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Comparison of Combustion Experiments and Theory in
Polyethylene Solid Fuel Ramjets
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A research program was carried out to validate numerical simulation of the flow and combustion processes
in the combustion chamber of a solid fuel ramjet with experimental results. Experimental data were obtained by
burning cylindrical fuel grains made of polyethylene in a solid fuel ramjet using a connected pipe facility. For
numerical simulation a computer code describing two-dimensional, steady-state turbulent flows through chan-
nels with and without a sudden expansion was developed. Three different combustion models are incorporated,
one based on finite-rate chemical kinetics, the other two based on the diffusion flame concept. For the validation,
emphasis was laid on comparing regression rate data in relation to chamber pressure, air mass flow, inlet air
temperature, and step height. Attention was also paid to reattachment length, temperature, and C; and CH
concentrations. In some cases, a comparison with findings from other investigators was also made. The results
show good agreement between predicted and observed behavior downstream of the recirculation zone. In the
recirculation zone, however, the agreement is rather poor and can be attributed to the inability of the k-¢ model
to predict heat transfer behind a rearward facing step accurately. It is shown that the effective heat of gasification
of the fuel is an important parameter. A better understanding of its behavior in relation to combustion chamber
conditions is needed. Computed regression rate data are relatively insensitive to the combustion model employed.

Nomenclature Subscripts
¢, = specific heat at constant pressure ¢ = chamber
d = diameter in = inlet
S = mixture fraction J = Euler index
= variance of mixture fraction p = port
= specific enthalpy r = reattachment
= effective heat of gasification § = species
= turbulent kinetic energy w = wall
= length 0 = initial or reference
= molar mass Superscripts
= mass flow rate _p _ meg 1
= static pressure _
= rate
= heat flux 0 = reference
= radius

= universal gas constant
regression rate

source term
temperature

time

velocity in x direction
velocity in y direction

Il

Introduction

N a solid fuel ramjet (SFRJ), air is fed into the bore of a

solid fuel grain (see Fig. 1). A diaphragm is used to create
a sudden expansion. Behind this sudden expansion, a recircu-
lation zone acts as a flame stabilizer. At the interface between
the pyrolyzing fuel and the air, combustion takes place.

= coordinate . -
= mass fraction At the Prins Maurits Laboratory TNO and the Faculty of
= coordinate Aerospace Engineering of the Delft University of Technology

= diffusion coefficient
= dissipation rate of turbulent kinetic energy
= arbitrary independent variable
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Fig. 1

Schematic view on a solid fuel ramjet combustion chamber.
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SFRIJ. Other research on solid fuel ramjet combustion has
been carried out by, for instance, the Naval Postgraduate
School in the United States, 2" Technion in Israel, "' and the
German Aerospace Research Establishment (DLR) in Ger-
many.!”!® Technion and DLR mainly have been focusing their
attention on experimental work, whereas the Naval Postgradu-
ate School has been carrying out both theoretical and experi-
mental work.

The aim of the present study was to validate the computer
code COPPEF’ (Computer Program for Parabolic and Elliptic
Flows) by comparing computational and experimental results.
It was not possible to obtain sufficient experimental data from
other investigators, which could be used for comparison,
mostly due to unknown conditions and assumptions made by
these investigators. Furthermore, the COPPEF computer code
is not able to handle certain conditions or geometries, e.g.,
side-dump combustors. Therefore, it was decided to perform
a number of experiments to provide additional experimental
data. Where possible, however, results from other investiga-
tors were used.

One of the combustion models in the COPPEF code is based
on finite-rate chemical kinetics and can handle only simple
hydrocarbons. For this reason polyethylene (PE) was selected
as a fuel for this study. As radiative heat transfer is not yet
implemented in this code, the experiments were carried out at
pressures below 0.6 MPa, where soot formation is known to be
low,! and hence radiation is of less importance. The regression
rate plays an important role in the performance of an SFRJ.
Since it appears to be relatively constant during combustion,
the regression rate was chosen to be the prime parameter upon
which validation is based. Therefore, the dependency of the
regression rate on chamber pressure, air mass flow, inlet air
temperature, and step height has been investigated numerically
and experimentally. In a number of cases, this validation could
be extended also to parameters such as reattachment lengths,
temperatures, and concentrations of the C, and CH radicals.

Theoretical Modeling

To describe the flow and combustion processes in an SFRJ,
a computer program, COPPEF, was developed.” This pro-
gram calculates two-dimensional, steady-state turbulent flows
through pipes, with or without a sudden expansion, or through
a single-sided sudden expansion configuration. Turbulence is
accounted for by Favre averaging of the conservation equa-
tions and by modeling terms containing products of fluctuat-
ing variables with the high Reynolds number version of the k-¢
turbulence closure model. All of the governing equations can
be cast in the following general form:

N A A
ax; (ot; ) ax; <F¢ 6x,-> =5 m

where ¢ can be u, v, p, k, ¢, A, f, g, or Y,. The enthalpy # is
defined as )

h =Y Yh (2)
N
where Y, is the mass fraction of species s and
T
hy = h3(To) + S ¢, AT 3)
To

The equation of state is written as

p =pRT Y Y/ M, “4)

The influence of density gradients on the turbulence field is
taken into account by a special pressure-velocity correlation
term occurring in the equations for £ and e.”

At the inlet of the SFR.J combustion chamber, the values of
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all variables are specified. At the outlet and at the center line
a zero-gradient condition is specified for all variables, except
for the radial velocity which is zerc. At the solid wall, the
temperature, the mass fractions, and both velocities are speci-
fied. The values of k and € are not specified at the wall but are
calculated just near the wall using the wall-function method of
Chieng and Launder.'® This two-layer wall-function method is
adapted in the case of a small nonzero normal velocity at the
wall. Heat transfer at the boundaries is taken into account by
coupling the heat flux to the wall to the near-wall variation of
the temperature. Mass transfer at the boundaries is included by
the injection of gaseous ethylene at the solid wall. The injec-
tion velocity is a function of the heat flux.

Three combustion models have been implemented in the
COPPEF computer program. Two models, the diffusion
flame models, are based on the assumption that the combus-
tion process can be described by one irreversible infinitely fast
chemical reaction (mixed is burnt).? In one of these two mod-
els, the mass fractions are weighted with the 8 probability
density function (pdf) to take into account the effect of turbu-
lence on the combustion process. Both models require the
solution of a transport equation for the mixture fraction f,
whereas for the 3 pdf model, the variance of f, called g, must
also be calculated. The third model is based on finite-rate
chemical kinetics and involves a large number of species and
reactions. Dissociation and formation of intermediates is in-
cluded. The effect of turbulence on the combustion process is
neglected.

A finite-volume integration method is employed to reduce
the system of partial differential equations describing the flow
to a system of algebraic difference equations which can be
solved numerically. The combined convective-diffusive fluxes
at the cell interfaces are approximated with the power-law
scheme.?® The solution is carried »ut in a segregated approach,
in which an iteration procedure takes into account the nonlin-
ear coupling between the equations. The strong coupling be-
tween the pressure and the velocity field is handled by the
SIMPLER? (Semi-Implicit Method for Pressure-Linked
Equations Revised) algorithm together with a line continuity
and a block correction procedure.

Experimental Setup

A schematic view of the main parts of the connected pipe
facility is given in Fig. 2. A computer-operated gas supply
system? (not shown in the figure) supplies air, oxygen, hydro-
gen, nitrogen, and methane. Mass flows are controlled by
sonic control and measuring chokes (SCMCs)? with an accu-
racy of about 1.5%. In the vitiator, methane is burnt with
oxygen to raise the SFRJ inlet air temperature, and the oxygen
content in this heated air is kept constant to that of ambient
air.

Before an actual experiment could take place, the air was
first vented into the atmosphere by a shuttle valve. As soon as

Fig. 2 Experimental setup without spectroscopic equipment: 1) vitia-
tor, 2) shuttle valve, 3) solid fuel ramjet combustion chamber, and 4)
thrust bench.
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the flow and combustion in the vitiator achieved steady-state
conditions, the shuttle valve was opened towards the SFRJ.
Simultaneously, oxygen and hydrogen were injected during
2-4 s in the SFRJ-injection chamber (see Fig. 2) and ignited by
a spark plug. The hot oxygen-hydrogen flame on its turn ig-
nited the solid fuel grain.

An aft mixing chamber was used to increase the combustion
efficiency. The length of the aft mixing chamber could be
varied. By adjusting the throat diameter of the nozzle in the aft
mixing chamber, the chamber pressure was also varied. Fuel
grains can be varied up to 190 mm o.d. and 1000 mm length.
The SFRI, the vitiator, and the shuttle valve were mounted on
a thrust bench. Data were recorded on ultraviolet (uv)
recorders, magnetic tape, and floppy disks.

To determine the instantaneous local regression rate, an
ultrasonic pulse echo technique was employed.* A sound pulse
generated by an ultrasonoscope is reflected at the interface
between two media, e.g., at the regressing solid-gas interface
of the fuel and received again. An ultrasonic regression rate
analyzer (URRA) determines the time lapse between the emit-
ted and the received pulse. If the velocity of sound is known,
the momentary wall thickness and, hence, the regression rate
can be determined.

Although polyethylene (PE) diffuses light, it is spectroscop-
ically almost uniformly transparent. Therefore, spectroscopy
and pyrometry were used as nonintrusive diagnostic tech-
niques. Radiation from the combustion gases through the solid
fuel wall was transmitted via a set of lenses and mirrors into a
spectrograph. The spectrograph was equipped with a 25-mm-
long, 1000-channel, intensified diode array detector. From the
spectra obtained, temperatures and species concentrations
were determined. More details are given by Wijchers.’

Soot temperatures were determined with the aid of a pyrom-
eter, which measures the ratio of the spectral radiances at 577
and 830 nm. The difference between this temperature and the
temperature of the soot among the gas is assumed to be negli-
gible. Furthermore, soot is assumed to be a grey radiator. A
description of the pyrometer can be found in Ref. 6.

Results and Discussion

The computer code assumes a steady-state flow and com-
bustion process. This assumption is in strong contrast with the
actual situation, where, due to a regular vortex shedding at the
inlet, locally highly fluctuating quantities such as velocities,
temperatures, and species concentrations can be expected.
Nevertheless, a relatively constant regression rate during the
combustion of PE with air is observed, as shown in Fig. 3. For
this study, however, regression rates were obtained from
weight loss measurements.

For this comparison study, a set of standard conditions was
defined for both the experimental setup and the computational
model. These conditions are specified in Table 1. Unless stated
otherwise, the results refer to these standard conditions. To
investigate the effect of chamber pressure, air mass flow, inlet
air temperature, and step height on regression rate, each of
these parameters was varied while the others were kept con-
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Fig. 3 Local regression rate behavior of PE vs time.
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stant. In the following some comments are made on the way
this comparison study was carried out.

First, in the computer code, the local regression rate is mod-
eled as follows®:

(&)

where #, is defined as the amount of heat required to pyrolyze
1 kg of fuel. Values found for 4, in the literature range from
1.7-6 MJ/kg and depend on the heat transfer mechanism,?!-2
For convective heat transfer, values between 4.0 and 5.5
MIJ/kg are often encountered for PE.!’ Figure 4 shows the
effect of variation of 4, on predicted regression rates and a
comparison with experimental results. A low effective heat of
gasification not only predicts a much higher regression rate,
but also a much stronger dependency on mass flow, compared
to higher values for A,. This emphasizes the importance of a
correct value for the effective heat of gasification to predict the
regression rate properly. Although the wall temperature, the
effective heat of gasification, and the fuel composition will
vary with time and location, these parameters have been kept
constant since little knowledge on their behavior presently ex-
ists. For this study a value of 4 MJ/kg was assumed.
Second, in the computer code, the regression rate is also
determined by convective heat transfer from the main flow to
the wall and is therefore related to the near-wall temperature
gradient. Although the flame temperatures predicted by the
various combustion models may differ significantly, the near-
wall temperature gradient is not affected very much. It should
be noted that the wall temperature is kept constant and uni-
form at these calculations. This results in similar predictions
for the regression rate using the different combustion models

Table 1 Standard conditions for experimental setup and
computational model

Experiments Theory
Oxidizer Air Air
Fuel Polyethylene Monomer CaHy
Mair 150 g/s 150 g/s
Tin 300K 300K
L 300 mm 300 mm
din 15 mm 15 mm
dp, 40 mm —_—
dp —_ 45 mm
Pe 0.3-0.5 MPa 0.45 MPa
hy e — 4 MJ/kg
Twall — 800K
Diffusion flame
module
20 x 20 grid
Inlet velocity profile Uniform

Inlet turbulence level kin = 0.5 - (0.1 - ujp)?

Ultrasonics 250 mm from inlet

Spectroscopy 265 mm from inlet
Pyrometry Scanning along
grain axis
0,60 T T T T T
2 L Hy(MJ/kg)
g i 1,7 7]
- 040 | 4
@
£ L 4
< - 30 {
5 L 35 |
@ b0
g 020 — ]
o o experiments
N i /. ]
0 . 1 L . L 1 ]
50 100 150 200 250

air mass flow m (g/s)

Fig. 4 Comparison of calculated and experimental regression rates
for different effective heats of gasification.
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Fig. 5 Comparison between calculated regression rate data for three
different combustion models with experimental data.
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Fig. 6 Calculated and experimental regression rate data as a function
of chamber pressure.

(see Fig. 5). For regression rate predictions, therefore, calcula-
tions were conducted using the diffusion flame model and
occasionally checked using the other models. The mean regres-
sion rate is obtained by averaging the predicted local regression
rates.

Third, parameters such as reattachment length and peak
regression rate location depend on inlet conditions, in particu-
lar turbulence levels.?*?* Because inlet conditions were not
determined experimentally, the inlet velocity was assumed to
be distributed uniformly over the inlet area in the calculations.
The turbulence intensity was chosen to be 0.1, according to
Vos’; see Table 1.

Finally, during an experiment, the diameter of the inner
bore of the fuel grain, and hence the step height, increases with
time. Because the regression rate reaches its steady-state value
after about 5 s, the corresponding step height will be larger.
For computer simulation, the initial grain diameter was chosen
to be 45 mm instead of the initial grain diameter of 40 mm at
the experiments. This corresponds with the time- and location-
averaged, inner grain diameter during combustion for the ma-
jority of the experiments.

Mean Regression Rate

In Fig. 6, the mean regression rate is given as a function of
the chamber pressure p.. As mentioned, the chamber pressures
were kept relatively low to avoid soot formation and hence to
minimize radiative heat transfer. The calculations show a
slight dependency of the mean regression rate on the chamber
pressure, and the experiments show hardly any dependency as
was expected at these low pressures.! Also at other conditions
the effect of pressure on the regression rate appears to be small
both in the experiments and in the calculations.

In Fig. 7, the mean regression rate is given as a function of
the inlet air mass flow for two inlet air temperatures. From this
figure, it is observed that the predicted dependency of the
regression rate on the air mass flow is stronger than for the
experimental one. This difference also increases with increas-
ing inlet air temperature. From the calculations, the exponent
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Fig. 7 Calculated and experimental regression rate data in relation to
air mass flow rate at two different inlet air temperatures.
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Fig. 8 Effect of air mass flow rate on calculated and experimental
regression rates.

of the mass flow appears to be about 0.8, which would be
expected if only convective heat transfer is considered.?® The
experimental exponent is somewhat lower indicating that also
other regression rate determining mechanisms are involved.

A closer examination of the regression rate behavior reveals
that this difference is especially apparent in the recirculation
region. This is possibly due to the inability of the k-e turbu-
lence closure model, in combination with wall functions, to
predict the heat transfer behind a step accurately.?’ At rela-
tively low Reynolds numbers (<2 - 10°, based on the inlet ve-
locity and on the fuel port diameter), the heat transfer is likely
to be underpredicted, whereas at higher Reynolds numbers,
the heat transfer is overpredicted. At higher mass flow rates,
Reynolds numbers are high (>5-10°), and therefore regres-
sion rates will be overpredicted in the recirculation region. In
Ref. 27 an adaptation of the Chieng and Launder wall-func-
tion method is proposed to improve heat transfer prediction,
changing the power dependence on Re from about 0.8 to 0.66.
Similar deficiencies of the k-e model, especially with respect to
the value of e at the step face, were noticed by Launder and
Spalding,?* Milshtein and Netzer,'? Stevenson and Netzer,!?
and Netzer,'

The same effect is also noticed if the mean regression rate is
considered as a function of the air mass flow at two different
step height to diameter ratios (see Fig. 8).

In Fig. 9, the effect of step height is shown at two different
air inlet temperatures. Especially the combination of a high
inlet air temperature and a high ratio of step height to diameter
yields larger differences between the predicted and observed
regression rates. Apparently by raising the inlet air tempera-
ture and step height, the inability of the k-e¢ model to follow
the increased heat transfer becomes more pronounced.

The observed differences, however, may not only be caused
by an improper heat transfer prediction by the £-¢ model but
may also be attributed to a change in effective heat of gasifica-
tion. It is most likely'? that the effective heat of gasification is
affected by parameters such as near-wall temperature, flow
velocity, and fuel decomposition temperature. Therefore, it
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may not be constant from one set of conditions to another and
may also vary along the fuel grain. These effects, however,
have yet to be incorporated in the computer code.

The mean regression rate as a function of the inlet air tem-
perature at two different step height to diameter ratios is given
in Fig. 10. The predicted results agree fairly well with- experi-
mental data. In Fig. 11, the effect of inlet air temperature on
mean regression rate is given at two different mass flows.
From this figure, the discrepancy between calculated and mea-
sured data at higher mass flows is clearly seen and again may
be attributed to the k-e model being unable to follow the
observed increased heat transfer.

Local Mean Regression Rate

The experimental regression rate, as discussed previously,
was obtained by weight loss measurements. Local mean regres-
sion rates have been obtained by measuring the inner grain
profile after combustion. In both cases, however, the regres-
sion rate is not only determined by the combustion process
itself, but also to some extent by the ignition. During ignition,
a relatively large fuel régression is observed (see Fig. 3), espe-
cially close to the inlet. This regression influences the final

0,30 T T T
—_ theory T=500K
d
~ L
€
£
“ 020 |-
[+1]
B
S I
@
v
2
2 010 -
L 1 1
0,20 0,25 0,30 0,35 0,40

stepheight ratio h/dp

Fig. 9 Calculated and experimental regression rates vs step-height
ratio.
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& .
015 ¢ -
& . h/dp = 0,30 (theory)
010 L . ; :
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inlet air temperature T(K)

Fig. 10 Calculated and experimental regression rate vs inlet air tem-
perature.
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3 o 0
So20f ° F=00071 7955 1
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.0 1 n i !
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inlet air temperature T (K)

Fig. 11 Calculated and experimental regression rate vs inlet air tem-
perature and air mass flow rate.
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inner grain profile. This behavior can only be reduced, but
never eliminated, by long burning times. The regression rate
data were not corrected for this ignition phase. Therefore,
after correction, local mean regression rates would be some-
what lower, particularly in the recirculation region. Highest
regression rates normally occur at the end of the recirculation
zone and are assumed to correspond with the so-called reat-
tachment point.

Figures 12-14 compare the calculated and experimentally
observed local mean regression rates along the fuel grain. In
these figures, the results at standard conditions are given,
while in addition the results obtained after varying the step
height, the inlet air temperature, and the mass flow, respec-
tively, are plotted. It can be concluded that the local mean
regression rate downstream of the recirculation zone is pre-
dicted rather well. However, as far as the recirculation zone
itself is concerned, generally a large discrepancy exists between
calculated and experimental results. This result confirms the

04 T T T T T

diffusion flame model

experimental h/dp =0,33
0.3} h/dp =033

experimental

)
~
€
E
&
2
c h/dp = 0,30
L
1%
¢ 02 m
o
2
[ =4
o
g 01y
5 diffusion flame model
8 h/dp =0,30
0 i L | 1 1
0 50 100 150 200 250 300

distance from inlet (mm)

Fig. 12 Calculated and observed local mean regression rates at two
different step-height ratios.
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Fig. 13 Calculated and observed local mean regression rates at two
different inlet air temperatures.
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Fig. 14 Calculated and observed local mean regression rate at two
different air mass flow rates.
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A: Experimental Coxddp = 11,77 (hdp) - 1,53 300 mm from inlet
B: Schuite H x,/dp = 11,93 (h/dp) - 0,73
C: Netzer & Gany ! x,/dp = 9,24 (h/dp) - 0,64 turb. dif fl. model
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E
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a) temperature { K)
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l 2
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I |
A 848 1515 300 800 1300 1800 2300 2800
B 308 1813 b) temperature (K
Fig. 16 Experimental conditions and dimensions of the fuel grain. 0 T T T
turb. dif. fl. model
shortcomings of the k-e¢ model, as stated above. The predic-
tions only seem to improve when the conditions are less sensi- _
tive to the turbulence predictions, i.e., at lower step height. E testcondition B
o 101~ i
Recirculation Zone £ testcondition A
The location of the reattachment point depends primarily on 2
step height. For a number of experiments, this point was deter- g
mined by assuming that its location corresponds to the posi- 3
tion of the maximum local mean regression rate. In Fig. 15, the -
experimental reattachment points are plotted vs step height et 0 7
and show good agreement with predicted values. Thé predicted 2
reattachment lengths were obtained by extrapolating the zero- S R crom inlet
velocity line and are influenced by the k-e¢ model and the inlet 498 mm from inlet
turbulence level.? ¥
In addition, experimental and predicted results obtained by 30 1
Schulte et al.,!” Netzer and Gany,'* Phaneuf and Netzer,2 and 300 800 1300 1800 2300 2800
Krall and Sparrow? are included in this figure. The data of © temperature (K}

Schulte et al. are based on the markings of the flow pattern on
the PE surface after a test run. Because of this different ap-
proach, only the slope of the linear curve-fit of the DLR results
can be compared with the results of this study. Here, good
agreement is achieved, too. In fact, all lines, except the line for
the experiment of Krall and Sparrow, lie in a reasonable range
and have more or less the same slope.

Radial Temperature Profiles

Detailed radial temperature measurements were not per-
formed during the present experimental test runs. Schulte et

Fig. 17 Measured and calculated temperature profiles at three differ-
ent x locations along the grain.

al.,'® however, have measured temperature profiles in a similar
experimental setup also utilizing PE as a fuel. Two of their test
conditions were selected for comparison with computational
results. In the following discussions, these test conditions will
be denoted as A and B. These conditions and the dimensions
of the fuel grain are given in Fig. 16. Temperature profiles
were measured using a platinum/rhodium thermocouple,
which was moved through the fuel grain into the combustor
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Fig. 19 Maximum concentrations of C; and CH radicals along the
fuel grain.

with the 8id of a motor drive. Corrections were made for
radiation effects. For test condition A, a large mass flow was
employed. Since the computer code is known to overpredict
regression rates at such large mass flows, it was decided to
prescribe a regression rate leading to a similar equivalence
ratio as the one measured by Schulte et al.'® For test condition
B, however, the regression rate was predicted by the computer
code. Here, the predicted equivalence ratio corresponded well
with the eéxperimentally observed ratio. In both cases, the tur-
bulent diffusion flame combustion model was employed. In
Figs. 17a-17¢, the experimental and ¢omputational results are
compared at three different locations along the fuel grain: near
the entrance (recirculation zone), halfway along the grain, and
near the end, respectively. Figure 17a shows clearly the large
discrepancy between predicted and measured temperature pro-
files. This discrepancy again is attributed to the inability of the
k-¢ model to predict heat transfer behind a rearward facing
step accurately. Figures 17b and 17¢, however, show a good
correlation, except for the temperatures in the flame sheet
region. In that region, the predicted temperatures are much
higher than the measured values. Although the turbulent dif-
fusion flame model is expected to predict maximum tempera-
tures that generally will be too high because species dissocia-
tion is not considered, this omission cannot fully explain the
large differences encountered here.

Axial Temperature Profiles

For a number of test conditions, maximurm temperatures
have been determined as a function of axial position by means
of a pyrometer. This pyrometer measures the so-called color
‘temperature,’ which in the case of a grey body, is equal to the
actual temperature of this body. Because some soot is always
present in the combustion chamber, and soot is assumed to be
a grey body, the color temperature of the soot may be consid-
ered as the gas temperatiire.

In Fig. 18, the maximum gas temperature in every port cross
section along the fuel grain is shown for two different chamber
pressures. A temperature increase with axial position is ob-
served. There is a relation between pressure and maximum
observed temperature at these pressures. This cannot be ex-
plained by soot formation alone, which indeed gradually in-
creases with increasing pressure. In this pressure region, how-
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ever, soot formation is still poor, and the regression rate is not
affected by soot radiation.! Apparently other yet unknown
mechanisms are responsible for this behavior.

In Fig. 18, the computational results are also shown for both
the diffusion flame model and the finite-rate chemical kinetics
model. The results apply for pressures of 0.47 and 0.57 MPa.
The differences between the results from the two models can
be attributed to the diffusion flame model, which ignores dis-
sociation. Since a temperature peak is calculated in the recircu-
lation zone, the computed behavior is different from the exper-
imental behavior. Downstréeam of the recirculation zone the
prediction is more in agreement with the experimental data
obtained at higher pressures.

Radical Species

The spectroscopic equipment employed is capable of record-
ing spectra with a bandwidth of approximately 40 nm. To
record simultaneously the spectra of different species, the C,
and CH radicals were selected because their existence and con-
centration can be detected in a wavelength region between 435
and 475 nm. A number of test runs were performed during
which the maximum concentrations of C, and CH were mea-
sured at three different cross sections along the fuel grain. It
was observed that the maximum concentrations of both radi-
cals measured showed hardly any fluctuations after termina-
tion of the ignition phase. The results are plotted in Fig. 19. It
is interesting to note that the ratio measured between the CH
and C, concentrations is fairly constant at about 10. Unfortu-
nately, the spectroscopic technique, as was used in this setup,
did not yield the exact radial location of these maximum con-
centrations.

Since no large fluctuations in concentrations were observed,
the observed data were compared with computational results
obtained by using the finite-rate chemical kinetics combustion
model. Although the code predicts species concentration dis-
tributions as a function of axial and radial position, only the
maximum concentrations found in every cross section along
the fuel grain are plotted in Fig. 19. It is noted that the ratio
between the calculated maximum CH and C, concentrations is
also relatively constant but somewhat larger than the experi-
mental ratio. The computational results show that, in the tur-
bulent boundary layer, maximum concentrations occur in a
thin region corresponding to the flame sheet. In the recircula-
tion zone, however, the C, and CH concentrations are signifi-
cant throughout this whole region. Considering the limitations
of the computational model and the experimental technique,
there is nevertheless good agreement betwéen observed and
predicted maximum concentrations. For a better comparison,
however, the need for a more refined experimental diagnostic
technique allowing for spatially resolved concentration mea-
surements is strongly felt.

Conclusions

Experimental results obtained by burning cylindrical fuel
grains made of PE have been compared with numerical data
from a computer code describing the flow and combustion
processes in the combustion chamber of a solid fuel ramjet.
The following major conclusions are drawn:

1) In general there is a good agreement between computa-
tional and experimental results. Comparison with findings
from other investigators also shows good correlation.

2) In the recirculation zone, the correlation between calcu-
lated and observed data is rather poor, which is attributed to
the inability of the k-e model to predict accurately the heat
transfer behind a rearward facing step. Adaptation of the
Chieng and Launder wall-function method needs serious con-
sideration.

3) Theimportance of defining the correct value of the effec-
tive heat of gasification in relation to the test conditions is
clearly revealed. Therefore, a better understanding of its be-
havior in relation to flow and combustion parameters is re-
quired.
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_ 4) The calculated mean regression rate is relatively insensi-
tive to the combustion model employed.
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