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Article type In this study, an air intake was designed for the combustion chamber of a supersonic projectile

Research Article operating at flight conditions of Mach 3.4 and an altitude of 15 km. Initially, a three-dimensional
design methodology for the supersonic air intake is presented. Subsequently, the designed intake
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was integrated with the combustion chamber, and its performance was evaluated. To ensure the
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Accepted 2025.12.24 combustion chamber. The results indicate that the air intake’s performance closely aligns with
Available online 2025.12.31 the calculated theoretical values. The maximum error observed was 6.25%, corresponding to the

Mach number at the first section of the intake. The obtained total pressure recovery factor also
Keywords showed a 2.43% difference compared to the calculated values. The performance of the
Hypersonic Projectile combustion chamber, using the airflow supplied by the intake, was examined, yielding a
Combustion Chamber combustion temperature of 1298 K and a combustion efficiency of 83.5%. Furthermore, the

Supersonic Air Inlet

. . - distance between the air inlet and the fuel injection point was reduced to investigate its effect on
Numerical Simulation

combustion. It was determined that at a distance-to-diameter ratio of 1, the combustion efficiency
increased by 3.9%.

Introduction

The main objective of this paper is to numerically simulate the effects of the air intake geometry on the
combustion chamber performance of a supersonic projectile. The geometry of the combustion chamber is
predefined, and its combustion conditions, including the oxidizer inlet mass flow rate supplied by the air intake,
are known. Therefore, based on the design requirements of the combustion chamber and the flight conditions, it is
necessary to design an air intake capable of delivering the oxidizer into the combustion chamber under specific
flow conditions. Following the design phase, the final geometry is modeled, and the flow behavior from the air
intake to the nozzle exit is simulated using Computational Fluid Dynamics (CFD) analysis using ANSYS Fluent
software. The combustion efficiency can then be determined based on the simulation results.

In general, the novelties of this research can be summarized as follows:

e Design of an air intake for a ducted ramjet.

e Integration of the combustion chamber and the air intake of the ducted ramjet, and simulation under
semi-free stream flow conditions.

e Numerical simulation of the integrated geometry and the simultaneous determination of the
performance parameters for both the air intake and the combustion chamber.

Furthermore, the distance between the air intake and the fuel injection location was varied. This distance,
defined as a ratio of the chamber diameter, was initially set to 1.75 times the diameter in accordance with the
combustion chamber requirements. After conducting the initial analyses and evaluating the aforementioned
outputs, this distance ratio was reduced to 1 in order to investigate its effect on the combustion efficiency.

Methodology

Initially, an air intake was designed at the design point conditions. Upon solving the complete set of design
equations, the dimensions of the supersonic diffuser, which are labeled in accordance with Figure 1, are obtained
as the values listed in Table 1:
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Table 1- supersonic diffuser dimensions

Parameter Value
Hy 61 cm
Lip 136.95 cm
Lsup wedgel 73.8095 cm
Lsup wedge2a 63.14 CIZrl
Ay 0.12m
A, 0.06421 m?
At 0.02 m?
Hyp 15.06 cm
Lsup wedge2b 13.55 cm
Lsun 150.5 cm

Lsupwedge 2a Lsupwedge2b
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Figure 1- Associated dimensions of the supersonic diffuser

Results

The simulation of the final geometry was conducted under semi-free stream condition. In this simulation
approach, a small computational domain is modeled upstream of the inlet opening to capture the free stream flow
behavior around the air intake entrance.

Table 2 illustrates the performance of the air intake, comparing the numerical values against theoretical
predictions. The results demonstrate that the Mach number at each cross-section and the pressure recovery within
the air intake have been simulated and calculated with satisfactory accuracy.

Table 3- Comparison between theory and CFD results

Parameter Theory results CFD results Error (percent)
M 2.88 2.70 6.25
Ms 2.37 2.48 4.64
My 1.85 1.78 3.82
Meh 0.3 0.32 6.6
Total pressure recovery 0.7 0.673 2.43

Determining the stagnation pressure at the combustion chamber inlet, which effectively indicates the total
pressure recovery of the intake, is one of the primary reasons for conducting the numerical analysis. According to
the initial theoretical assessment, the total pressure recovery was approximately 0.967; however, this preliminary
analysis was performed without accounting for realistic effects such as viscosity, turbulence, and the shock train.
In the numerical CFD analysis, by incorporating these factors alongside other elements that bring the simulation
closer to real-world conditions, the stagnation pressure of the inlet flow to the combustion chamber was obtained
as 535.74 kPa, resulting in a pressure recovery of 0.673. The obtained numerical value exhibits a 2.52% deviation
from the value targeted during the design process. This small margin of error demonstrates that the air intake is
well-designed at the design point and is capable of effectively controlling the incoming airflow, delivering it into
the combustion chamber with an acceptable pressure drop.

The temperature T¢rppresent in the efficiency calculation formula corresponds to the temperature distribution
at the nozzle throat. The total temperatures of the fuel and the inlet air are 300 K and 717 K, respectively. By
calculating the mass-weighted average of the total temperature at the throat, the value of T¢ppis found to be
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1298 K. The theoretical temperature was calculated using the CEA (Chemical Equilibrium with Applications)
software, yielding a value of 1412 K. Therefore, the combustion efficiency is calculated as 0.835, which is a
highly acceptable value for the combustion process of a ducted ramjet missile.

Next, the impact of varying the distance between the fuel injection location and the air inlet on the combustion
process was investigated. This distance was reduced from 1.75D to 1D. Subsequent analysis revealed that the
overall air intake performance remained consistent with previous results, and the inlet air mass flow rate did not
change; however, notable variations occurred in the temperature distribution and combustion efficiency. Mixing
in the 1D geometry occurred earlier in the domain; the maximum temperature increased from 2110 K to 2137 K,
but conversely, the spatial distribution of this maximum temperature zone decreased. The mass-averaged
combustion temperature increased from 1298 K to 1325 K. This 2% increase indicates an improvement in
combustion performance. Consequently, the combustion efficiency also experienced a 3.9% increase, rising from
83.5%to 87.4%. Overall, it can be concluded that reducing this axial distance had a positive impact on the
combustion performance.

Conclusions

e Inthe integrated analysis, the air intake efficiency exhibited a 3.8% deviation compared to the calculated
theoretical value. This discrepancy is attributed to the three-dimensional nature of the geometry, the
precise modeling of flow viscosity, and the inherent viscous and shock losses along the flow path.

e The maximum deviation in the Mach number within the air intake occurred at the first cross-section,
which did not exceed 6.25% relative to the theoretical value. Considering the negligible difference
between the simulated mass flow rate entering the combustion chamber and the required mass flow rate
for combustion, it can be stated that the air intake design was executed correctly.

e To evaluate the performance of the combustion chamber, based on the mass-weighted averaging method,
a combustion temperature of 2117 K was obtained inside the chamber. Using this temperature alongside
the theoretical combustion temperature, the combustion chamber efficiency was determined to be 83.5%.

e Based on the efficiencies calculated within the semi-free stream flow simulation, it can be concluded that
a suitable air intake for the combustion chamber of a ducted ramjet was successfully designed for the
specified flight conditions.

e By reducing the distance between the fuel injection location and the air intake from 1.75 times the
diameter to 1 times the diameter, the mixing of fuel and oxidizer in the initial region of the combustion
chamber improved, thereby increasing the effective residence time available for chemical reactions. This
modification led to an earlier onset of combustion, reduced the loss of unburned fuel downstream, and
ultimately resulted in an enhanced combustion efficiency.
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Table 1- Requirements for intake design

Parameter Value
Mach number at cruise 34
Mach number at combustor inlet 0.35
Altitude 15 Km
Mass flow rate of air 1.8 kg/s
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Figure 2- Performance comparison of 2-D, chin and axisymmetric inlets [29]
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Table 2- Pressure recovery for normal shock

M, Pwoo/Poo
1.0 1.00
1.3 0.98
1.6 0.90
2.0 0.72
2.5 0.50
3.0 0.33
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Figure 3- Plot of pressure loss after normal shock [29]
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Figure 4- Pressure recovery for different number of oblique shocks [29]
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Figure 5- Higher pressure recovery efficiency in invers compression [29]
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Figure 6- Pressure recover for different places relative to angle of attack [29]
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Figure 7- Supersonic intake conceptual design flowchart
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Figure 8- total wedge angle for different number of oblique shocks [29]
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Figure 9- Supersonic diffuser wedge angles and stations [33]
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Table 3- Calculated parameters for shocks

Parameter Value
A 9°
8, 11°
63 14°
I'A 24.01°
M, 2.88
B, 28.97°
M, 2.37
B3 36.43°
M, 1.85
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Table 4- Pressure recovery at each station and total

Parameter Value
iz 0.962
Preo i
Py,

— 0.96
ﬁtl
3
— 0.956
Il}z
t4
— 0.79
Pz
Total Pressure Recovery 0.6974
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Table 5- supersonic diffuser dimensions

Parameter Value
H, 61lcm
Lyp 136.95cm

Lsupwedge1 73.8095cm

Lsup wedge2a 63.14 cm
A, 0.12 m?
A, 0.06421 m?
Aen 0.02 m?
Hn 15.06 cm

Lsupwedgezb 13.55cm
Lgup 150.5 cm

Lsup
. -
Lsupwedgel Lsupwedge 2a Lsupwedge2b

g PO e e N Y

HO
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Figure 10- Associated dimensions of the supersonic diffuser [31]
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Figure 11- Schematic of the dimensions of the constant area throat [31]
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Table 6- Throat dimensions

Parameter Value
cx 67.78 cm
cy 1991 cm
ix 54.22 cm
iy 1593 cm
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Figure 12- Schematic of the inlet stations [31]
[¥1] (59959 3Ly (slaolKimm | Silois VY S

"x'i]c;" Cewd s (B) alal, 5l (oo W) @‘Wéaﬁ.cww&wfolimJ,@éamww

p Ac Ac
i(2+(y-1)Mz)#+—11) o ©
M y+1
""’]u‘" Cewd &3 (F) alayly 5l 5l il alhdors alade Coluwe aseil )0
Och PtO
= *)
o Op Ptch
o 5o 0 00,51 (F) Jsaz 10 5 drlore calies sbolKins! (g,Lid Sbsk Do @sile jjemins slal yusd ik |
P
£ = 1434 )
Ptch
e g
a,
—" = 0.2873 )
0y
1w 00 0'3)5] (V) J}.\? o9 d.».wL?oe A_aa.oo ujv)LO ))9.».0.».) Ol.u‘ ul.:la BEK)
Gy 33ko 33903 Slasl ¥ Jgux
Table 7- Subsonic diffuser dimensions
Parameter Value
A, 0.02 m?
H., 38.13cm
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Figure 13- Subsonic diffuser schematic [31]
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Table 8- Mesh independence of validation geometry

No. Elements Combustion total temperature Error relative to experimental value
532,874 8743 16.3 %
987,236 974.1 6.7 %
1,845,264 1000.8 4.2 %
3,159,748 1003.8 3.9%
- Fuel inlet
B 2ir inlet
. symmetry
. outlet

Figure 14- Boundary condition and meshing for validation domain [35]
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Table 9- Fluent setting for validation analysis

Viscous model

K-Epsilon Realizable

Radiations P1
Combustion Non-Pre mixed
Air flow rate (for %4 domain) 9.412 kg/s
Fuel flow rate (for ¥4 domain) 0.235 kg/s
Scheme Coupled
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Figure 15- Static temperature comparison between [35] and current analysis
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Figure 16- Combustor dimensions
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Figure 17- Boundary condition for integrated intake and combustor
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Figure 18- Mesh independence investigation for integrated geometry
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Figure 19- Mesh on intake and combustor
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Table 10- fluent setting for integrated intake and combustion simulation
Base Pressure Based
Viscous model K-E realizable
Pressure far field Mach number=3.4 and Temperature=216 kelvin
Fuel flow rate (for /2 domain) 0.09 kg/s
Combustion Non-Pre mixed
Oxidizer temperature 717 Kelvin
Scheme Coupled
Courant number 10
Pressure equation Presto!
Density equation Second order upwind
Momentum equation Second order upwind
Under relaxation factor for pressure 0.1
Under relaxation factor for momentum 0.1
Under relaxation factor for density 0.1
Under relaxation factor for kinetic 0.3
Under relaxation factor for energy 0.3
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Table 11- Comparison between theory and CFD results

Parameter Theory results CFD results Error (percent)
M, 2.88 2.70 6.25
M; 237 2.48 4.64
M, 1.85 1.78 3.82
M 0.3 0.32 6.6
Total pressure recovery 0.7 0.673 243
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Figure 20- Mach number contour at intake
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Figure 21- Mach number and static temperature at each station
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Figure 22- Static temperature contour at intake
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Figure 23- Static temperature contour at combustor
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Figure 24- Total pressure contour at combustor
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Figure 25- The distance between the air inlet and fuel injection in the two geometries studied
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Figure 26- Total pressure contour in the combustion chamber in the original geometry (top) and 1D geometry (bottom)
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Figure 27- Streamlines in original geometry (top) and 1D geometry (bottom)
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