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Introduction

Ramjet engines operate at extreme temperatures that pose significant challenges to the structural integrity
of combustion chamber walls. The combustion gas temperatures frequently exceed the working limits of
conventional wall materials, necessitating effective thermal protection systems [1]. Among various
cooling strategies, film cooling has emerged as a promising technique for ramjet combustors, involving
the injection of cooler bypass air along the wall surface to create an insulating layer between the hot
combustion gases and the wall [2].

The performance and efficiency of ramjet and scramjet engines are closely linked to the combustion
gas temperature and pressure. The gas temperature can be increased as long as it does not damage the
combustor structure [3]. Due to oxidation, thermal wear, and the combustion temperature exceeding the
working limit of wall materials, a suitable cooling or thermal protection system is required. Various
cooling and protection methods for ramjet and scramjet engines include film cooling, effusion cooling,
transpiration cooling, ablative material protection, radiation protection, and the use of nanomaterials [4].

While extensive research has been conducted on film cooling in turbine engines, studies specifically
addressing ramjet combustor configurations remain limited. Baldauf et al. [S] demonstrated that
decreasing the distance between holes increases film cooling effectiveness, as a greater amount of
coolant is spread over the wall for a given length. Colban et al. [6] found that the effectiveness of film
cooling near the injection point depends on the coverage ratio, while at farther distances, the hole spacing
becomes more influential. Key parameters influencing film cooling effectiveness include injection
geometry, coolant mass flow rate, injection angle, and the interaction between the coolant jet and the
mainstream flow [6, 7].

This study aims to numerically investigate and compare three film cooling configurations—simple
slot, splash cooling, and perforated ring—under representative ramjet operating conditions. The research
incorporates conjugate heat transfer through a finite-thickness wall and accounts for internal radiation
effects, providing a comprehensive assessment of cooling performance. The primary novelty lies in the
specific application to ramjet combustors and the detailed evaluation of design parameters including tab
height-to-slot ratio, injection angle, and their influence on wall temperature distribution and cooling

effectiveness.
Methodology

Problem Description

The combustion chamber has an inner diameter of 288 mm, outer diameter of 290 mm, wall thickness of 1 mm, and
length of 500 mm. The engine operates at 10 km altitude with a flight Mach number of 3. The combustor inlet
Mach number is 0.2, with inlet conditions of pressure 663.1 kPa and temperature 621.3 K, determined assuming
isentropic compression in an ideal diffuser using thermodynamic relations [22]:
T, 1+Mai(y—-1)/2

T, 1+Ma(y-1)/2

=) G @
T, P,/ \Ma,

The working fluid is air modeled as an ideal gas, with kerosene (Cy » H» 3 ) as fuel. The combustor wall is
Hastelloy X superalloy. Combustion was modeled using a 25% excess air reaction, with the effect applied by

(1)

imposing equivalent hot combustion products at the combustor inlet, treating the internal flow as non-reacting [23].
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Numerical Approach

The numerical simulations were performed using Ansys Fluent with the finite volume method. The governing
equations for steady, compressible, non-reacting flow were solved, including continuity, momentum, energy, and
heat conduction through the solid wall:

Continuity:

ap o
ET +V.(pv) =0 (3)

Momentum:
a(p?v)
ot
Energy:

+V.(ppD) = —VP + V. (1) + pg (4)

%(pE) +V.(B(E + P)) = V. (KVT + (1.9)) (5)

Heat conduction in the wall:
d
3t (ph) + V. (¥ph) = V.(KVT) (6)

The k- SST turbulence model was chosen for its accuracy in capturing boundary layer and near-wall flow
characteristics. Radiation heat transfer was modeled using the Discrete Ordinates (DO) method, with the absorption
coefficient determined using the Weighted-Sum-of-Gray-Gases Model [24].

The computational domain was simplified to an axisymmetric 2D geometry. The density-based solver with
coupled pressure-velocity algorithm was selected, with second-order discretization for all equations. Convergence
criteria of 1001[] were applied. Structured grids with boundary layer refinement (y+ < 1) were generated using
ICEM CFD, with 43,148 cells selected following grid independence verification.

Cooling effectiveness is calculated as:

— (Tw,in - Ta)
= / (Ty = T,) 7)

Boundary Conditions

Inlet: Hot combustion products (25.3 kg/s, 2201 K) enter the combustor; bypass cooling air (9.1 kg/s, 621 K) enters
the annulus; operating pressure 663 kPa.Wall: Outer shell at 621 K with emissivity 0.4; combustor wall surfaces
coupled for conjugate heat transfer; Hastelloy X with emissivity 0.7. Outlet: Pressure outlet.

Validation

The model was validated against the empirical correlation by Lefebvre et al. [25]. The simulation results
showed excellent agreement with the empirical correlation, with a maximum relative error of less than

10%, confirming the validity of the numerical model.
Results and Discussion
Simple Slot Configuration

The simple slot configuration with a 2 mm width was investigated, both as a vertical slot and with a 120°
angle. The simple slot proved ineffective at properly introducing coolant into the combustor. The coolant
film rapidly mixed with the hot gases, resulting in limited wall protection and significant temperature
gradients. For the studied ramjet engine, methods relying on pressure gradients or flow impingement are

required.
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Splash Cooling Configuration

The splash cooling method, incorporating a tab on the inner wall, demonstrated superior performance.
Simulations were performed for different tab heights (3 and 5 mm) and lengths, with length-to-height
ratios of 2, 4, and 6.

For a tab height of 3 mm, increasing the tab length from 6 to 18 mm extended the non-critical wall length from
19 to 41 mm while maintaining similar coolant mass flow rates (385-392 g/s). This indicates improved film stability
and uniformity. With a 5 mm tab height, coolant flow rates increased to approximately 490-520 g/s, with non-
critical wall lengths reaching 60-93 mm for the longest configurations. Increasing slot width from 2 to 5 mm further
enhanced protection, demonstrating the importance of the tab height-to-slot width ratio. Ratios of 1.0 or greater
yielded the most favorable performance.

The addition of five cooling rows significantly improved overall wall temperature distribution. Internal radiation

was identified as a major heat transfer mechanism, with radiation heat flux sometimes exceeding convection.
Perforated Ring Configuration

In the perforated ring method, simulations were performed for injection angles of 105°, 120°, 135°, and
150°. Decreasing injection angle from 150° to 105° increased non-critical wall length from 20 mm to 60
mm, while coolant mass flow rates increased from 240 to 570 g/s. Smaller injection angles maintained
the coolant film closer to the wall, reducing mixing with the hot gases and extending cooling
effectiveness.

The addition of a tab in the perforated ring configuration at 120° injection angle increased non-critical wall
length from 46 to 60 mm while only marginally increasing coolant flow rate. The tab also reduced temperature

gradients at the end of each ring, beneficial for thermal stress management.
Conclusion

This numerical investigation of film cooling configurations in a ramjet combustor yields the following key
conclusions:

1. Model Validation: Comparison of numerical results with experimental data confirms the high accuracy and
validity of the numerical method for analyzing film cooling effectiveness, with relative errors below 10%.

2. Simple Slot Limitations: Simple slot configurations are ineffective for ramjet applications, with coolants rapidly
mixing and providing limited wall protection.

3. Splash Cooling Performance: The tab height-to-slot width ratio critically influences cooling performance, with
ratios > 1.0 providing superior effectiveness. Increased tab length improves film uniformity before entering the
combustion chamber.

4. Perforated Ring Performance: Smaller injection angles maintain the coolant film closer to the wall, extending

cooling effectiveness. Tab incorporation reduces temperature gradients and improves overall performance.
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