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Abstract: A ramjet nozzle was designed for supersonic operating conditions and evaluated numerically using Ansys Fluent 16.1 over a range of chamber-to-ambient pressure ratios. The nozzle geometry was generated to achieve smooth, shock-free expansion under supersonic outflow conditions using the characteristic curve method at a specific nozzle chamber pressure and temperature using Matrix Laboratory (MATLAB) and then validated by comparing the numerical predictions with available experimental data. The results show that a pressure ratio of 57 provides the highest thrust coefficient (TC), while lower ratios lead to over-expanded flow and higher ratios to under-expansion with increased shock losses. Contours of pressure, temperature, and Mach number confirm the expected supersonic flow structure and demonstrate that the nozzle achieves optimum performance under the identified conditions. 
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Ramjet engines are used in high-speed aircraft engines. Historically, these engines are intermediate in the evolutionary chain of conventional jet engines and supersonic scramjet engines [1]. Their design is characterized by the simplicity of their design, as they work through a specific shape to convert the pressure and heat energy generated by combustion into kinetic energy, which is converted into thrust for the aircraft [2]. 

The nozzle plays a central role in ramjet engine behaves. It helps turn the heat from combustion into pressure and then into the speed needed to create thrust. The flow inside this part is not simple. It moves at supersonic speeds and carries strong changes in temperature and pressure [3]. The conditions of Ramjet engines work are hot, pressurized air, so the nozzle shapes both the thrust and the thermal load. Over the years, different studies looked at how the nozzle performs. Some focused on the flow shapes inside it, and others explored shocks, energy losses, or the heating that reaches the walls. Heiser et al. [1], Neill and Pesyridis [2], and Haidn [4] described the basic role of nozzles in high-speed propulsion. Svoboda [5] discussed high altitudes and limits that we try to work around. Several studies have examined supersonic flow inside nozzles, showing that it is essential to track shock-wave behavior, shock–boundary-layer interaction, and plume development [3, 6, 7]. Thermal and structural aspects of nozzles have explored in a way similiar to realistic conditions. Thongsri et al. [8] and Sheikh et al. [9]

examined heat moves through the walls, ablation starts, and thermal stresses. Their results suggest that the highest loads often appear near the throat. The load depend on how the insulation responds and the wall material changes with temperature. Li et al. [10] and Braun and Paniagua [11] also pointed out that cooling methods and integrated geometries offer suffice results when trying to manage temperature in detonation-based propulsion. The shape of the nozzle has its own influence. Zakharov et al. [12] studied the effect of the divergent section changes on the internal shock structure and pressure layout. Other studies turned to combustion stability and the link between the inlet and the nozzle [13–15].These works showed that the flow inside can be quite sensitive to backpressure. Baidya et al. [16] and Naidu and Bajaj [17] added that altitude, external expansion, and reflected shocks can change thrust and wall heating in different ways. In parallel, numerical efforts by Le Pichon and Laverdant [18], Kozelkov et al. [19], Wang et al. [20], and Shieh et al. [21] offered acceptable insights into shock wave, ramp type nozzles, and

https://doi.org/10.56578/ijcmem130416

993

[image: Image 4]

expansion-deflection layouts. Wang et al. [22] also showed materials wear by fluid–structure interaction. Across these studies, the focus evaluating of current nozzle shapes or modified designs for different operating conditions. 

Some researchers touched on effect of geometry changes but a smaller group worked on creating a full nozzle contour from the ground up. Their aim was to reach a smoother and shock-free supersonic expansion. Building on this body of research, the present study develops such a nozzle contour and evaluates its performance over a range of chamber-to-ambient pressure ratios, aiming to identify the conditions associated with optimal thrust and minimal shock losses. 

We note that all previous studies focused on studying pre-designed nozzles for specific engines with specific dimensions and studying the design parameters of the thermal and aerodynamic performance of these nozzles, without providing scientific details on their design. In this research, we will design the required nozzle for a ramjet engine under specific operating conditions using the characteristic curves method to design the divergent portion of the nozzle, ensuring isentropic flow throughout the entire divergent portion of the nozzle. We will also study the effect of changing the compression ratio (chamber to exit pressure ratio) on the thermal performance of this nozzle and the extent to which the aforementioned design is compatible with the characteristic curves’ method. 

This research aims to design a supersonic ramjet nozzle using a characteristic curve approach to ensure shock-free isentropic expansion at the design pressure ratio, and to study its thermal and pneumatic performance across a wide range of chamber-interface pressure ratios. It also aims to determine the optimal operating conditions for maximum thrust and to analyze the flow behavior under suboptimal operating conditions. The characteristic curves method was analyzed using Matrix Laboratory (MATLAB), while the thermal performance of the proposed design was studied numerically using Ansys Fluent 16.1. 

2 Materials and Methods

A ramjet engine is a supersonic engine that operates by converting the pressure energy generated by fuel combustion into the kinetic energy of the combustion gases, which provides the thrust necessary to propel the engine forward. Air enters the engine through an inlet shaped in a way that helps slow it down and raise its pressure. Inside this section, the flow becomes subsonic. After that, it mixes with fuel in the combustion chamber, forming gases at higher pressure and temperature [23]. 

These gases move toward the exit, which is a convergent–divergent nozzle. This nozzle guides the flow so it leaves at supersonic speed and provides the thrust the engine relies on. 

Compared with a conventional jet engine, a ramjet has a simpler layout. It does not include rotating parts which makes it more practical at supersonic speeds. The engine has four main elements: the air inlet, the combustion chamber, the nozzle, and the injection system. The last part helps spread the fuel inside the chamber and offer acceptable combustion results, as shown in Figure 1 [24]. 

Figure 1. Ramjet operation principles

The main distinction between ramjets and scramjets comes from the air fast inside the combustion chamber and engine work. In a ramjet, the air slows down to subsonic speed before combustion. The engine works reasonably well in the range between about Mach 1 and Mach 5. In a scramjet, the air keeps its supersonic speed through the combustor therefore it run at much higher speeds (Mach 15 or more). In simple terms, ramjets fit the supersonic range, while scramjets are meant for higher speeds, with changes in the combustor and nozzle that help keep the flame stable [25]. 

The ramjet nozzle is shaped to make good use of the combustion gases and produce the necessary thrust. Its geometry depends on the pressure and temperature inside the chamber. A convergent–divergent layout is used so the gases accelerate to supersonic speed while keeping energy losses at a acceptable level [26]. The design also tries to reduce reflections and flow disturbances inside the nozzle. Materials are chosen to tolerate the high temperatures created during combustio [27]. 

The design of convergent-divergent nozzles used in rocket engines depends primarily on the chamber pressure-to-back pressure ratio at a specific exit-to-throat nozzle cross-section ratio. When subsonic flow enters the convergent portion of the nozzle, the flow velocity increases and its pressure decreases as shown in the Figure 2. At a specific pressure ratio, the pressure at the nozzle throat decreases to the point where the flow becomes sonic. Below this 994
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pressure ratio, the flow throughout the nozzle remains subsonic. When the pressure at the throat reaches a value that makes the flow at the throat sonic, there are two possibilities: either the flow remains subsonic in the divergent portion, or it transforms to supersonic in the divergent portion, potentially generating shock waves in this portion and subsequently reverting to subsonic flow. All of these factors are primarily related to the chamber pressure-to-back pressure ratio [28]. 

Figure 2. Static pressure, static temperature, and Mach number along nozzle 2.1 Nozzle Design Using Characteristic Curves Method

The Method of Characteristics (MOC) provides an effective framework for generating smooth, shock-free contours for supersonic nozzles. For an isentropic two-dimensional supersonic flow, the Prandtl–Meyer function v(M ) defines the turning angle required to expand the flow from Mach 1 at the throat to a desired exit Mach number Me. It is given by
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On each characteristic line, there is a constant value K that satisfies the compatibility condition, given for each line by the relationship [18]:

K+ = θ − v(M)

(2)

K− = θ + v(M)

(3)

where, θ is the flow turning angle. These relations are used to construct a characteristic mesh extending from the sonic line at the throat to the nozzle exit. By enforcing the condition that all expansion waves terminate at the centerline and no reflected waves reach the exit, a smooth-wall contour is generated that yields shock-free, fully isentropic expansion. 

The MOC procedure used in this work follows standard nozzle-design formulations available in classical references such as Anderson [28] and Hoffman and Chiang [29]. The implemented MATLAB routine computes the wall coordinates by marching through the characteristic net, beginning with the initial expansion from the sonic throat and continuing until the desired exit Mach number is reached. The resulting contour ensures uniform exit flow and minimizes total-pressure losses. 

Knowing the Mach number at the nozzle exit and the radius of the nozzle neck, the diverging part of the nozzle can be designed to be free of any form of shock at the nozzle exit. 

The value of the Mach number at the exit can be calculated according to the following relationships [28]:
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where, Pr is pressure ratio, Po is ambient pressure, Pc is chamber pressure, Tr is temperature ratio, γ is specific heat ratio and equal 1.4 for air, R is gas constant, Tcr is critical temperature at throat, Tc is chamber temperature, Pcr is critical pressure at throat, Vcr is velocity at throat, Ve is velocity at nozzle exist, Te is temperature at nozzle exist, Ce is velocity of sound at nozzle exists, and Me is Mach number at nozzle exists [30]. 

The conditions for the surrounding medium at altitude can be calculated from the relationships. 

For h > 25,000 m, corresponding to the upper stratosphere [18]. 

T (C) = −131.21 + 0.0299h

(13)

T + 273.1 −11.388

P = 1000 × 2.488

(14)

216.6

For 11,000 m < h < 25,000 m agree to the lower stratosphere [17]:

T = −56.46C

(15)

Po = 1000 × 22.65 × e(1.73−0.000157 h)

(16)

For h < 11,000 m corresponding to troposphere [18]. 

T (C) = 15.04 − 0.00649h

(17)

T + 273.1 5.256

P = 1000 × 11.29

(18)

288.08

2.2 Mathematical Model

The numerical simulation was performed by solving the compressible Navier–Stokes equations together with the energy equation and turbulence transport equations. Because the flow inside the nozzle is supersonic and strongly compressible, a density-based solver was selected, which is appropriate for capturing shock waves, rapid density variations, and high-Mach-number effects [31]. 
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2.3 Continuity Equation

It shows the law of conservation of mass:
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where, ρ represents density. u, v, w are components of the velocity on the x, y, and z directions respectively [32]. 

2.4 Momentum Equations

This indicates the mathematical significance of Newton’s 2nd Law, momentum equation with respect to the x-axis [28]:
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Momentum equation on the y-axis:
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Momentum equation on the z-axis:
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where, P corresponds to pressure, g relates to the acceleration of gravity, and denotes viscosity as was provided according to the Sutherland correlation [21] in the viscous heating model. 

3 Energy Conservation Equation
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where, e is the internal energy [29]:

e = h − P/ρ + 1/2V 2

(24)

where, h is the enthalpy, ho is the stagnation enthalpy, τ is the shear stress [29]. 

The first term represented the mass’s energy’s time rate of change. The second term represented the energy carried away by the flow to and from the fluid’s main body due to movement of fluid. The third term represented the energy conducted into the system. The fourth term represented energy lost in the bulk because of viscosity. The fifth term represented the power that was thematically circulated in and out of the system through the volumetric forces that were exerted upon it. The sixth term represented the heating of the system because of the presence of an internal heat source [21]. 

Turbulence was modeled using the k − ω SST (M stress transport) model, which combines the near-wall accuracy of the standard k − ω formulation with the free-stream robustness of the k − ω model. This model is widely recommended for internal compressible flows with strong adverse pressure gradients and potential shock–boundary-layer interaction—conditions typical of ramjet and discharging coefficient (DC) nozzles. The SST formulation improves prediction of separation and wall heat transfer and is therefore suitable for the present thermal–aerodynamic analysis. 

Air was treated as an ideal compressible gas with temperature-dependent viscosity using Sutherland’s law. 

Second-order discretization schemes were applied to all governing equations to ensure adequate resolution of shocks and steep gradients. 

3.1 Geometry

The diverging portion of the nozzle is designed according to the pressure and temperature conditions of the chamber shown in the Table 1. 

The nozzle was drawn and designed using the characteristic curves method. The code was written in MATLAB

and the coordinates of the points on the nozzle wall were determined as shown in the diagram and Figure 3 and Figure 4. Then the nozzle was drawn using Solidworks. 

The studied geometric model represents the fluid field within the nozzle and the surrounding fluid, where the studied fluid is air as an ideal compressible gas whose properties are shown in the Table 2. 

Figure 5 shows the studied geometric model with the dimensions obtained for the diverging part using the characteristic curves method. 
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Table 1. The pressure and temperature conditions of the chamber Parameter

Value

Chamber pressure

2.27 MPa

Chamber temperature

1200 K

Altitude

7500 m

Specific heat ratio

1.4

Gas constant

355 J/(kg·K)

Figure 3. Matrix Laboratory (MATLAB) flow chart to determine the coordinates of the points on the nozzle wall Figure 4. Characteristic curve getting for 50 division

Table 2. Physical properties of air

Unit

Value

Quantity

kg/m3

Ideal gas law

Density ρ

J/(kg·K)

1006.43

Heat capacity cp

Pa·s

Sutherland

Viscosity µ

Figure 5. Dimension of studied fluid domain

3.2 Boundary Condition

In supersonic nozzle simulations where the flow is choked at the throat, the outlet static pressure becomes the primary parameter controlling whether the flow is over-expanded, ideally expanded, or under-expanded. Therefore, 998
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in addition to specifying the total pressure and total temperature at the inlet, the static pressure at the outlet must be explicitly imposed. In this study, the outlet static pressure was defined based on the ambient atmospheric pressure corresponding to the operating altitude (7,500 m). This static pressure was then varied according to the chamber-to-ambient pressure ratio examined in the parametric study. These variations in backpressure are the main driver of the flow structure inside the nozzle, shock formation, and thrust coefficient (TC) behavior. 

To solve any differential equation, appropriate boundary conditions are required to solve the mathematical model. 

The Figure 6 represents the location and type of these conditions, while the Table 3 represents their values. 

Figure 6. Boundary condition

Table 3. Values of boundaries condition

Value

Boundary Condition

Surface

Chamber pressure

Total pressure inlet

Inlet

Chamber temperature

Total temperature inlet

Inlet

Static pressure according to altitude

Pressure outlet

Outlet

⃗

V = 0

No slip condition

Wall

3.3 Mesh and Mesh Independence Study

Accurate resolution of shocks and steep gradients in supersonic nozzle flows requires a sufficiently refined mesh, particularly near the throat and in regions where shock interactions may occur. Although adaptive mesh refinement (AMR) was employed during the solution process to capture local gradients, a conventional mesh independence assessment was still performed to ensure that both the initial mesh and refinement settings were adequate. 

An initial structured/unstructured hybrid mesh was generated with targeted refinement in the throat and early divergent region. Three baseline mesh levels (coarse, medium, and fine) were tested prior to enabling AMR. The medium and fine meshes showed less than 2% variation in mass flow rate and TC, indicating satisfactory mesh convergence. Based on this result, the medium mesh was selected as the starting grid. 

During the simulation, AMR was applied based on pressure-gradient criteria to resolve shock locations as they shifted with the chamber-to-ambient pressure ratio. To confirm that AMR did not introduce dependency on refinement cycles, the final mesh distribution of each case was compared to the pre-refined fine grid, showing consistent shock structure and less than 1% deviation in the computed TC. Figure 7 shows the initial mesh used in the solution. 

Figure 7. Initial mesh used in the solution

Thus, both the initial mesh sensitivity test and the consistency of AMR-refined meshes confirm that the adopted meshing strategy provides sufficient accuracy for the present study. 

3.4 Solution Strategy and Validation

In order to solve the required mass conservation, momentum and energy equations, the density -based solver was chosen as a method to velocity-pressure coupling with second order discretization for all equations, the mass 999
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conservation equation residuals were adjusted until 10−6 while energy equations were set to 10−8. 

To verify the accuracy of the numerical approach and the physical models used, the present simulation was validated against the experimental nozzle data reported by Thornock and Brown [32]. The reference nozzle has a comparable geometry and operating conditions, including a choked throat and a supersonic divergent region, making it suitable for assessing the solver’s ability to capture shock location, Mach distribution, and pressure variation along the centerline. 

The validation procedure consisted of reproducing the experimental inlet total pressure and temperature, applying the same ambient backpressure, and meshing the nozzle with the same refinement strategy used in the main study. The resulting pressure distribution along the nozzle axis was extracted and compared with the experimental measurements. 

Figure 8 shows that the numerical results closely follow the experimental trends, particularly in predicting (i) the pressure drop upstream of the throat, (ii) the rate of expansion in the divergent portion, and (iii) the location and strength of internal shock structures. The maximum deviation between numerical and experimental pressure values remained within 5%, which is consistent with typical uncertainties for compressible-flow computational fluid dynamics simulations of supersonic nozzles. The accurate capture of shock position confirms the suitability of the density-based solver and the k − ω SST turbulence model for resolving the flow physics relevant to the present work. 

Figure 8. Model validation

4 Results and Discussion

Ensuring the proper design of a nozzle for specific flow conditions requires ensuring that the flow area within the nozzle is free of any shocks. This requires studying the performance and operation of this nozzle at different pressure ratios by studying the change in the value of the thrust and discharge coefficient with the change in the pressure ratio. The DC is defined as the actual mass flow divided by the ideal mass flow and TC is defined as the actual thrust divided by the ideal thrust. Figure 9 displays the change in the value of these two parameters as the pressure ratio changes. 

We note that the change in the value of the Discharge coefficient reaches a constant value at a compression ratio of 44.23, where the flow exiting the nozzle at a compression ratio value lower than this value is supersonic, but it is over-expansion. After this value, the flow becomes under-expansion. Therefore, we note that the value of this coefficient at a compression ratio of 44.23 has become constant and does not change, and the ratio of this coefficient is 0.92. Although the flow at the neck reaches sonic flow conditions and turns into supersonic in the diverging part of the nozzle, the flow conditions cannot reach isentropic flow conditions in the entire diverging part except under specific conditions. This can be observed from the curve of change of TC with compression ratio, where we notice from this curve the presence of a single optimal value at a compression ratio of 57, where the value of TC is maximum and reaches 0.968. This value matches the conditions of shock-free isentropic flow in the entire diverging part. We notice a decrease in the value of this coefficient with the increase in the value of the compression degree due to the formation of shocks that lead to large losses in the flow and thus a decrease in the value of the thrust produced by the nozzle. 

After reaching the design pressure ratio, the flow at the outlet becomes higher than atmospheric pressure, resulting in an under-expanded flow. This leads to the formation of expansion waves and strong shocks outside the nozzle, causing a drop in total pressure and losses in axial momentum. Although the mass flow rate remains constant 1000
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(because the throat is constricted), the shock losses reduce the effective impulse, and the impulse coefficient Ct falls below its optimum value. 

Figure 9. Discharge and thrust coefficient (TC)

The Figure 10, Figure 11, Figure 12, Figure 13, and Figure 14 show the variations in Mach number, static pressure, and temperature across the nozzle at a compression ratio of 57. The previous Figures also show the pressure, temperature, and Mach number plots at the same pressure. 

Figure 10. Static pressure and Mach number variation along nozzle We observe that the static pressure and temperature continue to decrease across the nozzle’s length, while the Mach number increases. The flow is subsonic in the convergent portion of the nozzle. At the neck, the Mach number reaches 1, and the flow in the divergent portion turns supersonic as the Mach number increases. The Mach number reaches 1 near the neck of the nozzle, where the flow is throttled. The flow in the divergent portion of the nozzle remains supersonic, achieving the conditions for isentropic flow, free of vertical shocks that cause flow interruptions and losses, which drain the flow’s energy. 

The flow regions within the divergent part of the nozzle and outside the nozzle can be analyzed from the Figure 15

that shows the value of the Mach number within the studied range. 

The image shows the structure of a supersonic jet resulting from the exit of high-pressure gas from a nozzle into a low-pressure surrounding medium, a condition known as an under-expanded jet. At the nozzle exit, the pressure inside the nozzle is higher than the external atmospheric pressure, leading to the formation of expansion waves as the gas is forced out of the nozzle. These waves radiate outward from the nozzle edge to relieve pressure and accelerate the flow. the result of the gases expanding , the jet starts to show a repeating pattern of expansion and compression zones along its axis. 
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Figure 11. Static temperature and Mach number variation along nozzle Figure 12. Contours of static pressure

Figure 13. Contours of static temperature

Figure 14. Contours of Mach number
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Figure 15. Flow regions within the divergent part of the nozzle and outside the nozzle After the expansion waves pass, the flow becomes compressed more than needed, and this creates a set of oblique shocks around the jet. they form a barrel shock. At the centerline, these shocks meet and create a vertical shock known as a Mach disk. 

Here, the flow shifts suddenly from supersonic to subsonic and both pressure and temperature rise in a noticeable way. 

After that, the shocks reflect outward and flow tries to settle back toward a state that may be closer to acceptable equilibrium. A slip line forms between regions of the flow that have different speeds and thermal conditions. 

This repeating pattern, made of shocks and expansion zones, is known as a shock-cell structure. It is one of the clearer signs of a non-expansive supersonic jet. 

The nozzle was designed with MOC to generate isentropic expansion up to an output Mach number ≈ 3.29, i.e., at a design compression ratio ≈ 56.7 (approximately 57). The key finding in the results—that the optimal value of the pressure ratio is 57—is directly related to this design ratio. This clearly justifies that the optimal state observed in the simulation does indeed represent the design state upon which the nozzle was built. 

5 Conclusion

Key outcomes of this study can be summarized as follows:

• A supersonic ramjet nozzle was successfully designed using the MOC to achieve smooth, shock-free expansion at the target operating pressure ratio. 

• Numerical results showed that the optimal chamber-to-ambient pressure ratio is ≈57, which matches the design condition and yields the maximum TC. 

• For pressure ratios lower than this value, the nozzle operates in an over-expanded regime, while higher ratios lead to under-expanded flow and shock-induced total-pressure losses. 

• Contours of pressure, temperature, and Mach number confirmed the expected flow behavior and validated the fidelity of the numerical model. 

Overall, the designed contour demonstrated its ability to sustain uniform supersonic flow and maximize thrust under the intended operating condition. 

Limitations and potential future work include:

• Extending the analysis to 3D geometries to capture side-wall effects and asymmetry in the jet plume. 

• Investigating material–thermal response and fluid-structure interaction under long-duration operation. 

• Studying off-design performance using variable backpressure profiles representing realistic flight trajectories. 

• Exploring alternative nozzle contours (e.g., dual-bell, aerospike) for improved adaptability to altitude variations. 

We observe a high agreement between the experimental and numerical results, which indicates that the physical model used and the solution strategy followed give correct results. 

This agreement demonstrates that the computational setup, meshing strategy, and physical models yield reliable predictions for the operating regime analyzed in this study. 
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Abstract: A ramjet nozzle was designed for supersonic operating conditions and evaluated numerically using Ansys
Fluent 16.1 over a range of chamber-to-ambient pressure ratios. The nozzle geometry was generated to achieve
smooth, shock-free expansion under supersonic outflow conditions using the characteristic curve method at a specific
nozzle chamber pressure and temperature using Matrix Laboratory (MATLAB) and then validated by comparing
the numerical predictions with available experimental data. The results show that a pressure ratio of 57 provides the
highest thrust coefficient (TC), while lower ratios lead to over-expanded flow and higher ratios to under-expansion
with increased shock losses. Contours of pressure, temperature, and Mach number confirm the expected supersonic
flow structure and demonstrate that the nozzle achieves optimum performance under the identified conditions.

Keywords: Ramjet; Compressible flow; Computational fluid dynamics: Nozzle; Supersonic nozzle

1 Introduction

Ramjet engines are used in high-speed aircraft engines. Historically. these engines are intermediate in the
evolutionary chain of conventional jet engines and supersonic scramjet engines [1]. Their design is characterized by
the simplicity of their design, as they work through a specific shape to convert the pressure and heat energy generated
by combustion into kinetic energy, which is converted into thrust for the aircraft [2].

The nozzle plays a central role in ramjet engine behaves. It helps turn the heat from combustion into pressure
and then into the speed needed to create thrust. The flow inside this part is not simple. It moves at supersonic
speeds and carries strong changes in temperature and pressure [3]. The conditions of Ramjet engines work are
hot, pressurized air, so the nozzle shapes both the thrust and the thermal load. Over the years, different studies
looked at how the nozzle performs. Some focused on the flow shapes inside it, and others explored shocks, energy
losses, or the heating that reaches the walls. Heiser et al. [1], Neill and Pesyridis [2], and Haidn [4] described
the basic role of nozzles in high-speed propulsion. Svoboda [5] discussed high altitudes and limits that we try to
work around. Several studies have examined supersonic flow inside nozzles, showing that it is essential to track
shock-wave behavior, shock—boundary-layer interaction, and plume development [3, 6, 7]. Thermal and structural
aspects of nozzles have explored in a way similiar to realistic conditions. Thongsri et al. [8] and Sheikh et al. [9]
examined heat moves through the walls, ablation starts, and thermal stresses. Their results suggest that the highest
loads often appear near the throat. The load depend on how the insulation responds and the wall material changes
with temperature. Li et al. [10] and Braun and Paniagua [11] also pointed out that cooling methods and integrated
geometries offer suffice results when trying to manage temperature in detonation-based propulsion. The shape of
the nozzle has its own influence. Zakharov et al. [12] studied the effect of the divergent section changes on the
internal shock structure and pressure layout. Other studies turned to combustion stability and the link between the
inlet and the nozzle [13—15].These works showed that the flow inside can be quite sensitive to backpressure. Baidya
et al. [16] and Naidu and Bajaj [17] added that altitude, external expansion, and reflected shocks can change thrust
and wall heating in different ways. In parallel, numerical efforts by Le Pichon and Laverdant [18], Kozelkov et
al. [19], Wang et al. [20], and Shieh et al. [21] offered acceptable insights into shock wave, ramp type nozzles, and

https://doi.org/10.56578/ijcmem130416
993
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