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Abstract 
A computational model of solid-fuel ramjet combustor with a flame holder (a profiled fuel channel) is 

developed. The polymethylmethacrylate (PMMA) is considered as a solid fuel. Efficiency of the flame 

holder is determined by the residence time of hot gases in the recirculation zone. The analytical and 

computational models for solid-fuel ramjet combustor are developed and applied to the analysis of 

combustion stability. Effect of flame holder size on combustion stability is investigated. Numerical 

results obtained are analyzed from the point of view of finite residence time, similar to the classical 

theory of perfectly stirred reactor. 

1. Introduction 

Solid fuel ramjet engines (SFRE) are promising propulsion systems for unmanned aerial vehicles. The fuels used in 

these engines do not contain (or contain insufficient amount of) oxidizer, relying on the ambient air oxygen for 

combustion; therefore, in contrast to rocket fuels, they are not capable of self-sustained burning.  

In SFRJ, solid fuel is gradually decomposed by the hot gas flow in the combustion channel, producing flammable 

vapor which reacts in the gas phase providing the engine thrust. The thermal feedback between the reacting gas flow 

and solid fuel gasification is, thus, the principal physical and chemical mechanism governing the SFRJ performance.  

One of the key problems in designing the solid fuel ramjets is to ensure stability of combustion under a wide range of 

flight conditions. Despite the over forty-year history of SFRJs [1-4], there still remain unresolved problems hindering 

their more extensive application. This is mainly due to instability of SFRJ operation and also due to a rather narrow 

range of operating parameters in which stable combustion of solid fuel is possible. The mechanisms of instability 

onset and development during the forced combustion of solid fuel at high flow speeds are still a subject of 

experimental and theoretical studies. 

In order to stabilize the solid fuel combustion in SFRE, the solid fuel grains with a profiled channel are used. In 

particular, a ledge is formed in the inlet part of the grain channel that acts as a flame holder. It was established 

experimentally that steady combustion of solid fuel in SFRE is possible only with certain shapes and sizes of the 

flame holder, but detailed mechanisms of combustion stabilization still remain rather vague, and no established 

methods for the choice of appropriate size and shape of the flame holder exists so far.  

Numerical methods are increasingly becoming a tool for studying the processes in SFREs [5–8]. In particular, the 

flame holder effect shape and size effect on the flow structure in a solid fuel ramjet was studied numerically in [6], 

where the influence of the ratio of the flame holder length to its depth and the angle of slope of the wall at the exit of 

the flame holder were analyzed. A steady-state gas-dynamic model and steady-state combustion model of solid fuel 

was used in [6]; it does not allow simulating the occurrence and development of SFRE operation instability. In [7], 

self-ignition of solid fuel in a ramjet was investigated, but stability of combustion of solid fuels and connection of the 

stability with the parameters of the flame holder were not considered. In [8], numerical simulation of diffusion 

combustion zone above the fuel surface is presented. 

The purpose of this work is to develop a numerical model and study combustion in solid fuel ramjet under subsonic 

conditions, with the focus on performance of flame holder at various flow conditions. In what follows, we present the 

mathematical model, describe in brief its numerical implementation, and present some results demonstrating the 

features of transient processes in the combustion chamber of a SFRJ with flame holder. 
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2. Computational model 

2.1 Problem Formulation 

We consider polymethylmethacrylate (PMMA) as a solid fuel, this choice is due to polymers being a popular 

material for experimental SFRJs [8]. While gasification of PMMA is a chemically complex process producing large 

number of gaseous species, in this study we take a simple model that PMMA decomposition assuming that its only 

product is gaseous monomer methylmethacrylate (MMA) with chemical formula 285 OHС . Combustion of MMA in 

the gas phase is described by a single irreversible gross reaction [8, 9] 

 

 cH ОH4CO5O6OHС 222285  (1) 

 

The heat of combustion per unit mass of fuel 6.25 cH  MJ/kg. Kinetics of this reaction is taken from [9], with 
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where 6106.6 B [m
3
/mol s K] is the pre-exponential factor, 144cE kJ/mole is the activation energy, ks  is the 

mass stoichiometric coefficient of k-th species, 
2OW  is the molar mass of oxygen 

Multicomponent gas mixture flow is described by the Reynolds-averaged Navier-Stokes equations (RANS) with 

standard k  turbulence model. 

The system of governing equations is as follows 
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where Q  is the vector of conservative variables, F  and G  are the vectors of inviscid and viscous fluxes, S  is the 

vector of source terms related to chemical reactions. Here,   is the density,  21,uu  are the velocity components, p  

is the pressure,  2
2

2
12

1 uueE   is the specific total energy, e  is the specific internal energy, iY  are the mass 

fractions of species  Ni ,,1  , iw  is the rate of formation (consumption) of i-th component of gas mixture ( w  is 

the reaction rate with respect to fuel), τ  is the viscous stress tensor, lq  is the heat flux, lkV ,  is the velocity of 

diffusion. 

The mixture consists of five components, 285 OHС , 2O , 2СO , 2H O , 2N , each described by the ideal gas 

equation of state, the thermal properties (specific heat, internal energy, enthalpy) as functions of temperature are 

described by polynomials [10]. The temperature of gas mixture was determined from its total energy and 

composition by solving a corresponding nonlinear equation. Axisymmetric geometry is implied. 

Gas-phase turbulent combustion rate is described by the Eddy Dissipation Concept (EDC) model [11] which is 

implemented in two formulations, assuming infinite-rate and finite-rate chemistry. In the former case, the volumetric 

turbulent combustion rate is determined by the mixing rate. In the latter case, combustion is assumed to proceed in 

“fine structures” treated as constant-pressure perfectly stirred reactor (PSR) with finite residence time; the reactor 

state is calculated with finite-rate chemistry (2) taken into account. The residence time, as well as mass exchange 

between PSR are dependent on local turbulent characteristics, in this way the EDC model takes into account 

turbulence-chemistry interaction. An important feature of finite-rate EDC is that under certain conditions (low 

DOI: 10.13009/EUCASS2017-106



NUMERICAL SIMULATION OF SOLID-FUEL RAMJET COMBUSTOR WITH A FLAME HOLDER 

     

 3 

temperature and small residence time) is predicts extinction of combustion in PSR, translated as an abrupt drop in the 

turbulent combustion rate. Alternatively, reactor ignition occurs under appropriate conditions. This model feature is 

very important because it allows us to consider processes of flame blow-off or re-ignition in SFRJ without any 

additional assumptions on the ignition/extinction conditions. 

On the channel boundaries, injection of gaseous fuel occurs due to solid fuel decomposition described by a simple 

heat balance model: it is assumed that incident heat flux sq  goes into heating of solid material from its initial 

temperature 0T  to the boiling temperature sT  which is maintained on the surface of decomposing material, as well as 

to material gasification with respective specific heat 
GH : 

 

 
Gss

s

HTTc

q
m
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  (5) 

 

Here, sc  is the specific heat capacity of solid fuel. The heat flux sq  can generally include the radiation part, but here 

it is not taken into account due to small sizes of combustor considered. The following properties of PMMA are 

chosen: density 18.1s  g/cm
3
, boiling temperature 200sT °C, specific heat capacity 1500sc  J/(kg K), heat of 

gasification GH =1591 kJ/kg. Possible incomplete gasification due to charring is not taken into account.  

The density of gas produced on the walls was determined for the equation of state for pure fuel, assuming the local 

gas pressure; the temperature of the injected gas was taken equal to the boiling temperature sT  for PMMA. As a 

result, the linear local injection velocity was obtained and used as the boundary condition for the normal velocity 

component on the wall. For the tangential component of gas velocity, standard wall functions were applied which 

implies the turbulent log-law velocity profile. The heat flux from the gas phase onto the fuel surface, sq , required in 

(5) for calculation of gasification rate, was determined from the temperature wall functions. 

2.2 Implementation 

Flowfield equations are solved in the axisymmetric framework by an explicit finite-volume high-resolution scheme 

on a uniform Cartesian grid. The “inviscid” fluxes are approximated by a scheme HR-SLAU2 [12] belonging to the 

AUSM family of numerical schemes. An important feature of HR-SLAU2 scheme is that it falls into the category of 

“all-speed” numerical schemes owing to special control of numerical dissipation depending on the local Mach 

number. This is a must for internal flow problems where high-speed (including supersonic) zones can coexist with 

low-speed (subsonic) zones. Viscous fluxes are approximated by the standard central-difference scheme. 

Viscosity, diffusion, and heat conduction terms are approximated by standard second-order central difference 

scheme. Chemical reactions are taken into account at a separate substep, with Strang splitting to maintain the second-

order approximation in time: at each time step chemistry is advanced by half-step, then the gas dynamics solver is 

called to advance the solution by full time step, after which the chemistry solver is called again to integrate the 

kinetic equations by another half-step. 

The solid fuel surface, generally, does not coincide with cell boundaries of Cartesian grid; also, it can change with 

time due to fuel burnout. In this work, we apply the “embedded” sharp interface approach [13] in with the internal 

boundary described by a level-set of a distance function. In the cells located away from the boundary, normal 

approximations are used, however, in the near-boundary cells operators are modified to take into account that cells 

are cut by the surface. 

2.3 Geometry, initial and boundary conditions 

Numerical simulations were carried out for the geometry which resembles closely the one used in the experiments [2, 

3]. The combustor is sketched in Fig. 1, with the main parameters listed in Table 1. Simulations were carried out for 

four lengths on the flame holder 2L  in order to study the effect of geometry on stability of combustion in SFRJ. The 

short inlet part of the channel (of length 1L ) was assumed to be non-reacting (i.e., solid fuel gasification was 

suppressed there). 

The inlet conditions corresponded to air with normal oxygen contents (21% vol.) injected at a given linear velocity 

inv  , temperature inT , and pressure inP through the air inlet. The same pressure was assumed on the outlet boundary, 

inout PP  . Note that, generally, the inlet pressure and temperature, as well as the outlet pressure are determined by 

flight conditions, as well as by the presence of a nozzle. These factors will be taken into account in future when 

considering the performance of a whole SFRJ; at the moment, the research focus is on the flame holder behaviour. 
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At the initial instant, the channel was filled with air at the same pressure and temperature as in the inlet. In 

order to initialize the flowfield, the initial axial velocity was set to 80% of the inlet velocity 
inv  in a 

cylindrical domain of the diameter equal to that of the inlet; after a while this flow transformed into a 

regular jet-like flow near the injector, without generating any significant pressure waves in the combustor. 
 

 
Figure 1: Geometry of solid fuel combustor: air is injected through the inlet of diameter 1D   

into the grain channel of diameter 3D  via an expansion chamber of diameter 2D   

serving as flame holder due to development of recirculation zone. 

 
 

 

Table 1: Dimensions of combustion chamber 

 

Parameter Value (mm) 

 

1D  10 

2D  30 

3D  15 

L  100 

1L  5 

2L  20, 30, 45, 60 

3L  5 

 

  

“Soft” ignition of fuel was achieved by running the code for the time 5 ms with infinite-rate EDC model. During the 

initial period of 1 ms, the solid fuel gasification rate (5) was calculated with an artificial constant heat flux 

1sq  kW/m
2
, which was sufficient to initialize the gasification, but did not lead to development of high temperature 

in the combustor. After this period, the heat flux was gradually ramped up over the time of 0.5 ms to its actual local 

values, and further simulations were carried. Note that in the infinite-rate combustion model the chemical kinetics of 

gas-phase reaction (1), (2) is not taken into account. Also, the terms limiting the rate due to absence of hot products 

were switched off for the initial 2 ms, so that fuel was ignited as soon as it mixed with air. This was sufficient to 

ensure engine ignition for any air flowrate. Note that detailed study of SFRJ start was beyond the scope of the current 
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paper where we focus on possible combustion extinction in an already ignited engine. Specifically, at time of 5 ms, 

the model was switched from infinite-rate to finite-rate combustion, and subsequent simulation proceeded to time of 

20 ms. 

Numerical simulations were carried out with the inlet air temperature 500inT K and pressure 1inP  atm. The inlet 

velocity inv was set to 100, 200, and 300 m/s, so that only subsonic regimes of SFRJ were considered. In what 

follows, we consider the results obtained for different length of the flame holder (see Table 1). 

2.4 Results 

Simulations were carried out with EDC turbulent combustion model with infinite-rate (denoted hereafter by EDC-

INF) and finite-rate (EDC-FR) chemistry. Also, it is instructive to compare the results obtained by EDC-INF model 

with those obtained by well-known Eddy Break-Up (EBU) model which also assumes infinitely-fast chemistry and 

mixing-controlled combustion rate [14]. 

Infinite-rate chemistry 

As is stated before, for infinite-rate chemistry model the fuel is always ignited at any inlet conditions, and no 

extinction occurs. In this case, the flow in the engine reaches steady state, therefore, only steady-state distributions 

are analysed hereafter. 

Simulations have shown that both EDC-INF and EDU models give very close results, which is illustrated in Fig.2a-d 

for the flame holder of length 452 L mm at inlet velocity 100inv m/s. In each subfigure, EBU distributions are 

shown in the upper half, and EDC-INF in the lower half. Some differences are observed in the temperature (a) and 

volumetric heat release rate (b) distributions, while differences in the volume fractions of fuel (c) and oxidizer (d) are 

almost undiscernible. This is further elucidated in Fig. 3a-c, where radial distributions of temperature (a), volumetric 

heat release rate (b), and species volume fractions are shown in the cross-section running through the middle of 

flame holder. Evidently, EDC-INF model gives a narrower reaction zone, reflected by a higher flame temperature, 

otherwise the distributions are very similar. Note that the reaction zone (see Fig. 2b) begins near the inlet where the 

incoming oxygen reacts with the fuel, due to the assumption of infinite chemical reaction rate. 

Finite-rate chemistry 

For simulations with finite-rate chemistry, the flowfields obtained with EDC-INF model at time 5 ms were taken as 

initial conditions, after which the model was switched to EDC-FR. Depending on the inlet velocity and flame holder 

length, different outcomes were obtained: stable combustion in the whole engine, flame blow-off in the main grain 

channel with stable combustion in the flame holder, total extinguishment of flame. In what follows, the main findings 

are summarized. 

For the flame holder length of 202 L mm (the shortest one, see Table 1), stable combustion was obtained only for 

the lowest inlet velocity 100inv  m/s; even in this case there was observed a short-time flame extinguishment in the 

main channel, followed by rapid re-ignition. In the case of higher inlet velocity 200inv m/s, flame extinction 

occurred in the main channel, while stable combustion was observed in the flame holder. Flame blow-off is shown in 

Fig. 4a-d by temperature fields at four consequent instants, and in Fig. 5a-d by the volumetric heat release rate 

distributions at the same instants. Also, streamlines are shown in Fig. 4 which clearly demonstrate the recirculation 

zone in the flame holder, with no significant vorticity in the main channel. Despite the presence of reaction zone and 

hot products in the flame holder, no reignition occurs in the main channel due to insufficient heat generated in the 

flame holder. 

A distinct feature of the steady state distributions (Fig. 4d and 5d) is that the reaction zone has detached from the 

inlet and is “hanging” in the upper part of the vortex. This is due to finite reaction rate taken into account properly in 

EDC-FR model: the relatively cold air mixes with hot fuel from the recirculation zone, but it takes some induction 

time for the mixture to start burning in self-sustaining regime. If the inlet velocity is increased, the residence time 

may become shorter than the induction time, leading to extinguishment of the flame holder itself. This actually was 

observed in simulations for a higher inlet velocity of 300 m/s where complete flame extinguishment occurred. 

The residence time depends not only on the inlet velocity, but also on the distance travelled by the air-fuel mixture, 

the latter is determined by the length of flame holder. Longer flame holders are more stable in terms of flame blow-

off. In particular, it was shown in simulations that for any of the three inlet velocities (from 100 up to 300 m/s), 

stable combustion was achieved with 45 and 60 mm long flame holders. The steady-state temperature and volumetric 

heat release rate fields obtained with 45 mm-long flame holder are shown in Figs. 6 and 7 for inlet velocities of 100 

and 300 m/s, respectively. One can see that for stable combustion in the channel, a strong enough flow of hot 

products from the flame holder into the channel is required, not achieved in the case where flame extinguishment 

occurred (see Figs 4 and 5). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2: Temperature (a), volumetric heat release rate (b), volume fractions of 285 OHС  (c), and 2O  (d) for 1inP   

atm, 100inv  m/s, 500inT  K. EBU results are shown in the upper half, EDC-INF are in the lower half of each 

figure. 
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(a) 

 
(b) 

 
(c) 

Figure 3: Temperature (a), volumetric heat release rate (b) and volume fractions of components (c) 

in the middle of flame holder for 1inP   atm, 100inv  m/s, 500inT  K. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4: Flame blow-off for 20 mm-long flame holder at 1inP   atm, 200inv  m/s, 500inT  K:  

temperature shown at times 4 ms (a), 5.5 ms (b), 6 ms (c), 8 ms (d). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5: Flame blow-off for 20 mm-long flame holder at 1inP   atm, 200inv  m/s, 500inT  K:  

volumetric heat release rate shown at times 4 ms (a), 5.5 ms (b), 6 ms (c), 8 ms (d). 
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Figure 6: Steady-state temperature (top) and volumetric heat release rate (bottom) fields for 45 mm-long 

flame holder at 1inP   atm, 100inv  m/s, 500inT  K. 

 

 
Figure 7: Steady-state temperature (top) and volumetric heat release rate (bottom) fields for 45 mm-long 

flame holder at 1inP   atm, 300inv  m/s, 500inT  K. 
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4. Conclusions 

Thus, it was shown that performance of flame holder in SFRJ is contingent on proper design of its geometry which 

must on one hand provide conditions for stable combustion in the flame holder itself, and, on the other hand, supply 

enough hot products into the main channel to avoid flame blow-off. Further research will focus on finding out the 

stability boundary in a wide range of geometries and operating conditions. 
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