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Temperature and Concentration Measurements
in a Solid Fuel Ramjet Combustion Chamber

G. Schulte,* R. Pein,t and A. Hoglf
Institute for Chemical Propulsion and Engineering, Hardthausen-Lampoldshausen, Federal Republic of Germany

The combustion of solid fuels has been studied by using a solid fuel ramjet combustion chamber equipped
with a vitiated air heater. The fuels were polyethylene (PE) and hydroxyl-terminated poly butadiene (HTPB),
with PE being the prevailing fuel. The air was heated by combustion of hydrogen and oxygen. In order to get a
better understanding of the combustion process, a thermocouple and a gas-chromatographic technique were
used to obtain temperature and species concentration profiles throughout the combustion chamber. The
measurements were taken at several axial and radial positions of the combustion chamber, including
measurements in the recirculation zone of the flameholder and in the afterburner chamber. The influence of dif-
ferent test conditions, like mixture ratio, inlet temperature, and mass flux, was also investigated. The results are
discussed with regard to flame position, turbulent mixing, and combustion efficiency.

Nomenclature
A = area
D = diameter
d - wire diameter
Gair =air mass flux, m/A3
m = air mass flow
O/F = mixture ratio air/fuel
pc = combustion pressure
r = radius
r = average regression rate
T . = temperature
w = velocity
z = axial coordinate
e = emissivity of the thermocouple probe
rj = viscosity
X = thermal conductivity
p = density
a = Stefan-Boltzmann constant
0 = equivalence ratio (O/F) stoich /(O/F)

Subscripts

2 = flameholder inlet
3 = fuel port
4 = afterburner chamber
5 = nozzle throat
a = axial coordinate of afterburner chamber
b = thermocouple bead
r = radiation
w = wall
tot = total

Introduction

SOLID fuel ramjets may be potential missile propulsion
systems for the future. Their advantages are simplicity

and light construction, the use of air from the atmosphere as
oxidizer, and the absence of fuel tankage, control, and
delivery systems. The fuels are just nonexplosive polymers.
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Several authors1"5 have investigated the combustion of
solid fuels in a ramjet combustion chamber. Most of these
studies investigated the influence of various parameters like
chamber pressure and mass flux on the fuel regression rate.
Other researchers6"11 have established theoretical models of
ramjet combustion. In this connection, the theoretical and
experimental publications on hybrid combustion12'13 are also
very interesting, since there is a close relationship between
ramjet and hybrid combustion. However, few authors have
measured temperature and species distributions in a solid
fuel ramjet combustion chamber. Schadow et al.14 gave
some detailed results for various test conditions, but species
concentration measurements were only made in the after-
burner chamber, not in the combustion channel. Of course,
there are many publications in the literature concerning the
combustion of polymers,15'17 but in most cases the ex-
perimental circumstances are very different from those in a
ramjet combustion chamber. Nevertheless, such studies can
be very helpful in understanding the ramjet combustion pro-
cess. Studies on turbulent boundary layers with porous wall
injection and combustion as performed by Wooldridge et
al.18 and others19'20 are also valuable for elucidation of ram-
jet combustion problems. A lot of these works have espe-
cially emphasized the velocity profiles.

The object of this study was to make an effort to perform
measurements of the temperature and concentration fields
directly in a solid fuel ramjet combustion chamber, since
there is not much information in this field. The measure-
ments were done by means of thermocouple and gas-
chromatographic techniques. The combustion in a solid fuel
ramjet is not stationary because of combustion channel ex-
pansion by fuel regression. Therefore, the existing techniques
had to be adapted to this situation. The concentration
measurements were restricted to the main combustion
species: CO, CO2, H2, H2O, N2, and O2. The influence of
stoichiometry, mass flux, inlet temperature and fuel was
studied, using a combustion chamber which has been con-
nected to a hydrogen/oxygen air heater. The results of these
measurements should lead to a better understanding of the
combustion process.

Experimental Hardware
Combustor Setup and Test Conditions

The combustor and the air heater are shown schematically
in Fig. 1. The air is heated through the combustion of
hydrogen and oxygen. Oxygen is replenished, so that the
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amount of oxygen is kept constant at 21 vol % of the total
air massflow. The amount of water vapor in the air depends
on the desired air temperature (e.g. r2)tot = 200°C: water
vapor = 3 vol %). All tests were carried out at an initial port
diameter for the fuel grain of 60 mm. The standard fuel in
this study was PE. The test conditions, under which
temperature and species concentration measurements were
undertaken, are given in Table 1. Chamber pressure, air
mass flux, and air inlet temperature are the main parameters
which influence the rate of decomposition of the solid fuel.
The area ratios fuel port/inject or (A3/A2) and fuel
port/throat (A3/A5) describe the geometry and determine
the velocity inside the combustor.

Tests at condition A were made at an air-rich mixture
ratio (0 = 0.56). At this condition, several temperature and
concentration profiles at different axial locations inside the
combustor were carried out. At test condition B, a near
stoichiometric mixture ratio (0 = 0.96) with a reduced air
mass flux (Gair = 10.9 g/cm2 s) was investigated. Tests at
conditions C and D were made at two different air inlet
temperatures (r2>tot = 0 and 400°C). One test with a HTPB
fuel was carried out (condition E).

The positions of the thermocouple and sampling probe are
given in Fig. 1. The majority of the measurements were
taken inside the fuel port, whereas only one cross section at
the end of the afterburner chamber was investigated.

Temperature Measurements with Thermocouples
Temperature measurements were made using platinum

rhodium 70/30 platinum/rhodium 94/6 (El 18) ther-
mocouples having 0.2 mm wire diameter. With the help of a
motor drive, the thermocouple was moved through the fuel
grain into the combustor. The thermocouple protection tubes
and the motor drive are shown in Fig. 2. During the ignition
phase of the fuel grain with a H2/O2 hot gas igniter (torch),
the thermocouple was placed inside the fuel grain. After sus-
tained combustion was established, the thermocouple was
moved inside the combustor at a constant velocity up to the
center line of the fuel grain. The majority of the tests were
conducted at a thermocouple velocity of 3.4 mm/s, whereas
for some tests a reduced speed was applied to make sure that
the response time of the thermocouple was well adapted. The
voltage output of the thermocouple and the position in-
dicator were recorded on a minicomputer. The positioning
accuracy of the thermocouple bead was ±0.1 mm. Taking
into account the fuel regression, a temperature profile with

respect to the actual distance to the fuel wall could be plotted.
Corrections were made for radiation effects, using the
following expression proposed by Kaskan21

The heat conduction along the wires was small compared to
the convective heat transfer between the wires and the gas
and could be neglected. Catalytic effects were investigated by
comparing data obtained with coated and uncoated ther-
mocouples. A mixture of yttrium and beryllium oxide was
used for the coating.22'23

Gas Chromatography Setup and Evaluation Procedure
The concentration measurements were undertaken by

modifying the method of Banna and Branch.24 Because the
concentration of species in a ramjet combustion centration
chamber is dependent pn time and location, any gas sam-
pling has to be done in a very short time period. The sam-
pling time was about 2-3 s in study. Thus, the burning channel
diameter remained nearly constant during one measuring
period. The gas samples were taken from the combustion
chamber by a small water-cooled probe of an internal
diameter of 0.6 mm and an external diameter of 3 mm. The
probe was inserted into a hole drilled through the fuel block.
The gas sampling arrangement is shown in Fig. 3. In order to
avoid too early entering of combustion gas, the probe was
purged with helium prior to sampling. This purge was needed
because the pressure in the combustion chamber was higher
than the pressure in the sampling arrangement. The probe
was connected to a helium lecture bottle and to the rest of
the experimental setup via a 3-port valve. The rest of the
setup consisted of a soot filter, a silica gel trap for water
removal, and a gas sampling cylinder. The lines up to the
3-port valve and the cylinder were evacuated. The lines from
the probe up to the silica gel tube were heated by insulated
heating wire in order to avoid any condensation of water.
After each test run, the sampling cylinder was connected to
the injection valve of a gas chromatograph equipped with a
thermal conductivity detector. The gases were analyzed for
N2, O2, CO, CO2 and H2 and were separated by a Porapak
T and a molecular sieve 5A column. Calibration gases were
obtained by a partial pressure procedure. H2O was deter-
mined by weighing the silica gel tube or by a mole balance.

o,

Fig. 1 Schematic arrangement of SFRJ
combustor and air heater. Dry ajr

.... position of thermocouple and sampling probe
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Solid fuel grain chamber

Table 1 Test conditions

Test condition pc/bar Gair/(g/cm2s) T2tiot/CC) A3/A5 A3/A2 Fuel

A
B
C
D
E

5.2
5.9
5.4
5.9
5.8

30.0
10.9
30.0
30.7
29.5

200
190

0
400
190

0.56
0.96
0.42
0.69
1.00

1.86
3.78
1.97
1.60
1.60

4.09
6.39
4.59
3.52
3.52

PE
PE
PE
PE

HTPB
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No attempt was made to apply isokinetic sampling. Tur-
bulent fluctuations, recirculating flow, and combustor geom-
etry make the meaning of isokinetic sampling questionable in
this case.

Test Results and Discussion
Temperature and species concentration measurements will

be presented as radial profiles at different axial positions of
the fuel grain and at one position in the afterburner
chamber. Because of axisymmetric combustor geometries, it
can be assumed that temperature and concentration profiles
are axisymmetric, too. The axial position of the measure-
ments in the combustor are characterized by z/D3t where z is
the axial distance measured in the streamwise direction of the
fuel grain, and D3 is the initial fuel port diameter. The after-
burner axial position is characterized by za/D49 where za is
the distance from the downstream end of the fuel grain and
D4 the afterburner diameter.

Temperature Profiles
The radial temperature profiles in the combustor for test

condition A are shown in Figs. 4 and 5. In Fig. 4, profiles at
three axial positions in the area of the recirculation zone are
presented. The first profile downstream of the flameholder
step (z/D3=0.6) shows a rapid increase of the air inlet
temperature to a maximum temperature of approximately
1600°C. Going further downstream, the peak temperature
approaches to the solid wall and the mixing process in-
creases. These three profiles show that the combustion pro-
cess takes place mainly in the shear layer of the incoming air
flow and the recirculation zone. In Fig. 5, four temperature
profiles downstream of the recirculation zone are presented.
In this part of the combustor, the maximum temperatures
occur very close to the fuel wall and have a similar develop-

ment over the cross section. With increasing axial position,
the temperature peak near the wall and the temperatures in
the middle of the fuel port both increase. In Fig. 6, two
temperature profiles at two axial positions with different air
mass fluxes are compared. The reduction of the air mass
flow (Gair = 10.9 g/cm2s) and the decrease of the throat cross
section (A3/A5 = 3.1S) in comparison to condition A reduce
the axial velocity in the combustor and, at the same time, the
fuel regression rate diminishes. However, because the de-
crease of the regression rate is weaker than the reduction
of the air mass flux, the fuel can penetrate deeper into the
air stream and, therefore, the distance of the maximum
temperature from the wall increases.

At high Gair (condition A), the flame region with the
highest temperature has a distance of about 2.5 mm from the
wall, whereas at low Gair (condition B) the distance is about
5 mm. This effect has also been observed by Schadow'et
al.14 and is in accordance with theoretical models. The cor-
responding dependence of the regression rate on the air mass
flux is shown in Fig. 7.

An additional test series was conducted to investigate the
effect of air inlet temperature. For a constant axial position
(z/£>3 = 8.3), three radial temperature profiles are presented
in Fig. 8. With increasing T2jtoi the maximum temperature
near the wall and the temperature level in the middle of the
combustor increase. The distance between the maximum
temperature and the wall slightly increases with T2tiot. In Fig.
9, the corresponding regression rate vs air inlet temperature
is shown. The regression rate dependence on the air inlet
temperature (r~ ?2,tot0'56) is somewhat stronger than on the
air mass flux (f~ G^r

37).
For test conditions A and B, two radial temperature pro-

files at the rear end of the afterburner chamber (za/D4 = 1.7)
are shown in Fig. 10. The radial temperature profile for con-

motor drive
with position
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Fig. 2 Thermocouple probe and motor drive.
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Fig. 4 Radial temperature profiles in the recirculation zone (test
condition A).
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Fig. 5 Radial temperature profiles downstream of the recirculation
zone (test condition A).
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Fig. 6 Radial temperature profiles in fuel grain port for different
air mass fluxes (test conditions A and B).

dition B is nearly constant, and at test condition A the pro-
file shows more temperature variations. The better mixing in
case B may be explained by the lower velocities inside the
combustor. The corresponding temperature profiles at the
end of the fuel grain port (z/D3 = 10) can be seen in Fig. 6.
The adiabatic flame temperatures of the test conditions A
(<£ = 0.56) and B (0 = 0.96) are indicated in Fig. 10. In case
A, the mixing process is not complete, but the reaction seems
to be finished because the theoretical temperature agrees
with the average experimental temperature. The near
stoichiometric mixture ratio of test condition B has a higher
adiabatic flame temperature, and the combustion process
still seems to be incomplete. To complete the combustion
process, the length of the afterburner chamber should be
increased.

In Fig. 11 the radial temperature profiles at z/D3 =8.3 are
shown for two different fuel types (PE—test condition A,
HTPB—test condition E). The test conditions are about the
same but the regression rate of the HTPB-fuel is approx-
imately 85% higher than for the PE-fuel. Therefore, the
average temperature level at the same cross section is
somewhat higher for the HTPB-test-and-the temperature
maximum occurs farther from the wall.

The results of the investigation of the catalytic effects pro-
duced by the platinum-rhodium thermocouples are given in
Fig. 12. The differences in temperature obtained with coated
and uncoated thermocouples are not significant and are
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Fig. 8 Radial temperature profiles in fuel grain port for different
air inlet temperatures (test conditions A, C, D).

within the range of reproducibility of the tests. Therefore,
the majority of the tests was conducted with uncoated
thermocouples.

Combustion Chamber Concentration Profiles
The radial concentration profiles in the combustor at test

condition A are presented in Figs. 13-18. Each figure shows
the behavior at different axial positions of the probe. Figure
13 represents the concentration profiles across the recircula-
tion zone at z/D3=Q.6. In the middle of the combustion
chamber, the composition of the gases corresponds nearly to
that of air, and no combustion products are found there. In
the region closer to the wall, the oxygen concentration drops
to a very low value, and the combustion products CO, CO2,
H2O, together with N2 are the prevailing species. The carbon
monoxide concentration is high, indicating a fuel-rich com-
bustion in the recirculation zone. All profiles except the O2
profile show maximum values; this may be explained by the
complicated transport and flow mechanism in this zone.
Figure 14 shows the concentration profiles at a position
closer to the end of the recirculation zone (z/Z>3 = 1.7). In
the middle, the composition is still close to that of air and
only low concentrations of combustion products are found.
The concentrations of CO, CO2, and H2O increase with
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Fig. 10 Radial temperature profiles at the end of the afterburner
chamber (test conditions A and B).

diminishing distance from the wall, whereas the concentra-
tions of O2 and N2 decrease. There is still some oxygen at
the wall; in fact, the content at and close to the wall is higher
than at z/Z>3=0.6. The carbon monoxide content is much
lower than the content upstream. Figure 15 presents the
distribution of concentrations at z/D3 = 2.5 located at a tran-
sition position between the recirculation zone and the rede-
veloping boundary layer. The composition at the centerline is
still close to the composition of the air at the inlet, but small
amounts of the combustion products may also be found. The
concentrations of the combustion products increase when ap-
proaching the wall, with the concentration of CO being the
highest at the wall. The concentrations of O2 and N2
decrease from the centerline to the wall. The oxygen content
at the wall is about 1.5 vol %. Figures 16 and 17 show two
radial concentration profiles for all species at locations fur-
ther downstream from the recirculation zone. Figure 16 in-
dicates some significant changes in comparison to Figs.
13-15, the oxygen concentration in the middle of the com-
bustion chamber being distinctly less than the inlet oxygen
concentration. This is due to the consumption of oxygen in
axial direction by the combustion process. Moreover, the
concentrations of carbon dioxide and water reach higher
levels at the centerline than were found upstream. These ef-
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Fig. 12 Comparison of coated and uncoated thermocouple bead.
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Fig. 13 Radial concentration profiles in the recirculation zone (test
condition A).

fects are more significant towards the end of the fuel grain.
The situation close to the end of the fuel grain is shown in
Fig. 17. The oxygen concentration at the centerline has
decreased to 14 vol %, and the concentrations of CO2 and
H2O have increased to 5.0 and 7.5%, respectively. No car-
bon monoxide was found in the middle of the combustion
chamber; this was also observed at all other axial locations.
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At the wall, the highest CO concentrations have been found.
Figure 18 represents the concentration profiles at the end of
the afterburner chamber at za/D4 = 1.8. Only small amounts
of carbon monoxide were found here. The concentration
field is not fully homogeneous, although there is some recir-
culating flow at the inlet of the afterburner chamber, which
should improve mixing. The oxygen concentration is much
lower at the wall than in the middle. The overall mixture
ratio for test condition A (0 = 0.56) shows that there has to
remain theoretically an oxygen concentration of about 9 vol

%, which is in accordance with Fig. 18. An axial concentra-
tion profile at the combustion chamber centerline for oxygen
and carbon dioxide is shown in Fig. 19. The oxygen is con-
sumed towards the end of the combustor and, therefore, its
content is diminishing. The concentration of carbon dioxide
is rising.

No hydrogen and insignificant amounts of hydrocarbons
have been found during these experiments. This can be ex-
plained by the test conditions, which were locally not fuel-
rich enough to form larger amounts of H2. Some ex-
periments were carried out in which the tip of the probe was
placed in the borehole inside the fuel wall, so the gas sample
was sucked off the fuel surface. In this case, hydrocarbons
were found, especially at z/D3=Q.6. Even in this situation,
small amounts of oxygen were also detected,

A comparison of the temperature and concentration pro-
files across the recirculation zone at z/D3 = Q.6 shows that
there is a region between the wall and the separating
streamline where the local concentrations of the species do
not change very rapidly. However, the temperature varies
more than 750°C across the recirculation zone. This leads to
the observation that the recirculation zone may be partially
homogeneous in concentrations but not homogeneous in
temperature. Thfe formation of a recirculation zone is very
important to flame stabilization. Some models25'26 interpret
bluff body or dump combustor flame stabilization based on
the theory of premixed flames by well-stirred reactors. These
experiments show that these models may not be applicable in
recirculation zones with mass transfer from the wall, since
the conditions for a homogeneous well-stirred region are not
or only partially fulfilled.
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Fig. 19 Axial concentration profiles (test condition A).

Furthermore, the results of the experiments show that
there is no complete mixing in the combustion channel. In
the middle, there is a zone which is relatively low in
temperature and high in oxygen content. The two layers mix
partially towards the end of the combustion chamber. Closer
to the wall, there is a layer of combustion products with a
high temperature level. For complete mixing and combus-
tion, an afterburner chamber of sufficient length or other
mixing devices are needed, especially if stoichiometric
air/fuel mixture ratios are required.

Conclusions
The significant conclusions of the present study can be sum-
marized as follows: 1) In the recirculation zone the combus-
tion process takes place mainly in the shear layer of the in-
coming air flow. Fuel-rich gases are recirculated and react
with air near the inlet. This leads to maximum temperatures
in the shear layer. 2) The recirculation zone is not a
homogeneous well-stirred region and seems to be fuel-rich.
Especially the temperature variation across the recirculation
zone is very large. Therefore, well-stirred reactor models
may not be applicable. 3) Small amounts of oxygen are still
found at the wall.

It was also found that 1) the flame position in the
redeveloping boundary layer is dependent on the air mass
flux and the type of fuel regression behavior and is slightly
dependent on inlet temperature; and 2) the flow in the com-
bustor can be separated into two regions: a colder zone in
the core, which is air-rich, and a zone of combustion prod-
ucts closer to the wall. The two zones mix incompletely
along the combustion chamber.
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