first poses a problem because only a limited
amount of heat can be added to the flow before the dissociation
temperature is reached, whereas the latter is purely a loss to
the flow thrust potential. In supersonic-combustion ramjet en-
gines (scramjets), the absence of a normal shock in the diffuser
leads to lower static temperatures and higher total pressure
recovery, compared with conventional ramjet motors, thus
making the scramjet the preferable propulsion system for hy-
personic flight missions. Figure I1 shows a comparison be-
tween the evaluated specific impulse of several air-breathing
jet engines vs flight Mach number, indicating the scramjet
higher performance in hypersonic flight. The scramjet engine
holds additional advantages over the conventional ramjet: To
accelerate the flow in a ramjet back to supersonic velocities,
the flow must be choked in a converging-diverging nozzle that
poses a limitation on the maximum total mass flow. This lim-
itation does not exist in the solely diverging nozzle in scramjet
engines, allowing larger total mass flow rates. The diverging
scramjet nozzle is also advantageous as it is lighter and does
not suffer from severe heat fluxes existing in nozzle throats.
Another advantage is associated with the low motor static pres-
sure that arises, resulting in lower structural stresses.

The use of solid fuels is widespread in conventional ramjet
engines, providing it with desirable characteristics: high-en-
ergy density resulting in a more compact system, simplicity
(no need for fuel tanks and feeding systems), safety, easy stor-
age for long duration and, finally, readiness upon demand.
Consequently, the solid-fueled scramjet engine should extend
the operating limits of solid fuel-oriented vehicles, such as
missiles, boosters, sustainers and projectiles, into the hyper-
sonic flight regime.

Schematic illustrations of the conventional (subsonic com-
bustion) solid fuel ramjet (SFRJ) and the solid fuel scramjet
are presented in Fig 2.
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Fig. 1 Evaluation of specific impulse vs Mach number for dif-
ferent jet engines employing hydrocarbon fuel.
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Configuration of a) subsonic and b) supersonic combus-
tion solid fuel ramjets.

Recent interest in hypersonic vehicles has revived research
in the field; however, almost all supersonic combustion re-
search has focused on liquid fuels. Reports related to solid fuel
scramjet research, theoretical or experimental, are quite scarce
in the open literature.

It is important to mention two experimental studies: Angus
et al.2 were the first to demonstrate, in principle, the combus-
tion of a solid fuel under supersonic flow conditions at good
combustion efficiencies. Ben-Yakar et al.3 were the first to
achieve spontaneous ignition and stable supersonic combustion
of the solid fuel grain with no external aid.

Solid fuel combustion is characterized by certain inherent
features that may cause some operational difficulties in the
SFRJ4 and to a greater extent in the solid fuel scramjet3: fuel
regression rate, fuel-air mixing, reaction kinetics, and flame-
holding capacity.

The dependence of the fuel regression rate on the port flow
characteristics (with a major effect on the air mass flux and
temperature) eliminates the ability to directly control the time-
dependent fuel mass flow rate and, hence, the fuel-to-air ratio
and the overall fuel consumption. The solid fuel regression
changes the combustion chamber geometry, affecting the flow
and overall performance of the engine. These phenomena call
for a predetermined mission profile. Jarymowycz et al.5 con-
ducted a numerical study of the combustion of a solid fuel
grain under supersonic crossflow. They concluded that com-
bustion takes place in the gas phase above the fuel surface and
that the fuel regression rate is affected by the incoming air
temperature and to a lesser extent by the pressure. The tem-
poral and spatial fuel regression rates of a poly-methyl-meth-
acrylate (PMMA) solid fuel as a function of the air mass flow
rate were measured by Ben-Yakar et al.3 The average regres-
sion rate showed dependence on the airflow rate to the 0.8
power, indicating that the process is dominated by forced-con-
vection heat transfer.

Combustion efficiency may be compromised because of in-
complete mixing between the fuel gases emerging from the
wall and the air diffusing from the core flow. In supersonic
flows, the thinner boundary layer may even further suppress
the fuel-air mixing, resulting in even lower efficiencies. Nev-
ertheless, the results of the theoretical study of Ben-Arosh et
al.6 indicated that adequate mixing between the fuel and the
incoming air can be obtained within the characteristic resi-
dence time in the motor (of the order of 1 ms and less). Mixing
can be also enhanced as a result of the surface roughness that
is characteristic to the solid fuel scramjet.2'3'7'8

The chemical kinetics of the gasified hydrocarbon fuel may
be too slow compared with the residence time in the supersonic
combustor to complete the reaction. The flowfield of a solid
fuel scramjet motor was investigated theoretically by Ben-
Arosh et al.6'9'10 In a detailed numerical study that assumed a
two-step chemical reaction of the combusting flowfield, Ben-
Arosh et al. showed that combustion takes place within a sub-
sonic zone in the vicinity of the wall while the main core flow
remains supersonic. For the geometry chosen (sudden expan-
sion with a constant area hollow fuel grain), theoretical com-
bustion efficiencies in the range of 0.7-0.9 were exhibited.

In SFRJs, flameholding is achieved by a backward-facing
step, creating a recirculation zone. This zone is characterized
by relatively low velocities, high temperatures, and high fuel
concentrations, and it serves as a continuous ignition source.
In supersonic combustion SFRJs, the sudden expansion of the
flow after the step results in a drop in temperature as well as
an increase in the velocity. Furthermore, the reattachment
length is shorter in supersonic than in subsonic flows.10 Under
these constraints, it may be concluded that in a solid fuel
scramjet with a sudden expansion, flameholding is compro-
mised and residence time is shorter. Defining a flameholding
zone consisting of a backward-facing step and a convergence
to a desired port diameter can reduce the acuteness of these
phenomena. The cavity length actually redefines the recircu-
lation zone length and the port Mach numbers are relatively
lower. In this case, internal port dimensions should be designed
carefully to avoid thermal choking and maintain supersonic
flow throughout the operation. In the experimental study of
Angus et al.2 the combustor internal geometry was based on
such a flame stabilization zone that consisted of a sudden ex-
pansion of the inlet flow and a cavity in the fuel upstream end.
A diverging port combustor section in the downstream end was
used to prevent thermal choking. However, under the experi-
mental operating conditions (an inlet stagnation temperature of
about 500 K), flame stabilization required injection of a small
amount of gaseous hydrogen. Recognizing the special condi-
tions of the supersonic flow, a modified flame-stabilization
zone has been suggested by Ben-Yakar et al.3'8 The flamehold-
ing geometry consisted of a constant cross-sectional region in
the foremost part of the fuel bounded by an inlet backward-
facing step in the upstream direction and an inclined forward-
facing step in the downstream side. The flameholding geo-
metric parameters were investigated and actual flameholding
limits were established.

The present research objectives were to deepen the under-
standing of the supersonic combustion of a solid fuel in a
scramjet configuration and to form empirical relations regard-
ing the operation and behavior of solid fuel scramjet engines.
This is done by measuring the influences of the solid fuel grain
geometry and the combustion chamber inlet flow conditions
on overall combustion chamber performance, and particularly
on its internal ballistics (regression rates and combustion ef-
ficiencies). To reach these goals an experimental parametric
investigation was conducted in a dedicated connected-pipe
static test facility that was designed and constructed to extend
the boundaries of the simulated flight envelope beyond what
was achieved to date. Figure 3 shows the flight conditions,
simulated in the present investigation, compared with previous
works.
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Fig. 3 Simulated flight envelope available in the current re-
search.

Experimental Apparatus and Procedure
General

The experimental apparatus is shown schematically in Fig.
4. The test facility is composed of three major elements; a
vitiated air heater (VAH), a supersonic nozzle, and the tested
supersonic solid fuel combustion chamber. Compressed air is
provided to the air heater from high-pressure tanks via a flex-
ible conduit and from opposite sides, perpendicular to the mo-
tor axis. To keep the oxygen by mole fraction of the vitiated
air as in that of natural air (0.209), oxygen is introduced to
the flow prior to entering the heater, thus avoiding hazards
relating to adding oxygen into a hot flow. The regeneratively
cooled vitiated air heater burns hydrogen with the oxygen-
enriched air to achieve an inlet total temperature of up to 1500
K, at pressures of up to 50 atm, and mass flow rates of up to
500 g/s. These values simulate an inlet stagnation condition
for flight Mach numbers greater than 5.5 at high and medium
altitudes.

The supersonic nozzle at the exit of the air heater regulates
the airflow rate and accelerates it to Mach 1.5, thus simulating
flow conditions at the exit of a generic engine diffuser. The
supersonic combustor was made of transparent poly-methil-
methacrylate (PMMA-Plexiglas®), which also served as the
solid fuel. To obtain correct geometrical measurements, two
parallel surfaces were machined on opposite sides of each of
the cylindrical grains. The advantage of using Plexiglas, de-
spite its low energetic properties, is that because of its high
mechanical strength, there is no need for outer casing and its
transparency enables observation of the flow and combustion
phenomena within its axisymmetric bore. The solid-fuel grain
geometry (Fig. 5) used in this research crystallized from the
experimental results of Refs. 2, 3, 7, 8, and 11. It is divided
into three regions:

1) A flame-holding section (indexed fh), including a back-
ward-facing step creating a recirculation zone, and a converg-
ing section in the shape of an oblique forward-facing step that
prevents too high Mach number over the solid fuel surface.

2) A constant diameter cylindrical section (cyl).
3) A long diverging section (div) to maintain supersonic flow

with no choking because of the addition of heat and mass. In
the previously mentioned studies, this configuration showed
good flameholding and combustion stability as well as spon-
taneous ignition with no need for gaseous reactants to be added
to the flow to promote combustion.

Vitiated Air Heater
A hydrogen-burning VAH was designed and constructed to

stand the demanding goals of very high pressure and temper-
ature as laid out by the research parameters. The design (Fig.
6) was based on constructing the VAH almost entirely from
stainless steel and on a regenerative cooling/ heating config-
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Fig. 4 Schematic diagram of the experimental facility.
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Fig. 5 Schematic of the solid fuel scramjet combustor.

uration, separating the pressure mechanical load-carrying ele-
ment from the thermal loading.

The VAH is constructed from three major components; an
outer shell, an inner combustion chamber, and a nozzle adap-
ter. The outer shell is capable of carrying more than 50-atm
gas and is thermally protected by the cold air entering the VAH
on the downstream end and moving in the cooling duct back-
wards, to the upstream end of the VAH. The air enters the
VAH perpendicular to its axis to attain a true thrust reading
and from opposite sides to cancel side forces. The entrance
pipes are offset from the VAH center to provide the flow with
tangential momentum to ensure air cooling around the com-
plete outer shell circumference. The inner combustion chamber
resembles the classical design, the airflow is divided into a
central and a peripheral flow. Hydrogen is impinged into the
central airflow to create a close to stoichiometric mixture and
the peripheral airflow joins the combustion products through
equally distributed holes on the inner liner. The ratio of central
to peripheral airflows can be regulated to enable a wide range
of operation. The third component serves as an adapter to dif-
ferent nozzles and test sections and as a plenum to complete
the hot/cold air mixing. Measurement points are located in the
adapter, near the VAH exit. Because the adapter is not exter-
nally or internally cooled, it is thermally insulated by a ceramic
tube and a ceramic fiber blanket. For the parametric investi-
gation, a series of nine nozzles, all with the same area ratio to
provide the same exit Mach number, was designed and fabri-
cated. An additional higher Mach number nozzle was fabri-
cated later to investigate combustion in higher Mach flow.

Data Acquisition and Control
A typical test lasts about 15 s, within which an accurate

sequence of functions must be carried out. A computer-con-
trolled automatic system was used to ensure the sequence ac-
curate performance. The same software managed the auto-
mated control system via a digital I/O board as well as all data
acquisition using an A/D board.



COHEN-ZUR AND NATAN 883

The test facility incorporates several measurement points;
static pressure at six points along the solid grain, pressure and
temperature at the VAH exit just upstream of the supersonic
nozzle, and the trust generated by the VAH/combustor assem-
bly. The mass flow rates of the three gases, air, hydrogen, and
makeup oxygen, were measured and regulated, using sonic or-
ifices with upstream pressure and temperature measurements.

A VCR and a video camera were used in all experiments to
record the solid fuel grain as combustion progressed. Selected
frames from the recordings were then digitized using a video
frame grabber PC board to measure regression rates of the
solid surface on selected sections along the combustor. Geo-
metrical measurements on the digitized video pictures were
conducted using image processing and analysis software. Hav-
ing the internal port contour data, temporal and spatial varia-
tions of the fuel regression rate could be obtained. Overall fuel
mass flow rate histories could then be calculated as well.

Results and Discussion
General

A total of 18 successful tests were conducted in four series,
each investigating a different parameter: air mass flow rate,
stagnation pressure and temperature, and diverging section an-
gle. Grain and nozzle geometry were designed to fall between
the flameholding limits established by Ben-Yakar et al.3 and

Ben-Yakar.8 In addition, the inlet stagnation temperatures were
higher than those of Ref. 3; consequently, spontaneous ignition
was accomplished, with no use of external means to sustain
combustion. The experimental results from all tests are sum-
marized in Table 1.

Flow Characteristics
Information about the flow behavior within the combustor

was obtained by the six static pressure measurement points
along the grain axis (Fig. 5). In general, two different flow and
combustion patterns inside the solid combustor can be distin-
guished. Figure 7 presents the six pressure-trace histories char-
acteristic to tests in which inlet stagnation pressures are rela-
tively low, or air mass flow rates are relatively high. Figure 8
presents the same data typical to tests with the opposite con-
ditions, i.e., high inlet stagnation pressure or low air mass flow
rates. From Fig. 7 it is evident that choking of the flow occurs
in the cylindrical section of the solid grain in the first few
seconds of operation, causing the high-pressure readings in the
flameholding zone. Compared with Fig. 7, Fig. 8 exhibits
lower pressures in the flameholding zone than in the cylindri-
cal section, indicating a flow pattern that is supersonic at all
times and along the entire grain. To support this theory, the
data in Figs. 7 and 8 are reorganized to plot pressure variations
along the combustor axis at different times and are presented

Table 1 Summary of selected results from tests divided to parametric groups

Test
no.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

r,,in,
K

1276
1296
1196
1144
1253
1237
1295
1191
1273
1223
1033
1186
1364
1247
1349
1242
1298

Pt*»
atm
36.9
38.2
21.2
21.4
22.5
27.6
41.6
51.6
33.1
35.8
34.8
36.0
36.8
36.8
38.6
37.5
36.5

min,
g/s
302
297
310
308
310
297
301
301
244
388
294
294
301
304
300
304
293

r,
mm/s
0.81
0.74
0.73
N/A
0.73
0.76
0.77
0.85
0.68
0.98
0.66
0.74
0.96
0.89
0.82
0.66
0.79

T?
0.70
0.67
N/A
0.83
N/A
0.73
0.57
0.55
0.81
0.61
N/A
0.77
0.64
0.56
0.56
N/A
0.29

<P
0.47
0.48
0.47
0.48
0.52
0.54
0.50
0.44
0.50
0.61
0.49
0.46
0.53
0.49
0.46
0.39
0.43

Remarks
Nominal case:

a = 3 deg, f#v = 0.79

Only Pe measured

Extinguished after 3 s

a = 2 deg, f&, = 0.96
a = 4 deg, rdiv = 0.77
a = 5 deg, t^ = 0.67

Min = 1.9

VITIATED AIR HEATER PLENUM AND
MEASUREMENT POINT

CRDSSECTIDN A-A V I E W B-B

Fig. 6 Facility VAH, cutaway view.
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Fig. 7 Wall-pressure traces with time (test no. 3).
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Fig. 8 Wall-pressure traces with time (test no. 1).
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Fig. 9 Temporal variation of wall-pressure distribution along
grain axis (test no. 3).

in Figs. 9 and 10, respectively. In the initially choked case
(Fig. 9), the pressure is decreasing along the flameholding and
cylindrical zones in the first two seconds. Because the grain
bore is converging in these zones, the pressure drop charac-
terizes subsonic flow. As the combustion develops, the port
area increases and the choke weakens and eventually disap-
pears until a full supersonic flow is exhibited. In Fig. 10 (in-
itially unchoked), the pressure is increasing in the converging
part of the grain, indicating supersonic flow throughout the
operation. The highest pressure reading is of gauge no. 3, cor-
responding to the smallest cross-sectional area in the combus-
tor.

The influence of low and high incoming air mass flow rate
on the transition between the two flow patterns (initially
choked and initially unchoked) is straightforward. However,
the influence of the stagnation pressure on the flow pattern
needs some explanation. To lower the inlet stagnation pressure,
while keeping the mass flow rate, the stagnation temperature,
and the Mach number constants, the throat area of the super-
sonic inlet nozzle connecting the VAH to the solid grain is
enlarged. Because the grain geometry is constant, the area ratio
between any section of the grain port and the throat is de-
creased; hence, the flow undergoes a more moderate expansion
and the resulting static temperature and pressure are higher
than in the case of high total pressure. Thus, in the lower inlet

60 80 100 120
Axial Distance [mm]

Ign.

1=2 s

1=3 s

1=4 s

1=6 s

1=7 s

140 160

Fig. 10 Temporal variation of wall-pressure distribution along
grain axis (test no. 1).

Fig. 11 Shock-train development in the cylindrical section after
ignition (test no. 3).

stagnation pressure tests, the flow conditions in the cylindrical
section are closer to choking. The addition of heat and mass
from the evaporating solid fuel upstream of the choke location
complements the requirements for choking.

The overall behavior of the pressure readings in both trends
indicate supersonic flow in all other times and locations along
the combustor. This is mainly evident by the decreasing of the
pressure with time as the port area is increased because of fuel
regression. The initially choked flow characteristics correspond
well to the experimental results of Ben-Yakar et al.3 and Ben-
Yakar,8 whereas the all-supersonic, initially unchoked, flow
pattern is clearly an entirely new phenomenon.

Finally, the distinct appearance of a shock-train in the cylin-
drical section and oblique shocks in the diverging section, as
seen in Fig. 11 (taken at about 1 s after ignition), and higher
than the atmospheric pressure at the combustor exit, serve as
additional indications to the supersonic nature of the combus-
tion.

Thermal Efficiency
Combustor thermal efficiency was calculated using a pro-

cedure similar to Ref. 2. Thermal efficiency is defined as the
ratio between the flow actual and theoretical values of the total
enthalpy rise in the combustor. In the evaluation, the enthalpy
was approximated, yielding the following expression for the
thermal efficiency:

(CpTt)e - (CpTt).m (i)

The theoretical exit total temperature and Cp were calculated
using the thermochemical code PEP-CODE.12 The actual exit
static temperature and velocity were calculated from the mass
conservation equation

me = peueAe = PeMeAe (2)
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Table 2 Time-dependent efficiency calculation in a typical test

Time, s F, kgf Pe, atm Ae, cm2 Me e, m/s
4
5
6
7
8
9
10
11
12

35.2
37.9
38.0
37.7
36.8
36.9
36.1
35.0
34.3

0.97
0.90
1.05
1.40
1.74
1.77
1.67
1.60
1.55

5.3
5.9
6.6
7.2
7.9
8.7
9.4
10.2
11.1

2.30
2.35
2.05
1.63
1.31
1.23
1.21
1.16
1.12

1115
1210
1181
1093
965
940
925
893
871

945
1164
1231
1273
1282
1293
1304
1296
1306

614
693
869
1182
1428
1543
1557
1563
1598

1037
1189
1340
1583
1740
1838
1843
1828
1851

0.36
0.38
0.40
0.42
0.44
0.46
0.48
0.50
0.52

1977
2008
2039
2069
2099
2128
2156
2183
2210

0.16
0.14
0.25
0.48
0.63
0.70
0.69
0.66
0.66

where the exit Mach number was calculated from the thrust
measurements assuming perfect gas and momentum conser-
vation described by

(Pe - Pa)Ae

obtaining the following equation for Me:

\F - (p. - PJA.T1
ie = ——^r^——

(3)

(4)

In all of the preceding equations the gas properties y, /?, and
Cp were taken from the thermochemical code in the appropriate
conditions and all other parameters were measured. It is im-
portant to mention that the efficiency values obtained in this
procedure are slightly higher than the actual values, as Cp,e,
as taken from the thermochemical code, corresponds to the
flow theoretical properties, and are thus higher than in the ac-
tual gas. A somewhat lower than the actual value can be de-
rived by assuming a constant Cp. The differences between the
two values are rather small, and it is assumed here that the
current procedure gives results that are closer to the true val-
ues.

Calculation results for a typical test are summarized in Table
2. The resulting time-dependent thermal efficiency of this test
is presented in Fig. 12. The thermal efficiency exhibits a tran-
sition period of a few seconds at the beginning of the opera-
tion, in which it increases steadily from very low values, close
to zero, until it reaches steady state of high values, mildly
decreasing with time. This calls for the conclusion that the heat
transfer from the hot airflow to the solid grain causes fuel
regression, thus extracting heat from the flow; however, very
little of the evaporating fuel actually burns within the com-
bustor in the initial stage of operation. This phenomenon is
probably caused by too brief residence times compared with
the mixing and reaction characteristic times. As the flow de-
velops, the velocity decreases because of heat addition (that
increases gradually with the velocity decrease) prolonging the
residence time thus allowing more fuel to burn within the com-
bustor. Additionally, shock-boundary-layer interactions de-
velop surface roughness, characteristic to supersonic solid fuel
combustion,2'3 enhancing mixing and also decreasing the flow
velocity. The result of the preceding mechanism is the gradual
increase of the efficiency with the development of the flow.
An interesting observation supported the encountered effi-
ciency behavior. In video recordings taken from a distant point
of view, it was observed that during the first few seconds of
the combustor operation (the time period corresponding to the
low efficiency transition state), there was a large and bright
plume at the exit of the combustor, indicating that the fuel
vapors did not burn inside the motor. Then (as the calculated
efficiency rose), the plume shrunk to a small and fainter jet
and the combustor interior brightened (as if the plume was
drawn back to the motor). This corresponds well to more of
the fuel burning inside the combustor. Under these conditions,
the analysis focused on the steady state of the combustor op-
eration. Moreover, during steady state the flow is supersonic

4 6
Time [sec]

Fig. 12 Combustion thermal efficiency development with time.

Fig. 13 Sequence of digitized video images of combustion devel-
opment.

along the combustor, including the cases where the flow is
initially choked.

Fuel Regression
The ability to acquire and digitally process and analyze the

video images of the burning surface of the transparent Plexi-
glas fuel permitted continuous visualization of the internal port
contour at high spatial and temporal resolution. In Fig. 13, a
series of four images, taken in different times during a typical
test, demonstrates combustion development and contour vari-
ation. Figure 14 presents the variation of the port diameter in
time, of a typical test, as measured with the use of an image
processing software. At a given time, the local regression rate
was calculated from the variation of the port diameter. It was
then possible to look at time dependency and axial change of
the solid fuel regression rate. The video images were digitized
in resolution of less than 0.3 mm/pixel; hence, a single mea-
surement has a rather low accuracy. This is improved as the
values under consideration are averages over a large number
of measurement points, resulting in a calculated accuracy of
less than ±6% in the averaged values.

The flow pattern discussed earlier (initially choked and in-
itially unchoked) apparently influenced the fuel regression rate
behavior. In an initially choked test, the regression rate vari-
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Fig. 14 Variation of the fuel port contours during burning (time
intervals of 2 s).
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Average Over t = 0 - 5 sec

Average

20 40 60 80 100 120 140 160 180
Axial Distance [mm]

Fig. 15 Axial variation of the time-average local regression rate
(test no. 3).
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Fig. 16 Axial variation of the time-average local regression rate
(test no. 1).

ation along the grain axis is presented in Fig. 15. In addition
to the overall time average, the time average of the first and
the last 5 s of the operation are also presented. The regression
rate appears to reach peak values in the cylindrical section,
where mass flux is maximum. It is also evident from the first
and the last 5-s traces that the regression rate is decreasing
with time, apparently because of the increase of the port area
and the resulting decrease in mass flux. Also, the transition
from subsonic to supersonic flow in this section reduces the
pressure and temperature, which also causes regression rates
to decrease. A similar plot is presented in Fig. 16 for an ini-
tially unchoked test. The variation along the grain axis remains
similar as regression rates are higher at the cylindrical section,
but the overall combustor regression rate appears to remain
constant in time as the regression rate is decreased in the up-
stream half of the combustor and increased in the aft half of
it. This increase in the aft section of combustor corresponds to
the pressure and temperature increase in the flow because of
heat addition. The two different behaviors also affect the fuel
mass flow-rate time dependency.

Parametric Investigation
A parametric investigation was conducted to evaluate the

dependence of the fuel regression rate and combustion thermal
efficiency on inlet flow parameters simulating different flight
conditions. Apart from the three inlet parameters investigated,
air mass flow rate, total pressure, and total temperature, a
fourth parameter was investigated, namely the diversion angle
of the diverging section in the combustor. As mentioned ear-
lier, only the steady-state values were taken into consideration,
as the transition period is assumed to be considerably shorter
than the steady-state operation of a combustor in a realistic
propulsion system.

In solid fuel ramjet combustors, under both subsonic and
supersonic flows, the solid fuel regression rate is often corre-
lated to a function of the incoming air mass flux G, its tem-
perature 7, and the chamber pressure p.4-5-13 The correlation
function is usually of the form

= a-Gb-Tc-Pd (5)

Because the internal geometry, i.e., diameter, varies along the
grain axis in the supersonic combustors investigated in this
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Fig. 17 Regression rate dependence on inlet air parameters: a)
mass flow rate, b) stagnation temperature, and c) stagnation pres-
sure.
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Fig. 18 Test results in comparison with the multivariable power
law correlation.

research, the preceding parameters are not constant in the com-
bustor. However, the relating inlet parameters, wAir, Tttin, and
Pr,in respectively, can be good equivalents to the chamber val-
ues. The regression rate was correlated to a function of the
following form using a multidimensional regression:

f = a - mAir • Tc
tin - Pfin (6)

In addition, a single parameter dependence in the form of a
power law was calculated to verify the parameters overall
power law consistency.

Figure 17 shows the single parameter correlations of the
three parameters raAir, Tt^ and P,,in. Figure 18 presents the cor-
relation accuracy for the overall regression. The resulting re-
gression rate relations obtained are as follows:

The dependence of the regression rate solely on air mass
flow rate mAir, total temperature r,,in, and total pressure P,in,
can be respectively expressed by

f = 7.5 X 10~3 • mi?2 at Tt-m - 1270 K, P,,in « 36 atm (7)

f = 7.8 X 10~5 • rjjf at Pr?in « 36 atm, mAir« 300 g/s (8)

f = 0.48 • Pji4 at r,,in « 1250 K, mAir ~ 300 g/s (9)

The overall regression rate correlation is expressed by

r = 2.96 X 10"6 - mAf • r,,in • P°£ (10)

In Eq. (10), wAir is measured in grams per second, 7*ffin in K,
P,in in atm, and f in mm/s.

It is important to note that the power of mAir (^0.8) is similar
to the value obtained by Ben-Yakar et al.,3 regarding super-
sonic combustion and to the values obtained for subsonic SFRJ
combustors, indicating the dominance of convective heat trans-
fer on the regression rate. The power of Pftin (^0.2) corre-
sponds to the value obtained by Jarymowycz et al.,5 who nu-
merically investigated solid fuel combustion under supersonic
crossflows. The power of 7\in (~1) is relatively higher than
encountered in the literature.

For thermal efficiencies, Fig. 19 exhibits a general decrease
in thermal efficiency with the increase of each parameter. From
this result it can be concluded that efficiency decreases with
an increasing regression rate, and this is shown in Fig. 20.
This is understandable in light of the fact that increasing the
regression rate increases fuel mass flow rate as well, consid-
ering that during the brief residence time of the flow in the
combustor, mixing of the fuel vapors and the core airflow is
incomplete. Increasing regression rate introduces more fuel to
the flow, only this fuel does not burn inside the combustor,
hence, the lower efficiency. Because the calculated accuracy
of the thermal efficiency is not very good (—20%), a mathe-
matical correlation was not evaluated. In a realistic propulsion
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Fig. 19 Combustion efficiency dependence on inlet air param-
eters: a) mass flow rate, b) stagnation temperature, and c) stag-
nation pressure.
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Fig. 20 Efficiency decrease with regression rate increase.

system some measures can be applied to increase the effi-
ciency. The flow residence time can be prolonged by adding
an extending section to the combustor at the exit, or mixing
can be enhanced by increasing the ratio between the bore cir-
cumference and its cross-sectional area, e.g., several small
bores rather than one.
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Fig. 21 Regression rate dependence on diversion semiangle of
the diverging section.

An additional set of tests was conducted to measure the
influence of a. in the solid fuel grain. From the video images
it is evident that enlarging the diversion angle accelerates the
flow in the section and thus decreases the regression rates. At
large angles, the flow near the solid fuel surface was darker
than at smaller angles, indicating lower temperatures. Figure
21 presents the regression rates measured from the diverging
section alone for different diversion angles exhibiting a drop
in regression rate as a increases. Efficiency however, most
likely exhibits a tradeoff between a decrease because of the
increase in the regression rate at low values of a and a de-
crease because of flow acceleration (shorter residence time) at
high a. values. Hence, a peak efficiency was received for a =
3 deg (tests 1, 2, 14, and 15), although more tests should be
conducted to validate this result.

A final test was conducted to demonstrate combustion in a
higher entrance Mach number. A nozzle with an exit Mach
number of 1.9 was used. Ignition was spontaneous and com-
bustion sustained throughout the operation, but efficiency was
very low (about 0.3).

In general, physical values measurements were fairly accu-
rate in all measurement points. The accuracies of the thrust
and exit pressure measurements (<1 and <5%, respectively)
have special importance because they effect the combustion
thermal efficiency calculation. The other measured parameters
that participate in Eqs. (1-4) are more accurate. Nevertheless,
the calculated accuracy of the thermal efficiency suffers from
the elaborate mathematical expressions, resulting in a some-
what low accuracy of about ±20%.

Concluding Remarks
A solid fuel supersonic laboratory combustor has been tested

experimentally in a wide range of inlet conditions. A hydro-
gen-burning VAH was designed and constructed to provide
simulation of a flight Mach number of 5.5 at high and medium
altitudes, i.e., total air temperature and pressure of 1500 K and
50 atm, respectively.

Self-ignition of the PMMA solid fuel and flameholding char-
acteristics were consistent with the results of previous works
demonstrating solid fuel supersonic combustion.

Two flow and combustion patterns were observed. The ini-
tially choked and initially unchoked flows exhibited different
trends in the regression rate and, hence, fuel mass flow rate
development with time.

The initially unchoked flow pattern was encountered for
the first time in the present research. This combustion be-
havior apparently results from the extension of the operating
parameters beyond the previously tested region. Evidently, su-
personic combustion of solid fuels can be accomplished with-
out the need of thermal choking in the beginning of the com-
bustor operation. The appearance or absence of thermal
choking depends on the geometry and the incoming air con-
ditions.

A low efficiency transition period was detected at the be-
ginning of each test as a result of high velocities and insuffi-

cient mixing. This transition period was assumed to be negli-
gibly short in a realistic propulsion system, but it must be taken
into consideration for short operating time systems.

A parametric investigation was conducted to determine
the effect of the incoming air conditions and grain geometry
as combustion characteristics. A regression rate power law
was obtained that was consistent with results from previous
works. A dependency of the regression rate on the incoming
air mass flow rate to the power of 0.85 indicates the impor-
tance of forced convection heat transfer in the fuel pyrolysis
process.

Combustion thermal efficiency was found to decrease
with an increase of any parameter increasing regression rate,
supporting the assumption of insufficient mixing and resi-
dence time. Measures can be taken to improve the situa-
tion.

An indication to the existence of an optimal diversion angle
that results in a maximal combustion efficiency was found.

Spontaneous ignition and sustained combustion were ob-
tained in entrance Mach numbers as high as 1.9.

As this research focused mainly on the operational character-
istics of the supersonic combustion chamber of a scramjet en-
gine, the obtained results are general and are valid inside a large
operational domain of an entire scramjet engine. The choice of
the other engine components (diffuser, nozzle), and the flight
conditions (M, //), will determine the engine performance and,
hence, its applicability in a desired propulsion system. Based on
the current research results, and considering the combustor as a
component in a designed engine for specified flight conditions,
simplified performance calculations yielded relatively high 7sp,
though expectedly lower than liquid fuel scramjets. The perfor-
mance was better at higher altitudes. These assessments confirm
the potential of solid fuel scramjets as worthy candidates for the
types of propulsion systems discussed.
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