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Abstract. Numerical analysis of reactive and turbulent flow field in a solid fuel ramjet combustor. The ability of different models to 
predict solid fuel pyrolysis is investigated. The mathematical model is based on the numerical solution of the conservation equations 
of mass, momentum, energy and transport equations for scalar quantities. The κ−ε turbulence model for high Reynolds is employed 
and the combustion is modeled with the mixture fraction/prescribed probability density function formalism. Close to the walls a law-
of-the-wall is specified, with the boundary layer divided into two regions, a viscous sub layer and a fully turbulent region. Heat and 
mass transfer at the walls are calculated using a modified law-of-the-wall based on a blowing parameter. The results, obtained 
using the proposed model, are compared with others earlier models predictions and with empirical data. It was verified that the 
results are in good agreement with literature data, allowing the conclusion that the model presented is suitable for the prediction of 
the mass transfer and flow field in a solid fuel ramjet combustor. 
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1. Introduction 
 

The ramjet with subsonic combustion is considered the simplest and hence the most reliable and the least expensive 
propulsion device for supersonic flight. The solid fuel ramjet (SFRJ) has been used for the propulsion of tactical 
missiles and gun-launched projectiles. In these applications there is another propulsion system that launches the ramjet 
at supersonic speed. Figure (1) shows the typical configuration of solid fuel ramjet. This typical configuration consists 
of an air intake, an exhaust nozzle and a combustor. The combustor includes the solid fuel chamber combustion and the 
aft mixing chamber.  

 

 
Figure 1. Typical configuration of a solid fuel ramjet. 

 
The operation of the solid fuel ramjet can be summarized as follow. First, at the air intake, the air passage through 

supersonic diffuser yields a shockwave, consequently the temperature and pressure increase. The heated air and the high 
pressure promote the solid fuel pyrolysis in the combustor. Gaseous products at high temperature are expanded through 
nozzle yielding thrust. The objective of this paper is to present a mathematical model used in a computational 
simulation of a turbulent and reacting flow field within a solid fuel ramjet combustor. The simulation yields information 
about velocity, temperature and scalar variables flow field. The solid fuel regression rate at the solid fuel wall is also 
estimated. 

 
2. The mathematical model 

 
The flow was assumed to be subsonic, two-dimensional and steady, that is, transient effects were neglected. The viscous 
work was neglected since low Mach number flow approach was used. Soret and Dufour effects were neglected such as 
radiant heat transfer. 
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The mathematical model is based on the solution of the Favre-averaged conservation equations for mass, 
momentum, energy and transport equations for scalar quantities. Two parameters turbulence model (Launder and 
Spalding, 1976) was employed to calculate effective viscosity using the formulas. 

teff µµµ +=  (1) 

εκρµ µ /2Ct =  (2) 

where Cµ  is an empirical constant, ρ is the mean gas density, µt is the turbulent viscosity and µ is the laminar viscosity 
being µt  >> µ. Equation (2) requires that two additional transport equations (for turbulence kinetic energy, κ, and its 
dissipation rate, ε) be evaluated. The governing equations are presented below. 
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where iu~  and 
ju~  are mean velocity components, ( )])/~)[(/( κρµ +∂∂+= kkt xupP 32  is a modified pressure, p  is 

the combustor mean pressure, H
~  is the mean stagnation enthalpy given by κ++= 2/~~~~

iiuuhH , h
~  is the mean specific 

enthalpy and Pκ is the turbulent kinetic energy production term defined by 
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The empirical constants of the model are C1=1.43, C2=1.92, Cµ =0.09, σt =0.7; σκ=1.0 and σε=1.3 (Launder and 
Spalding, 1973). 

Combustion is modeled using the conserved scalar/presumed probability density function (p.d.f.) formalism. It is 
assumed that combustion is described by a single one-step irreversible reaction between the fuel and the oxidizer 
yielding combustion products. Therefore the combustion process is mixing limited. This assumption provides 
relationships between the instantaneous values of chemical species concentrations and the conserved scalar, taken as the 
mixture fraction. 

The mean values of the species mass fraction and gas mixture temperature may be found from 
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where φ~  is the variable mean value, φ( f ) is the variable instantaneous value, p( f ) is the probability density function 
and f is the mixture fraction. When the variable is mass fraction, φ( f )  is obtained from state relationships. The 
instantaneous gas mixture temperature is function of mixture enthalpy and mixture fraction. Therefore, instantaneous 
gas mixture temperature is given by  φ( f, h ).  

The p.d.f. was defined using normalized Beta function (Wolfram, S. 2002) 
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where the parameters a and b are completely defined in terms of the mean value of the mixture fraction, f
~

, and its 
variance, gf,  as  
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Favre-averaged transport equations are solved to compute f
~

 and gf, 
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The mean gas density was calculated using the equation of state 
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where ℜ  is the universal gas constant, Mj is the molecular mass of j specie and T~  is the mean gas mixture temperature. 
 
3. Geometry and boundary conditions 
 

Figure (2) shows schematically a simplified geometry of the combustor. It does not present a step after the fuel 
grain. The geometric parameters are: the inlet radius Rin, the outlet radius R, the combustor length L and the fuel length 
Xfuel. The partial differential equations can be solved if the required boundary conditions are specified. At the inlet was 
assumed uniform distribution for all variables. At the outlet and the centerline of the combustor, a no-gradient condition 
was used for all equations except the r-momentum equation for which a zero velocity is specified. All solid boundaries 
present no slip condition (both velocity components equal to zero), in addition, were considered adiabatic and 
impermeable except the solid fuel surface where mass injection (also called blowing) occurs due to fuel regression. 
     
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Geometric parameters of computational domain. 
 
3.1 Adiabatic and impermeable walls 
 

In this case, diffusive flux through the walls for H
~

, f
~

 and gf variables were considered equal to zero. Near solid 
walls, viscous effects become important due to no slip condition. Thus, κ−ε turbulence model is not valid close to the 
walls, where Reynolds number is low.  

For simplicity, a two-region boundary layer was used. The border between the laminar sub layer and the fully 
turbulent layer was taken at y+=11.5. This dimensionless variable was defined by 

µ
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where yp is the near-wall node distance from the wall, τw  is the wall shear stress and ρ  is evaluated at yp. The fully 
turbulent region is taken at y+ ≥ 11.5. 

Defining a dimensionless axial velocity by ρτ //~
wPuu =+ , for stationary and two-dimensional boundary layer 

without gradient pressure and blowing or suction, the following equations can be used near the wall region: 

If    y+ ≥ 11.5            then  )(ln ++ = yE
k

u
1  (17) 

If    y+ < 11.5           then  ++ = yu  (18) 

where 4.0=k  is the von Kárman constant and 0.9≈E . The Eq. (16-18) are used to compute wall shear stress given by 
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In the fully turbulent region, it was assumed equilibrium between the production and the destruction of turbulent 
kinetic energy. As a consequence, turbulent kinetic energy is proportional to the wall shear stress, which is 
approximately constant in the near wall region. Therefore, the following equations were applied to calculate the 
turbulent kinetic energy and its dissipation rate at the near wall region, where the subscript P means first internal node 
point. 

0=∂∂ y/κ  (21) 
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3.2 Solid fuel surface 
 

The pyrolizing fuel causes a mass flux of fuel from the wall to the main flow, where the fuel is burnt. The blowing 
velocity can be evaluated from 
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where wq�  is heat flux to the wall, gfu −ρ  is the density of gaseous fuel and Hν,eff  is the effective heat of gasification, 

i.e., the amount of heat required to pyrolize 1 kg of fuel. Because of the blowing velocity, the wall functions early 
presented cannot be used, and a modified wall function is used to account for the blowing effects. 

The assumptions employed for reacting flows result in then following general boundary condition for all 
“conserved” variables ( cφ ) on a surface which has mass transfer (Kays, 1966) 
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where bwm ′′�  is mass flux by the wall, the subscripts bw (blowing wall) e fg (fuel grain) refer to surface and inner solid 

fuel values, respectively, and 
cφΓ is the effective transport coefficient of conserved variable (stagnation enthalpy or 

mixture fraction). 
A mass transfer conductance (g) is often defined such that 
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where cPφ  is near-wall value. From Eq. (25) into Eq. (24) yields 
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where BP represents the mass transfer parameter (or blowing parameter). In this application, BP was evaluated from the 
solution of energy equation using 

)
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Using Reynolds analogy and Couette flow approximation for the boundary layer behavior with mass transfer, the 
following expression can be found (Kays, 1966) 

BPBPwbw /)ln( += 1ττ  (28) 

where τbw is wall shear stress with mass transfer and τw is wall shear stress calculated from Eq. (19) or Eq. (20). 
Since the blowing rates were small for the solid fuel ramjet, the boundary conditions for κ, ε and gf used at the 

adiabatic and impermeable walls also can be employed in blowing wall situations. The boundary condition for scalar 
conservative variable was evaluated from  
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The mean local regression rate can be evaluated from 
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where sfu −ρ is the solid fuel density. 

 
4. Solution procedures 
 

The governing equations were integrated in each control volume using a finite-volume method (Patankar, 1980). 
The equations were discretized using the power-law scheme. The discretized set of equations was solved by means of 
the iterative procedure (TDMA algorithm line by line) (Patankar, 1980) using the block correction algorithm (Settari & 
Aziz, 1973) and under relaxation to promote convergence. The iterations are important since the equations are coupled 
and nonlinear. A staggered grid system was used in which the velocity components were stored at the boundaries of the 
control volume for the other variables. Pressure-velocity coupling was accomplished by means of the SIMPLE 
algorithm (Patankar, 1980). 
 
5. Results and discussion  

 
At this section, two cases are presented. The first case aims to validate the methodology and numerical code 

employed by analyzing the flow of heated air through a pipe with a sudden expansion at the inlet. The second case 
presents the results obtained with the proposed computational model. The flow field inside a solid fuel combustion 
chamber of a ramjet is investigated. The results were compared with available experimental and numerical data 
presented in the early papers.  

 
5.1 Turbulent flow through a sudden pipe expansion 

 
This case consists of a sudden pipe expansion, without combustion. It was used for validation purpose of the 

numerical code by analyzing the velocity and temperature flow fields. The length of the pipe is 1 m, the diameter 
downstream of the expansion is 0.2 m and the inlet diameter is 0.1 m. Calculations were performed based on the air 
flow with temperature equal to 650 K and Reynolds number equal to 4×105 (based on the inlet diameter and mean inlet 
velocity). 

The results were obtained using a non-uniform computational grid with 82×62 grid nodes shown in the Fig. (3) 
above. There is a strong grid concentration near the entrance. The mesh is also concentrated near the upper wall. The 
aspect radio of the grids plotted is different from the actual one. The radial dimension was increased to improve the 
visualization of results.  

Figure (4) presents a comparison of present results, for the radial profiles of the axial velocity component at four 
different axial stations, with experimental data of Chaturverdi (1963) and numerical data of Coelho et al. (1998), for 
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two different grid arrangements. The axial velocity, normalized by the mean inlet velocity (Uin), is plotted against the 
radial coordinate, normalized by the radius of the pipe downstream of the expansion. The analyses of profiles show that 
there is a good agreement between the experimental data and the results obtained with the present code. Even the 
redevelopment of the flow downstream of the reattachment point, which usually is slower in the numerical simulations 
using κ−ε turbulence model in according to literature data is closer to experimental data. 

 
Figure 3. Grid used to compute the turbulent flow through a sudden pipe expansion. 
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Figure 4. Predicted and measured radial u-velocity profiles for the flow through a sudden expansion. 
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In this case there is no chemical reaction; therefore differences between the Coelho et al. (1998) model and the 
present model are the wall function and the boundary condition of the turbulent kinetic energy at the walls. The wall 
function method of Chieng and Launder (1980) was used by Coelho et al (1998). With this method, the κ values at a 
grid node close to the wall were calculated by solving its transport equation, with production and destruction terms 
replaced by available expressions in accordance with assumed profile for the variable within the boundary layer. At the 
present paper the traditional law of the wall by Launder and Spalding (1976) was employed, where the κ values at grid 
node close to the wall were calculated by solution of the same transport equation as the core region, without simplifying 
the production and destruction terms.  

 
5.2 Reactive flow in a solid fuel combustion chamber of a ramjet 
 

The flow field inside a solid fuel combustion chamber of a ramjet is investigated next. The solution obtained with 
the proposed model is compared with available experimental (Elands et all, 1990) and numerical (Coelho et all, 1998) 
data. The combustion chamber has a length of 0.3 m. The inner diameter of the combustion chamber increases along the 
time due to fuel (polyethylene) pyrolysis, but this process was not taken into account by the proposed model. The fuel 
grain diameter was set equal to 45 mm for calculation purposes. This is an average value of the inner diameter during 
combustion, when the measurements were carried out. Air at a temperature of 300 K and a pressure of 0.40 MPa is 
admitted into the combustion chamber through a port of 15 mm diameter. The air flow rate is 150 g/s. 

Calculations were performed using a non-uniform computational grid with 82×62 nodes shown in the Fig. (5). 
Again, the radial dimension was increased to improve the visualization of results. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Grid used to compute the flow in a solid fuel combustion chamber. 
 
The temperature of the solid fuel surface was assumed constant and equal to 700 K. The density of vaporized fuel 

was calculated by equation of state based on the pressure in the chamber and the solid fuel surface temperature. 
For this case, since there is combustion, the transport equations for mixture fraction and variance of mixture 

fraction were included in the algebraic system. The solution of reactive flows is more difficult, due to the increase on 
the number of variables and especially due to the coupling of the density with flow variables. Therefore, under 
relaxation factors are fundamental for the convergence of the iterative procedure. 

Figure (6) shows the predicted temperature and mixture fraction contours using the Coelho at al. (1998) model and 
the proposed model. The mixture fraction contours are very similar for the both models. Very low values of mixture 
fraction, characteristic of a lean mixture, are observed in the core of the combustor, and large values, typical of a rich 
mixture, are confined to a thin annular region close to the wall and the recirculation region just near the inlet of the 
chamber. The low blowing velocities at solid fuel surface explain this behavior. Because the amount of vaporized fuel 
injected in the flow is small, it is almost all burned as soon as it enters the flow and a small part is mixed and burned in 
the recirculation region. The agreement between predictions is good. The results for temperature contours are in close 
agreement to each other. The reaction zone corresponds to the region where higher temperatures occur. In the 
calculations a larger region with temperatures above 2100 K was obtained which extends to the region closer to the step 
at the inlet. The proposed model predicts a larger reaction zone and higher gradients near to the inlet region.   

As in the previous case, predicted radial profiles of the normalized u-velocity component at four stations are plotted 
in Fig. (7). Since no experimental data is available for this problem, only predicted results are shown. The profiles 
obtained are similar, with larger differences occurring at the centerline, for stations far from the inlet section. The 
authors believe that the present results are a better prediction of the flow field. This statement can be made if one 
examines the previously obtained result in the Fig. (4). The profiles showed in that case also present differences in the 
region near to centerline. However, those results show a better agreement with experimental data. 

The predicted evolution of the local mean regression rate along the fuel wall is plotted in the Fig. (8) along with the 
experimental data (Elands et all, 1990). The predicted regression rate increases significantly along the centerline up to 
the reattachment point, and decreases farther than previously downstream approaching a constant value. The Coelho et 
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all (1998) model and the proposed model over predicted the regression rate in the region of the flow upstream of the 
reattachment point and tend to underestimate the experiments that show only a very smooth peak. In accord to Elands et 
all (1990), the over prediction of the local mean regression rate in the recirculation region is attributed to the inability of 
the κ−ε turbulence model, together with the wall functions, to predict accurately the heat transfer behind a step. Since 
the regression rate is linearly related to the flux to the wall, the regression rate is affected by errors associated with the 
heat flux calculation. 

 

a)  
 

c)         d)  
 

Figure 6. Predicted contours for the flow in a solid fuel combustion chamber. a) Temperature (K), Coelho at al. (1998).  
b) Mixture fraction, Coelho et al. (1998).   c) Temperature (K), proposed model.   d) Mixture fraction, proposed model. 

 
The models yielded qualitatively similar evolutions of the local mean regression rate along the wall, but the 

proposed model predictions are consistently higher than the ones of Coelho et all (1998) model. However, all evolutions 
exhibit the shortcomings described above if compared to the experimental data, although the predicted results were in 
qualitative agreement with them. 

The predicted evolution presented similar behavior after reattachment point, unlike the experimental behavior. It 
can be summarized that there is an important mechanism that was neglected. In accord to Methochianakis and Netzer 
(1983), radiant heat transfer must be included in the evaluation of heat flux to wall. This inclusion tends to decrease the 
difference between prediction and experimental results in the end portion of the chamber. 
 
6. Conclusions 
 

The results show that the model proposed for simulation of turbulent reactive flows in a solid fuel ramjet combustor 
is suitable. The evolution of the local regression rate was in qualitative agreement with experimental data. The observed 
discrepancies are mainly due to shortcomings of the turbulence model employed.  
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Figure 7. Predicted u-velocity profiles for the flow in a solid fuel combustion chamber. 

 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 8. Predicted and measured regression rate along the wall. 
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