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ABSTRACT

A CFD study is performed to check the integrated flow behaviour of the Liquid Fuel Ramjet Propulsion system 
by including air intakes, combustor and nozzle. Resolving both supersonic and subsonic flow scales in the same 
domain makes the simulations complex. Addition of combustion with stiff chemistry makes the simulations more 
difficult. Analyses are carried out using commercially available CFD software. Liquid fuel is injected as discrete 
phase and the flow turbulence is modelled using Realizable k-ε turbulence model. Jet-A + air combustion has been 
simulated using combined finite rate/eddy dissipation model. Finite rate chemistry was modelled using three step 
chemistry which was obtained from the published literature. Flow structures such as oblique shocks, normal shocks 
and combustion are captured in the analyses. Normal shock with respect to the pressure obtained because of the 
pressure raise due to combustion is observed. Also, obtained CFD results are compared with that the experimental 
values that are conducted in connect pipe mode, for the same operating point, and a good agreement between the 
two are observed.
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NOMENCLATURE
A Pre exponential factor
Ta Activation temperature
Yi Molar concentration of species i
n Exponential constant
k Turbulent kinetic energy
ε Eddy dissipation rate 
C* Characteristic velocity
α Reactants
β Products

1. INTRODUCTION
CFD analyses of the complete Ramjet propulsion system 

will give seamless understanding of the interaction between 
the combustion process and the intakes. In principle Ramjet 
propulsion system consists of air intakes, combustor and nozzle 
along with other components of propulsion system such as film 
cooling liner, fuel expulsion system. Ramjet propulsion system 
works on principle of Brayton cycle where, the supersonic 
atmospheric air enters into the air intakes by a series of oblique 
shocks before the presence of normal shock and there after the 
flow gets mixed with fuel; combusts and expands in nozzle to 
provide necessary thrust to the supersonic vehicle. 

Intakes of the supersonic vehicle is detrimental in 
performance of the ramjet engine. Intakes also plays an 
important role in vehicle dynamics and over efficiency of the 
system. 

Higher pressure recovery, flow uniformity and 
compatibility with combustor are the design criteria for the 
supersonic intakes1. Aerodynamics of the flow inside air 
intakes is quite complex which includes a series of oblique 
shocks and the separation of supersonic flow and subsonic flow 
by a normal shock. Intakes also shall crater for the removal 
of adverse boundary layer by bleeding to obtain a stable 
subcritical operation. 

Atomisation of fuel into finer spray, coupling of liquid and 
gas phases, providing sufficient energy for ignition and flame 
stabilisation of the complexities that are to be addressed during 
the design of liquid fuel ramjet combustor. Insufficient mixing 
of fuel and air causes unstable combustion and the combustor 
with appropriate fuel injection system is designed to obtain a 
stable flame and high combustion efficiency2.

With the aid of high end parallel computing CFD became 
a tool for designers of aerospace applications3. 

CFD was extensively used for establishing flow structures 
and characteristics of intakes4. Also, reacting flow simulations 
for a liquid fuel ramjet combustor are carried out and are 
compared with experimental results.5 Flow simulations are 
performed for entire missile configuration including external 
and internal flows and the performance predictions were 
carried out6-8. Even though the simulations are carried out for 
entire missile configuration, no literature evidence of the CFD 
simulation for entire propulsion system, modeling combustion 
reactions, seems to be available.

In the present work, CFD simulations are performed for 
the entire propulsion system including air intakes, combustor 
and nozzle. The simulations are carried out with an objective 
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of obtaining flow behavior in air intakes coupled with chemical 
reactions in combustor. This work gives us the insight of the 
effect of the flow in the intakes because of the heat release 
occurring in the combustor. The interaction between the intakes 
and the combustion can be better understood. Simulation of 
intakes along with combustion is a difficult task because of 
complexity in the flow phenomenon and stiff chemistry. Details 
of the connect pipe testing whose results are used to compare 
with the results obtained using CFD analyses is not in the scope 
of the present work and this work is mainly concentrated on the 
methodology to carryout CFD simulations for the entire LFRJ 
propulsion system. 

2. VALIDATION STUDIES
Validation for the reacting flow is performed using the 

testing data of a liquid fueled ramjet combustor for which 
extensive in house test data is available. Considered LFRJ 
combustor is having four circular air inlets which dumps air 
flow into the combustor. V-gutter type flame holders are used 
for stabilising the flame. Model of the combustor highlighting 
the flame holder for the present combustor is shown in Fig. 1.

The flame holder is made of two circular V-gutter and 4 
radial V-gutters. Fuel is injected through plain orifice injectors.
Reacting flow simulations are performed for the combustor 
and the results obtained from the CFD analyses are found to 
be having good match with that of the values obtained from 
connect pipe testing5. 

Particle tracks of the discrete phase fuel particles colored 
by the droplet diameter are plotted in Fig. 2. It is observed 
that most of the fuel particles are concentrated near to the core 
region. Contours of temperature along the length of the domain 
are shown in Fig. 3.

Results obtained from the CFD analyses are compared 
with that of the measure values in the test bed and are tabulated 
in Table 1. 

The values taken from the CFD results are values at the 
points corresponding to the measured locations. C* efficiency 
estimated from CFD and experiments is compared in Table 
1, and a good match is observed between experiments and 
CFD. The pressure values are normalised with that of the static 
pressure at the inlet location.

3. LFRJ PROPULSION SYSTEM
With the confidence gained from the validation studies, 

flow analyses over the entire LFRJ propulsion system is 
attempted. As mentioned, air intakes, combustor and nozzles 
of LFRJ propulsion system is considered for the analyses. 

LFRJ propulsion system consists of four numbers of 
rectangular air intakes for obtaining required amount of air 
mass flow rate. Air intakes are designed with multiple ramp 
system before normal shock for a supercritical margin more 
than 10 % at design condition. Compressed air enters into the 
combustor with multi stage fuel injections. Flame stabilization 
is achieved by using v-gutters. Sketch of the complete LFRJ 
propulsion system is shown in Fig. 4.

4. PARAMETERS OF INTREST
From the analyses of the complete LFRJ propulsion 

Figure 2. Particle tracks showing fuel droplets.

Figure 3. Temperature distribution in combustor.

Table 1.  Comparison of CFD results and experimental 
values–validation studies

CFD Expt

Chamber pressure bar 2.83 3.0 ± 0.10

Gas temperature K 1750 1733

Total pressure at inlet bar 3.08 3.38 ± 0.10

C* efficiency - 91.06 91.69 ± 3

Figure 4.  Sketch of complete LFRJ propulsion system (not to 
scale).

Figure 1. Model of the combustor used for validation.
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Figure 5. Surface mesh over the flame holder.

system, the following performance parameters are achieved. The 
following stations are identified for defining the performance 
parameters of the propulsion system.

Station 1 is before intake
Station 2 is at the end of diffuser of intake
Station 3 is at the end of combustion zone
Station 4 is at the end of nozzle
The following performance parameters are defined for the 

propulsion system
• Pressure recovery of air intake

𝑃𝑃𝑃𝑃 = 𝑃𝑃02
𝑃𝑃01

 𝑋𝑋 100 

𝜂𝜂𝐶𝐶∗ =  𝐶𝐶∗𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶∗𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝐼𝐼 𝑋𝑋 100 

𝐶𝐶∗ =  𝑝𝑝𝑐𝑐𝐴𝐴𝑡𝑡
�̇�𝑚  

𝐶𝐶12𝐻𝐻23 + 11.75 𝑂𝑂2 → 12 𝐶𝐶𝑂𝑂 + 11.5 𝐻𝐻2𝑂𝑂 

𝐶𝐶𝑂𝑂 + 0.5 𝑂𝑂2 → 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 

𝑂𝑂2 +  𝑁𝑁2  →  2𝑁𝑁𝑂𝑂 

𝑟𝑟 = 𝐴𝐴𝑇𝑇𝑛𝑛𝑇𝑇𝑜𝑜
−𝑇𝑇𝑎𝑎

𝑇𝑇 𝑌𝑌𝛼𝛼
𝑛𝑛𝛼𝛼𝑌𝑌𝛽𝛽

𝑛𝑛𝛽𝛽  

 

• Mass Capture Ratio
Mass Capture Ratio (MCR) is defined as ratio of actual 

mass captured by the intake to the ideal mass capture
• C* efficiency

 

𝑃𝑃𝑃𝑃 = 𝑃𝑃02
𝑃𝑃01

 𝑋𝑋 100 

𝜂𝜂𝐶𝐶∗ =  𝐶𝐶∗𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶∗𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝐼𝐼 𝑋𝑋 100 

𝐶𝐶∗ =  𝑝𝑝𝑐𝑐𝐴𝐴𝑡𝑡
�̇�𝑚  

𝐶𝐶12𝐻𝐻23 + 11.75 𝑂𝑂2 → 12 𝐶𝐶𝑂𝑂 + 11.5 𝐻𝐻2𝑂𝑂 

𝐶𝐶𝑂𝑂 + 0.5 𝑂𝑂2 → 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 

𝑂𝑂2 +  𝑁𝑁2  →  2𝑁𝑁𝑂𝑂 

𝑟𝑟 = 𝐴𝐴𝑇𝑇𝑛𝑛𝑇𝑇𝑜𝑜
−𝑇𝑇𝑎𝑎

𝑇𝑇 𝑌𝑌𝛼𝛼
𝑛𝑛𝛼𝛼𝑌𝑌𝛽𝛽

𝑛𝑛𝛽𝛽  

 

where, 

𝑃𝑃𝑃𝑃 = 𝑃𝑃02
𝑃𝑃01

 𝑋𝑋 100 

𝜂𝜂𝐶𝐶∗ =  𝐶𝐶∗𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶∗𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝐼𝐼 𝑋𝑋 100 

𝐶𝐶∗ =  𝑝𝑝𝑐𝑐𝐴𝐴𝑡𝑡
�̇�𝑚  
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𝑟𝑟 = 𝐴𝐴𝑇𝑇𝑛𝑛𝑇𝑇𝑜𝑜
−𝑇𝑇𝑎𝑎

𝑇𝑇 𝑌𝑌𝛼𝛼
𝑛𝑛𝛼𝛼𝑌𝑌𝛽𝛽

𝑛𝑛𝛽𝛽  

 

 

5. METHODOLOGY
Numerical simulations using commercially available CFD 

software have been described in validation studies. Geometry 
of the propulsion system includes four numbers of air intakes. 

Taking into account of periodicity of the propulsion system, 
a 90˚ sector was modelled. At the exit of the combustor, the 
domain is extended by 5 times the radius of combustor in 
length and 3times the radius of the combustor so as to model 
the atmosphere condition exactly as per the test. A tetrahedral 
mesh of around 12 million cells is generated and the boundary 
layer is simulated with 5 numbers of prism layers with a wall 
Y+ > 50 so as to avoid laminar-turbulent transition zone. 

Surface mesh over the flame holder is shown in Fig. 5. 
All the complex features of the flame holder can be observed 
here. 

Surface mesh over the 2D air intake is shown in  
Fig. 6. Modelling of the ramps, bleed and cowl regions can be 
identified in Fig. 6. Mesh that is refined near to the ramps to 
resolve shock structures. 

Governing Eqn. are solved with density based coupled 
solver. Reacting flow analyses were carried out for various 
ramjet operating conditions to check the flow interaction 
between intake and combustor. Among the given operating 
conditions, one of the condition is shown in Table 2. Flow is 
treated to be compressible since density varies as a function of 
temperature.Pressure far field condition with the given pressure 
and temperature as given in Table 2 along with Mach number 
is specified as inlet condition. Fuel is injected in droplet phase 
with an equivalence ratio of xx over the fuel injectors located 
on as an integral part of flame holder.

Combustion chemistry of jet A /air9 is modelled using glo-
bal three step mechanism for C12H23 with six species. 

The three steps of reaction are as follows:

𝑃𝑃𝑃𝑃 = 𝑃𝑃02
𝑃𝑃01

 𝑋𝑋 100 

𝜂𝜂𝐶𝐶∗ =  𝐶𝐶∗𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶∗𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝐼𝐼 𝑋𝑋 100 

𝐶𝐶∗ =  𝑝𝑝𝑐𝑐𝐴𝐴𝑡𝑡
�̇�𝑚  

𝐶𝐶12𝐻𝐻23 + 11.75 𝑂𝑂2 → 12 𝐶𝐶𝑂𝑂 + 11.5 𝐻𝐻2𝑂𝑂 

𝐶𝐶𝑂𝑂 + 0.5 𝑂𝑂2 → 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 

𝑂𝑂2 +  𝑁𝑁2  →  2𝑁𝑁𝑂𝑂 

𝑟𝑟 = 𝐴𝐴𝑇𝑇𝑛𝑛𝑇𝑇𝑜𝑜
−𝑇𝑇𝑎𝑎

𝑇𝑇 𝑌𝑌𝛼𝛼
𝑛𝑛𝛼𝛼𝑌𝑌𝛽𝛽

𝑛𝑛𝛽𝛽  

 

         (1)

𝑃𝑃𝑃𝑃 = 𝑃𝑃02
𝑃𝑃01
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𝑟𝑟 = 𝐴𝐴𝑇𝑇𝑛𝑛𝑇𝑇𝑜𝑜
−𝑇𝑇𝑎𝑎

𝑇𝑇 𝑌𝑌𝛼𝛼
𝑛𝑛𝛼𝛼𝑌𝑌𝛽𝛽

𝑛𝑛𝛽𝛽  

 

           (2)

𝑃𝑃𝑃𝑃 = 𝑃𝑃02
𝑃𝑃01

 𝑋𝑋 100 

𝜂𝜂𝐶𝐶∗ =  𝐶𝐶∗𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
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𝑂𝑂2 +  𝑁𝑁2  →  2𝑁𝑁𝑂𝑂 

𝑟𝑟 = 𝐴𝐴𝑇𝑇𝑛𝑛𝑇𝑇𝑜𝑜
−𝑇𝑇𝑎𝑎

𝑇𝑇 𝑌𝑌𝛼𝛼
𝑛𝑛𝛼𝛼𝑌𝑌𝛽𝛽

𝑛𝑛𝛽𝛽  

 

            (3)
Combustion is simulated using combined finite rate and 

eddy dissipation model. Finite rate of reaction is modeled 
using Arrehenius rate of reaction given by:

𝑃𝑃𝑃𝑃 = 𝑃𝑃02
𝑃𝑃01

 𝑋𝑋 100 

𝜂𝜂𝐶𝐶∗ =  𝐶𝐶∗𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶∗𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝐼𝐼 𝑋𝑋 100 

𝐶𝐶∗ =  𝑝𝑝𝑐𝑐𝐴𝐴𝑡𝑡
�̇�𝑚  

𝐶𝐶12𝐻𝐻23 + 11.75 𝑂𝑂2 → 12 𝐶𝐶𝑂𝑂 + 11.5 𝐻𝐻2𝑂𝑂 

𝐶𝐶𝑂𝑂 + 0.5 𝑂𝑂2 → 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 

𝑂𝑂2 +  𝑁𝑁2  →  2𝑁𝑁𝑂𝑂 

𝑟𝑟 = 𝐴𝐴𝑇𝑇𝑛𝑛𝑇𝑇𝑜𝑜
−𝑇𝑇𝑎𝑎

𝑇𝑇 𝑌𝑌𝛼𝛼
𝑛𝑛𝛼𝛼𝑌𝑌𝛽𝛽

𝑛𝑛𝛽𝛽  

 Constants of Arrhenius rate for each of the reaction8are 
tabulated in Table 3.

Figure 6. Surface mesh over 2D air intake.

Table 2. Free stream conditions 

Air static pressure bar 0.55
Air static temperature K 271

Table 3. Arrhenius rate constants of the reactions

A
[m,kg, mol, s] nT nC12H nO2 nCO NN2 Ta[K]

1.04 x10 9 0 1.0 0.5 10108

4.04 x10 8 0 0.5 1.0 6047

7.14 x10 13 0.5 0.5 1.0 38440

Droplet distribution in the fuel spray is considered to be 
varying according to Rosin-Rammler distribution. Fuel particles 
are injected as a hollow cone and the point properties of the 
fuel particles are calculated from cross flow correlations10.

6. RESULTS AND DISCUSSIONS
Each number contours obtained by the CFD analyses 

are shown in Fig. 7. All the flow features, that are captured in 
CFD analyses are seen in Fig. 7. Multiple oblique shocks that 
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flame is observed in Fig. 8(b). From Fig. 8, it is observed that 
the radial spread of flame is less at a plane in line with intakes 
than at the regions in between intakes, this is because of the 
high velocities of the flow from the intake. It is observed that 
the radial v-gutter located in between air intakes is seen to be 
holding the flame and the flame spread in the radial direction 
is much better than the radial v-gutter located at a plane in line 
with air intakes. 

Results obtained from CFD are compared with that of 
the experimental tests of connect pipe mode, and the values 
are shown in Table 4. The pressure values are normalized with 
that of inlet static pressure. From Table 4, the values that are 
obtained from the connect pipe tests are compared with the 
CFD values. 

(a)

(b)
Figure 7.  Mach number contours resolved at a plane in line 

with intakes; (a) Flow field in the propulsion system 
and (b) Shock structure of intake.

(a)

(b)
Figure 8.  Temperature contours along the combustor; (a) 

Contours of temperature in a plane in line with air 
intakes and (b) Contours of temperature at a plane 
in between air intakes.

are formed at the ramps of intake and the normal shock in the 
diffuser is clearly observed and are highlighted in Fig. 7(b).

Shock diamonds because of the under expansion of the 
nozzle are observed at the exit of the nozzle and are shown 
in Fig. 7(a). Distribution of temperature along the domain is 
shown using temperature contours in Fig. 8. Flame holding near 
to the central v-gutter is observed in Fig. 8(a) and spreading of 

Table 4. Comparison of results

Parameter CFD Expt

PR % 63.36 -
MCR - 0.86 -
P0.4
(normalised) kPa 329.6 325.4

P4
(normalised) kPa 269.6 278.6

T0.4 K 1585 1697

M4 - 0.54 0.5

A close match in the chamber pressure is observed. Mach 
number obtained in the CFD simulations is also found to be 
in close match with the experimental values. Wind tunnel 
measurements are needed to compare pressure recovery and 
mass capture values, which are not addressed in this work. A 
difference of around 100 K in the total temperature is observed. 
This difference can be attributed to both combustion model in 
CFD and the error in the measurements.  

7. CONCLUSIONS
Reacting flow simulation were carried out using 

commercially available CFD software over a Liquid Fuel 
Ramjet combustor. CFD results obtained are found to be 
with good agreement with the experimental values. In order 
to obtain the flow parameters at various stations of liquid 
fuel ramjet combustor, CFD analyses is carried out for the 
entire propulsion system. All complex geometrical features 
are resolved and a mesh of 12 million cells is generated. To 
resolve compressibility of flow, density is treated to be varying 
as a function of temperature. Combustion chemistry of Jet A /
air is modelled using global three step mechanism for C12H23 
with six species. CFD analyses is carried out for one of the 
operating condition. Multiple oblique shocks that are formed 
at the ramps of intake and the normal shock in the diffuser 
is clearly observed in the Mach contours. Distribution of the 
temperature and the spread of flame is seen are observed 
through temperature contours. Chamber parameters obtained 
through the connect pipe tests are compared with that of CFD 
values and a reasonable match is observed between CFD 
and experiments. This work forms the basis for arriving at 
modification in flame holder and injection geometry to increase 
combustion efficiency of ramjet combustion chamber.
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