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Modeling Solid-Fuel Ramjet Combustion

David W. Netzer*
Naval Postgraduate School, Monterey, Calif.

A computer model was developed for the solid-fuel ramjet combustor. The model appears to be a good
qualitative tool for examining the effects of combustor geometry and test environment on fuel regression rate,
flame pattern, and combustion efficiency. Additional model verification is required.

Nomenclature
B =mass transfer parameter, (2, —Hhy)/ (hg—h7)
C,,C, = coefficients in k-¢ turbulence model
Cp =specific heat at constant pressure
Cro = friction coefficient without mass addition
G =generation term in equations for k and ¢,
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+ (aVZ +6V,>2}
or 0z

G =mass flux of air based on bulk velocity

h =enthalpy, Cp (T—T%) + m H,/i

H, =effective heat of combustion, cal/g of fuel

i =stoichiometric ratio of oxygen mass to fuel mass

k =turbulence kinetic energy

[, = ““length scale’” of eddies at near-wall grid point
P

m =mass fraction

m” =mass flux from fuel surface

M =average molecular weight

p =pressure

P, =molecular Prandtl number

r =radial coordinate

r =regression rate of fuel surface

R =universal gas constant

R, =near-wall grid Reynolds number, 5V, /1,

R, =turbulent Reynolds number, k2% ypp/ug

S =source term in differential equation for
generalized dependent variable ¢

T =temperature

| 4 =velocity

Yp =distance from wall to near-wall grid point P

yi =nondimensionalized distance from wall,
(0/10) (To/p) “yp

b4 =axial coordinate

¥ =slip function from Couette flow for boundary
condition on £

€ =rate of dissipation of turbulence energy

@ =molecular viscosity

Hefr = turbulent viscosity

0 =density .

Oesr = effective turbulent Prandtl or Schmidt number

T =shear stress

1) =generalized dependent variable

1/ =streamfunction

w =vorticity

Subscripts

fu =fuel

h =enthalpy
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N, =nitrogen
o,w =wall
of =refers to the “‘property” mg, ~m, /i
ox = Oxygen
P =near-wall grid point
r =radial component
T =reference condition deep within fuel grain
z =axial component
6 =tangential component
Superscripts
0 =reference conditions
() =average value
Introduction

HE solid-fuel ramjet (SFRJ) may utilize a sudden dump

inlet for flame stabilization and some means of mixing
downstream of the fuel grain in order to burn all of the
available fuel that is in the gas phase (Fig. 1). Experimental
data! have shown that the recirculation zone is fuel rich and
that the primary combustion region (or flame zone) spreads
out from along the shear layer between the recirculation zone
and the inlet flow. The flame has been observed to be quite
broad near the flow reattachment position and subsequently
develops into a turbulent diffusion flame within the
developing boundary layer downstream of reattachment. In
order to guide development efforts and to provide needed
input to systems analysis studies, combustion models are
needed which can predict the fuel regression rate, flam-
mability limits, and combustion efficiency as a function of
hardware design and operating environment. Previous work?
has been directed toward adaptation of the Gosman et al.
PISTEP II model®* for heat and mass transfer in recir-
culating flows to the SFRJ geometry. That work considered
the effects of finite rate kinetics and combustor geometry on
the flame pattern and internal flowfield.

Several weaknesses were evident in the earlier work. Fuel
regression rates were not calculated. Also, the flame pattern
was not in agreement with experimental data; i.e., the
recirculation region was predicted to be oxidizer rich, and the
flame within the boundary-layer region spread too rapidly
toward the centerline of the motor. In addition, the model had
not been adequately checked for accuracy against ex-
perimental data for velocity, pressure, and turbulence in-
tensity. The present investigation was conducted to improve
the qualitative accuracy of the model, to incorporate
prediction of the fuel regression rate, and to check the validity
of the model against experimental data.
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Fig. 1 Schematic of solid-fuel ramjet.
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Model Overview

The basic assumptions were that the flow was steady,
recirculating, two-dimensional, and subsonic. In addition,
kinetic heating and vorticity sources resulting from spatial
gradients in the effective viscosity were neglected. The tur-
bulent Lewis number was taken to be unity. The transformed
variables of vorticity w/r and streamfunction ¥ were used,
together with enthalpy / and species mass fractions (oxidizer,
fuel, etc.). A modified Jones-Launder*¢ two-equation tur-
bulence model was used to calculate the viscosity throughout
the flowfield. Thus, two additional variables must be con-
sidered, the turbulence kinetic energy & and the turbulence
energy dissipation rate ¢. The modified Jones-Launder model
incorporates five empirical constants, and the effective
viscosity is calculated using the following expression:

hese = 0.090k? /¢ (1)

In the present study, the combustion was considered to be
mixing limited with a one-step simple chemical reaction.
Thus, 1 g fuel +/ g oxidizer — (/+i) g of products, and fuel
and oxidizer could not exist together. Species considered were
oxygen, nitrogen, fuel, and products. The present form of the
model neglected radiation, and density was calculated using
p=pM/RT.

With these assumptions, the governing equations for
axisymmetric flow can be cast in the standard elliptic for-

mat33;
ad oY d oy
“"’[az (¢ ar >_ ar <¢3_z)]
U v J
convection
terms
a3 3(C¢¢)] ad d(Cyo)
- — —— | — — | by r——"— S, =
9z [bd’r az 3r[ o’ ar ]+r =0
(- v J
diffusion source
terms term ()

where the parameters are presented in Table 1. Additional
discussion of these equations and utilization of various
turbulence models can be found in Refs. 7 and 8.

Boundary Conditions and Solution Procedure

The inlet flow was considered to be “‘plug flow,”’ although
other inlet conditions (distortion, etc.) are easily in-
corporated. The inlet turbulence intensity was taken to be
5.2% in order to closely match experimental measurements.
Axial gradients for all variables were considered zero at the
flow exit and were taken as zero for all ‘‘conserved proper-
ties”” (my, — me /i, my,, h) at the step-face. Radial
gradients for all variables except  were taken as zero at the
axis of symmetry. The major area of concern in the
specification of boundary conditions for the SFRJ is along the
fuel surface. When calculations are made with the model for
an adiabatic or isothermal wall with no mass addition,
inaccuracies in the turbulence model are somewhat masked.
The fuel mass addition at the wall and the subsequent com-
bustion greatly amplify the need for accurate effective
viscosity calculations near the wall if observed experimental
behavior is to be approximated.

All ““‘conserved’ properties, when in dimensionless form,
had identical governing equations and boundary conditions.
Thus, only one equation was required to be solved for all
‘“‘conserved’’ properties. The resulting set of five equations
w/r ¥, k, e, my, —m,, /i) was cast in finite-difference form
and solved using the Gauss-Seidel method with upwind
differences and relaxation. Under relaxation was required: 0.5
for w/r and ¥, 0.3 for k and ¢, and 0.9 for m, —m,,/i. A
nonuniformly spaced 17 x25 rectangular grid system was
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employed. Solution was performed on an IBM 360-67 using
Fortran H and required approximately 35 min to complete
1000 iterations.

The fuel surface was considered to have a uniform and
constant temperature, and the mass fraction of oxidizer at the
surface was considered to be zero. In order to obtain a fuel-
rich recirculation zone, a boundary-layer flame pattern in
agreement with experiment, and accurate conservation of
species, several modifications had to be made to the original
model.*® For simplicity, the boundary layer was considered
to consist of two parts, a laminar sublayer and a turbulent
layer. The border between the two regions was considered to
occur where y=24. At each near-wall grid point, y; was
calculated:

if yp>24: Cpy/2=0.02846/R,%% 3)

The velocity profile was corrected for blowing,? and p .« was
calculated using Eq. (1):

if yi=<24: Cp/2=2/R, 4)
The laminar viscosity was calculated using
,“=P-0(T/Ta)0‘5 ®)

In the actual calculation procedure, the grid was selected to
insure that y <24, The value of 0.02846 is required for
matching of the two-zone boundary layer.

The boundary condition for vorticity was calculated from

(w/ryo=Ty/pory (6

where 7, = (Cﬂ,/2)pl72 fn (I + B) /B, in which the wall shear
stress is corrected for blowing by using the simple Couette
flow approximation ¢« (/ + B) /B. The control volumes used at
the fuel surface for the microintegration are shown in Fig. 2.
The control volumes for all variables but & and e were taken to
the wall. For k and ¢, the control volumes were taken to the
half-grid point. Gradients at the wall for ‘‘conserved”
properties were taken to be of the form

(ah )0:{(/1[,—110)}?",(14‘3) ™

ay 377 B

The wall mass flux provided the boundary condition for ¢
and was calculated from

(I foroan= ()52

The boundary condition on k was calculated from*
ko =7k, )
where
y=—-1.0 (R, =19.8)
=-0.39 (R,>19.8)

The boundary condition on e was considered to occur at the
near-wall grid point:

e, =k,??/1, (10)

where
L,=02y, (y;<24) an
=04y, (y;>24) (12)
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The boundary conditions for w/r, k, and € on the step-face
were calculated in a similar manner except that there was no
wall mass addition, none of the microintegration control
volumes were extended to the wall, and /, =2.44 y,.

Launder and Spalding'® have discussed the strengths and
weaknesses of the k-e model using both the wall function and
low-Reynolds-number modeling methods. They indicate that
modification of the boundary conditions on ¢ sometimes was
found necessary on the step-face in order to obtain results in
agreement with experiment. In this investigation, wall func-
tions were employed for the k-¢ model. Since the mass ad-
dition rates were low (B<1.5), the five constants in the
model*$ were not modified. When y;S <24 along the fuel
grain, the effective viscosities predicted using the k-e model
were not used at the near-wall grid points. In this case, the
boundary conditions given by Eqs. (10-12) were required to
provide realistic values of p.; and fuel mass fraction at the
second grid point from the wall. An alternate procedure could
have been to wuse the low-Reynolds-number modeling
methods.®'? In recent work with smaller inlet step heights, it
has been found necessary to employ Egs. (10-12) for ¢, along
the step-face. Much additional work is apparently required to
better define the near-wall region.

The finite-difference equations®* require the use of space-
averaged values for the source terms presented in Table 1. At
the near-wall grid points, large gradients exist if yf>24. As
mentioned previously, this was prevented at the fuel surface
by appropriate selection of the radial grid spacing. Along the
step-face, however, integrated average values had to be
calculated for w/r and all velocity gradients. Velocity profiles
along the step-face for y ;> 24 were assumed to obey the 1/7th
power law. In order to obtain realistic solutions, the
streamfunction at the grid point downstream of the step inlet
was required to be held fixed at the value that existed at the
step corner.
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Fig.2 Near-wall control velumes.

Results and Discussion

Divergence would occur in the iteration unless the initial
conditions specified for w/r and ¢ were in close agreement
(for example, 1/7th power-law distributions). It was also
necessary to prescribe an initial length scale distribution. The
length scale distribution was used to calculate initial values of
e from k using Eq. (10). The ¢ field was held constant for an
initial 35 iterations in order to promote convergence.
Specification of the initial length scale distribution required
trial-and-error methods for other than the simple rearward-
facing step geometry. Variations in gas density were also
prevented from varying for the first 50 iterations.

At each axial location, species and energy conservation
calculations were made. False diffusion errors were larger in
the recirculation zone, where the grid lines were at large angles
to the streamlines. Small errors in the solution of the
““‘conserved’’ property equation presented some difficulties,
since my,, My, m,,, and my, were all calculated from the one
solution. Calculation of fuel conservation was especially
difficult, since fuel concentration gradients near the wall were
very large. In general, energy and species (other than fuel)
were conserved to within 5%. With these accuracies, frac-
tional changes between iterations were 2 maximum of 0.3%.
This required between 750 and 1000 iterations. The ‘‘con-
served’’ properties and streamfunction converged more
rapidly than did w/r, k, and e. For the higher inlet velocities,

Table1 Equation parameters

¢ a, b, C, S,
® y G , 3 (V,2+V22> p 9 (V,2+VZZ) ap]
- r — —(pV?) = - = b
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op =0or=0N, =1.0,0,=1.3
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the relaxation parameter for w/r had to be reduced to values
between 0.3 and 0.4.

The location of the ‘‘reattachment point’’ was found to be
somewhat sensitive to the distance from the step-face to the
first axial grid line. This resulted from specification of the
streamfunction as unchanging, as discussed previously.
However, once a particular grid was chosen which yielded a
reattachment point in agreement with experiment for one step
height and inlet velocity, good results were obtained for other
step heights and inlet conditions. The reattachment point was
found to be insensitive to inlet velocity and was found to
move slightly upstream with low rates of wall mass addition.
Both of these results are in good agreement with experimental
data.'l:1?

A true reattachment point does not exist when mass ad-
dition through the wall is present. However, a pseudoreat-
tachment point was calculated by assuming it to occur where
the average velocity was zero between the wall and the near-
wall node. A comparison of this ‘‘reattachment point’® with
chemical reaction is made with experimental data from
nonreacting flows in Fig. 3. It should be noted that the
predicted flow reattachment occurred downstream of the
Krall-Sparrow ' maximum heat-transfer point but upstream
of the Phaneuf-Netzer ? data with 10% wall mass addition.

Typical predicted streamline patterns and temperature
distributions are presented in Fig. 4 for plexiglas fuel and air.
The dividing streamline is also sketched in the temperature
field. The recirculation region was calculated to be fuel rich,
and the flame initiated along the shear layer and spread out as
it approached the reattachment region. The flame region was
located within the developing turbulent boundary layer
downstream of the reattachment zone. These observations are
in qualitative agreement with experiment.

A comparison of predicted plexiglas fuel regression rates
with experiment is presented in Fig. 5. It should be noted that
the location of the maximum regression rate obtained ex-
perimentally was affected by the inlet air distor-
tion/turbulence intensity. The model predicts a maximum
regression rate upstream of the experimental values and
slightly upstream of the Krall-Sparrow!? location for
maximum heat transfer in nonreacting flow. The average fuel
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Fig.3 Reattachment locations for axisymmetric flows.
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Fig.4 Predicted streamline and temperature distributions.
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regression rate was in good agreement with experiment, and
the regression pattern was qualitatively correct (although
shifted upstream). In the present model, only convective
transfer to the fuel surface is considered. The predicted
regression profile may not be correct for fuel systems that
produce large amounts of radiative heat transfer to the
surface.

Figure 6 compares the predicted centerline turbulence
intensity (assuming isotropic turbulence) with experimental
data for nonreacting flow. The behavior with axial distance
was generally in good agreement, but the inlet region
exhibited behavior not observed experimentally. The model
overestimates the velocity increase of the air as it enters the
combustor, which in turn reduces the predicted turbulence
intensity.

Figure 7 compares experimental and predicted axial
pressure profiles. The experiment and theory were not for
identical conditions, but in general it is seen that the model
predicts the pressure to level off upstream from experimental
measurements. This was expected, since the model un-
derestimated the distance to the reattachment point. Pressure
calculations were very sensitive to solution accuracy, since
they depend upon second derivatives of streamfunction,

Figure 8 presents predicted radial temperature profiles as a
function of inlet step size and airflow rate at a location
downstream of flow reattachment. As the airflow rate was
reduced for a fixed step size, the peak temperature moved
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further from the wall, the core flow became hotter, and the
overall fuel-air ratio increased. This results from the fact that
regression rate varies as the 0.3 to 0.5 power of G;,. Actually
the model predicted that 7~ G2}, whereas experimentally it
was found for plexiglas that ¥ ~ GZ%*.

The recirculation zone in the solid-fuel ramjet acts as the
flame-stabilization device. It operates- fuel rich but, when
operating within certain limits, provides enough energy to
heat the air in the shear layer to the point where the down-
stream boundary-layer flame can be stabilized in the high-
velocity flow. As the inlet flow rate was increased, the tem-
perature in the upstream portion of the recirculation zone was
found to increase. This resulted from the increased air flux
into the fuel-rich portion of the zone. However, this same
increased air flux into the recirculation zone decreased the
temperature in the downstream portion of the zone and at the
reattachment position. Thus, although the peak temperatures
in the recirculation zone increased with increased inlet air
velocity, the oxygen reaching the downstream flame zone
decreased in temperature. In addition, the boundary-layer
flame narrows and moves closer to the wall. Eventually a
condition would be reached where the oxygen reaching the
boundary-layer flame region would be too low in temperature
to sustain the narrowed flame that exists in the relatively high-
velocity region close to the fuel surface. Earlier work with the
model,>'* in which one-step finite rate kinetics were em-
ployed, also demonstrated that increased inlet velocity can
cause flame blowoff in either the recirculation region or the
boundary-layer region.

Decreasing the inlet step size decreased the length of the
shear layer (reattachment occurred further upstream) and
decreased the air entrainment into the recirculation region.
Although the shear layer was shorter in length, contact time
with the recirculation Zone did not necessarily decrease
because the inlet velocity was lower. However, the model
predictions showed a decreased temperature in the recir-
culation zone, resulting from a still more fuel-rich mixture,
and lower temperatures near reattachment. Again it would be
expected that a flammability limit would be reached with
increasing inlet diameter.

Figure 9 presents the calculated percentage of unburned
fuel as a function of airflow rates. As discussed previously,
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the fuel mass fraction was the least accurate calculation.’
Thus, the results can only be interpreted qualitatively. As G;; -
is decreased, an increasing amount of unreacted and hotter
fuel is passed into the aft mixing region dowilstream fronr the
end of the fuel grain.

Conclusions and Current Work

The computer model appears to be a good qualitative
model for the solid-fuel ramjet combustor. It has several
weaknesses (no radiation effects on fuel regression rate,
simple kinetics, Y- variables, etc.), but it can be used to
qualitatively examine the effects of changes in combustor
geometry and test environment. The y-w variables make it
difficult to obtain accurate predictions of the pressure field
and to specify boundary conditions on the walls. The point
iterative method employed also requires large storage space
and long computation times.

Current work with the model includes 1) comparison of the
model predictions with experimental data obtained in a
reacting SFRJ that used an all-hydrocarbon fuel, and 2)
extending its application to include the aft-mixing geometry,
as shown in Fig. 1. In addition, solutions for the SFRJ
geometry are also being investigated using the primary
variables of pressure and velocity.
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