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ABSTRACT 

This study addresses the critical need for effective thermal management in hypersonic vehicles 

facing intense heat at their leading edge due to high enthalpy flow. The objective is to propose 

an active impingement cooling system that ensures the structural stability and performance of 

these vehicles. This dissertation presents an in-depth exploration of the numerical simulations 

conducted on the hypersonic leading edge, focusing on a 3mm radius with active cooling 

utilizing supercritical carbon dioxide (sCO2) as the coolant. The research incorporates 

conjugate simulations that merge external hypersonic flow and sCO2 active cooling. Utilizing 

a thermodynamic non-equilibrium two-temperature model and various chemical models, 

including the 5-species Park’s model and the 11-species Gupta’s model, separate validations 

for the external hypersonic flow and internal sCO2 coolant flow were conducted. These 

validations facilitated combined simulations, underscoring the potential of maintaining metal 

temperatures within operational limits using sCO2 coolant. A comparative study of the 5-

species Park model and 11-species Gupta model demonstrated the former’s effectiveness in 

predicting flow fields at Mach 7. Furthermore, this study shows the effect of varying the coolant 

tube-to-leading-edge distance (H/D), Thermal barrier coating thickness and impingement 

angles, demonstrating improved heat transfer performance through these variations.  

A key aspect of this work is the exploration of converting hypersonic vehicle heat flux to power 

using the sCO2 cycle. The conceptual study, illustrated through the Mach 7 case, confirms the 

feasibility of harnessing power from aerodynamic heat flux, marking a significant progression 

in the field. This research contributes to the field by offering a detailed analysis of active 

impingement cooling for hypersonic leading edges, integrating real gas effects and multiple 

chemical models. The study adds novelty by investigating heat transfer enhancements through 
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geometric variations and evaluating sCO2’s potential as a coolant, addressing key facets of 

hypersonic vehicle thermal management. 
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NOMENCLATURE 

Cp = Specific heat, in J/kg/K   

d = coolant jet diameter 

E = Total energy 

H = Total Enthalpy 

k = Thermal conductivity 

Nu = Local Nusselt number 

Nu’ = Nusselt number based on adiabatic wall conditions 

Ma = Mach Number 

Re = Reynolds number 

P = Pressure 

T = Temperature 

To = Freestream total temperature (K) 

T∞ = Freestream static temperature (K) 

Ttr =  Translational-rotational static temperature (K) 

Tve =   Vibrational-electronic static temperature (K) 
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TBC = Thermal Barrier Coating 

TPS =  Thermal Protection System 

y+ = Nondimensional wall distance 

θ =  jet impingement angle 

Ꞷ = source term 

 

Subscript, 

tr = translational–rotational energy levels 

ve = vibrational and electronic energy levels 

s = species  
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CHAPTER 1  

INTRODUCTION 

1.1 Background  

The design and analysis of effective thermal protection systems for hypersonic vehicles is a 

critical challenge in aerospace engineering. The leading edge of these vehicles are exposed to 

extreme heat flux due to the rapid stagnation of high enthalpy flow, making thermal 

management techniques necessary to maintain the structural integrity of the vehicle. 

Hypersonic maneuvering vehicles are usually designed with slender bodies and with sharp 

leading edges as shown in Figure 1. This configuration has the advantages of increasing vehicle 

maneuverability and increasing the lift to drag ratio. However, sharp leading edges will bring 

several design challenges, above all the issue of thermal management created by the small 

radius of curvature of the leading edge [1,2]. The numerical simulation is one of the best to 

evaluate the surface heat flux and other aerodynamic parameters compared to experiments and 

in-flight test [3,4]. Due to elevated temperature involved in the hypersonic flow, the molecular 

vibrational, rotational translational electronic energies are excited at different temperatures. 

The gas molecules dissociate and ionize due the elevated temperature. The gas molecules will 

undergo thermal and chemical non equilibrium. And it is critical to keep the temperature of the 

leading edge below the material melting point and below the thermal-structural limits. One way 

to control the temperature of the leading edge is by using an actively cooled Thermal Protection 

System (TPS). The active cooling of the TPS can be achieved using various methods such as 

film cooling, transpiration cooling, and impingement cooling [5]. The higher heat transfer of 

impingement cooling makes this method the widely used cooling techniques for hypersonic 
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leading. Impingement cooling involves injecting coolant through nozzles to impinge on the 

leading-edge surface. This cools the surface, reducing the heat loads and protecting the 

underlying structure. Impingement cooling can be further enhanced by using hybrid cooling 

methods, which combine film cooling and convective cooling to improve the thermal 

performance of the leading edge. In addition, it is easier to control the heat transfer rate by 

varying the geometry and position of the jets, and fluid flow parameters. Typical impingement 

coolant fluids are Hydrogen and Helium, which have been shown to have a poor cooling 

performance. [6]. Recently, it has been proposed to use Supercritical Carbon dioxide (sCO2) as 

a cooling impingement liquid. In combination with the coolant, the overall cooling 

effectiveness depends also on other factors such as the structural materials, impingement 

geometry, and external flow conditions. The current study presents a systematic study to find 

the effect of jet impingement position angle (θ) and the jet position (H/d) on heat transfer for 

the provided operating conditions.  

 

Figure 1 (a)Fluid-thermal-structural interactions on an aerospace plane scramjet engine 

leading edge[7] (b) Schematic of two-layer (TBC and metal) leading-edge cooled with 

multiple sCO2 impingement jets.  



3 

 

In addition, the current study extends the previous research done on the thermodynamic 

non-equilibrium hypersonic flow using the two-temperature model [8–11]. Less research has 

been done to combine the hypersonic flow with sCO2 jet impingement cooling numerically 

[9,12]. In this study, an effort is taken to combine the non-equilibrium two temperature model 

with the gas model for the sCO2 region with multiple jet impingement. Also, the effect of using 

Supercritical CO2 as the impinging coolant on high-temperature flows is unexplored.  

. 

This study aims to calculate the thermal performance of Supercritical CO2 impingement 

cooling for various geometric configurations given in Table 1.  

Table 1 Parameter range in the study. 

Jet diameter (mm) 1 

spacings between the nozzle exit and 

cooled surface (H/d) 

1, 3, 5 

Jet impingement angle θ 30o, 45o ,60o
 

Jet Reynolds number 22,500 

This study provides a comprehensive exploration of aero and heat transfer effects in 

hypersonic flows with sCO2 impingement cooling. The research combines numerical 

simulations and complex, yielding key findings. 
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1.2 The Problem Statement 

The design and operation of hypersonic aerospace vehicles pose numerous intricate, 

multidisciplinary engineering challenges. Notably, the thermal management of leading edges, 

subjected to intense heat during flight, remains a major concern. Despite extensive research, 

there is currently no developed active impingement cooling technique using sCO2 that can 

effectively cool these structures under the highest aerodynamic surface heat fluxes. 

This dissertation aims to address this critical issue by investigating an active impingement 

cooling system for hypersonic vehicles. The study focuses on a 3mm radius leading edge, 

utilizing supercritical carbon dioxide (sCO2) as the coolant. The research incorporates 

conjugate simulations that merge external hypersonic flow and sCO2 active cooling, using a 

thermodynamic non-equilibrium two-temperature model and various chemical models. 

The objective of this dissertation is to contribute to the existing body of knowledge by 

providing a detailed analysis of active impingement cooling for hypersonic leading edges, 

integrating real gas effects and multiple chemical models. The study will investigate heat 

transfer enhancements through geometric variations and evaluate sCO2’s potential as a coolant, 

addressing key facets of hypersonic vehicle thermal management. The goal is to develop a 

definitive solution for an aerospace plane-type leading edge and contribute to the development 

of a satisfactory cooling method.  

Moreover, the dissertation explores the untapped potential of converting hypersonic vehicle 

heat flux to power using the sCO2 cycle. This aspect remains underexplored, representing a 

significant knowledge gap. Investigating this novel approach is crucial to understanding its 

feasibility and potential applications in the field. 
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1.3 Objectives 

1. Numerical Model Validation: Validation of a numerical model for non-equilibrium 

flow over a nose cone is undertaken to demonstrate its suitability for hypersonic 

simulations. 

2. Chemical Reaction Species Models: The impact of different models on heat flux and 

flow behavior in hypersonic environments is investigated, emphasizing the significance 

of chemical reactions. 

3. Free-Stream Mach Number: The study reveals the influence of varying Mach numbers 

on temperature distribution and surface heat transfer, providing insights into heat 

transfer characteristics. 

4. Thermal Barrier Coatings: The role of thermal barrier coatings, such as RCC, in 

reducing metal temperature and preventing melting is examined. 

5. Jet Impingement: Analysis is conducted on jet impingement angles and distances (Z/D 

ratio), highlighting their significant influence on heat transfer enhancement. 

6. Velocity Flow Field Analysis: Correlation between Nusselt numbers and flow velocity 

is established, offering insights for optimizing impingement angles and distances. 

7. The study explores the potential of converting hypersonic vehicle heat flux to power 

using the sCO2 cycle. This novel approach could signify a significant progression in 

the field, harnessing power from aerodynamic heat flux. 

1.4 Outline of the Thesis 

Chapter 1: Introduction 

In this chapter, the research problem is introduced, and the background of the topic is discussed. 

The aerodynamic heating problem in hypersonic vehicles and the importance of Thermal 
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Protection Systems (TPS) are discussed. The potential of using sCO2 as a coolant for TPS is 

also presented. The objectives and scope of the research are outlined. 

Chapter 2: Literature Review 

In this chapter, a comprehensive literature review on aerodynamic heating, hypersonic TPS, 

and sCO2 impingement cooling is presented. The most recent studies and the most relevant 

literature to the research topic are discussed. 

Chapter 3: Numerical Methodology 

In this chapter, the methodology used in the research is presented. The Ansys Fluent software 

is introduced, and the numerical simulation setup is discussed. The thermochemical 

nonequilibrium models of 5 species Park's model and 11 species Gupta's model are also 

introduced, and the simulation parameters are discussed. 

Chapter 4: Results and Discussion 

In this chapter, the results of the simulations are presented and discussed. The effects of sCO2 

impingement cooling on the aerodynamics and heat transfer at the leading edge are analyzed. 

The results are compared between the 5 species Park's model and 11 species Gupta's model. 

The potential of using sCO2 as a coolant for the leading edge TPS is also discussed. 

The fluid-solid coupled simulations are done with internal fluid sCO2 to test the capability of 

the numerical model in predicting the heat transfer performance. The results are discussed in 

terms of the effect of the relative coolant tube-to-leading-edge distance (H/D) and the 

impingement angles on the heat transfer performance. 

Chapter 5: Heat To Power Conversion: Sc02 Cycle 



7 

 

This chapter explores the conversion of aerodynamic heating into electrical power using the 

sCO2 power cycle. It covers principles, efficiency, and applications, emphasizing the potential 

impact on sustainable energy solutions. The discussion includes key components, design 

considerations, and the latest advancements in the field, offering valuable insights for 

researchers and engineers. 

Chapter 5: Conclusion and Future Work 

In this chapter, the main conclusions of the research are presented. The potential of using sCO2 

as a coolant for the leading edge TPS is discussed, and the capability of the numerical model 

in simulating the hypersonic flow with real gas effects is also discussed. The limitations of the 

research and the areas for future work are also outlined. 

Chapter 6 Future work Recommendations 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Introduction 

The chapter aims to introduce challenges associated with hypersonic flight and the role of 

impingement cooling. in managing of the dissertation's subject matter. 

2.2 Hypersonic Flight and Thermal Challenges 

The development of hypersonic vehicle cooling techniques has been a topic of interest for over 

six decades. Hypersonic vehicles are those that fly at speeds greater than Mach 5, and the 

aerodynamic phenomena that occur at these speeds are much more complex than those at lower 

speeds. The boundary layer, which is the gas layer near any solid surface where dissipative 

friction and heat transfer dominate, can grow quickly enough to have a significant impact on 

the entire flow-field. As a result, the development of hypersonic vehicle cooling techniques has 

been a critical area of research[13]. 

One of the earliest cooling techniques was the use of ablative materials[14], which would burn 

away as the vehicle re-entered the atmosphere, taking the heat with it. Later, researchers 

developed regenerative cooling, which involved circulating a coolant through channels in the 

vehicle’s structure to absorb heat. However, this technique was limited by the temperature of 

the coolant, which could not exceed the material’s melting point.[15,16] 

In the 1960s, researchers began exploring the use of transpiration cooling, which involved 

injecting a coolant into the porous surface of the vehicle, where it would evaporate and carry 
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away heat. This technique was later combined with film cooling, which involved injecting a 

thin film of coolant onto the surface of the vehicle.[16–19] 

Passive and active cooling are two techniques used in hypersonic vehicle leading edge cooling 

as shown in Figure 2 and Figure 3. While passive cooling involves the use of insulating 

materials to absorb heat, active cooling involves the use of a cooling system in the regions of 

highest heat flux near the leading edges and around the engine. [1] 

 

Figure 2 Thermal Protection concept of a Hypersonic vehicle.[1] 

https://www.frontiersin.org/articles/10.3389/fphy.2019.00009/full
https://www.frontiersin.org/articles/10.3389/fphy.2019.00009/full
https://www.frontiersin.org/articles/10.3389/fphy.2019.00009/full
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2.3 Cooling Techniques Used in Hypersonic Vehicle Leading Edge. 

 Hypersonic flight, characterized by speeds exceeding Mach 5, poses unique challenges in 

aerospace engineering. These challenges are primarily associated with the management of 

extreme temperatures resulting from air compression, which occurs as a hypersonic vehicle 

navigates through the Earth's atmosphere at high speeds. 

As an object reaches hypersonic velocities, the collision of air molecules with its surface leads 

to intense heating known as aerodynamic heating or heat flux. This phenomenon is particularly 

pronounced at the leading edges of the vehicle, where the temperature increases rapidly. 

The intensity of aerodynamic heating grows exponentially with increasing velocity, 

necessitating effective thermal management strategies to protect the vehicle and its occupants. 

Leading edges of hypersonic vehicles, exposed to extreme temperatures, require robust thermal 

protection systems. 

2.3.1 Passive cooling technology 

Key to managing thermal challenges in hypersonic flight is the selection of appropriate 

materials. Traditional aircraft materials are unsuitable for hypersonic conditions due to the 

extreme temperatures involved. Therefore, advanced materials with exceptional high-

temperature resistance and ablative properties are utilized. These materials include ceramic 

composites, carbon-carbon composites, and refractory metals like tungsten. 

Additionally, thermal barrier coatings (TBCs) are applied to the vehicle's surface to enhance 

its heat resistance. TBCs consist of multiple layers, including a bond coat and a ceramic layer. 

They function by insulating the vehicle's structure, creating a barrier between the extreme 
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temperatures and the underlying material. TBCs play a crucial role in extending the operational 

lifespan of hypersonic vehicles and ensuring their structural integrity. 

The thermal challenges of hypersonic flight are closely intertwined with the structural integrity 

of the vehicle. The extreme temperatures experienced at the leading edges could cause material 

degradation and structural failure if not managed effectively. To address this, extensive testing 

and analysis are vital. The development of new materials and composites with enhanced 

thermal properties is also underway. These materials have the potential to withstand even 

higher temperatures and reduce the need for elaborate thermal protection systems. 

2.3.2 Active cooling Techniques 

Passive colling alone cannot cool the leading material in few flight conditions. So, Researchers 

and engineers are actively working on innovative solutions to tackle these challenges. One such 

innovation involves active cooling methods, such as impingement cooling. Impingement 

cooling systems use high-speed jets of coolant to dissipate heat from critical regions of the 

vehicle's surface, preventing overheating and contributing to more efficient flight. 
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Figure 3 (a)Convection colling concept[20] (b) transpiration cooled leading edge with 

Hydrogen[16] (c) water cooled leading edge[21] (d) helium impingement cooled leading 

edge[6]. 

Impingement cooling is a well-established thermal management technique utilized in various 

engineering applications, including the aerospace industry. It involves the directed flow of a 

cooling medium onto a heated surface to dissipate heat. In the context of hypersonic vehicles, 

impingement cooling plays a vital role in maintaining the structural integrity and performance 

of leading edges subjected to intense heat. 

This comprehensive review[22] looks at impingement cooling over a variety of modifications 

and applications with a focus on improved manufacturing techniques impacting novel design 

and implementation. The primary mode of heat transfer enhancement is due to the flow 

stagnation. The effectiveness of jet impingement as a cooling technique is well documented; 

however, the application of jet impingement to different problems has been hindered by the 

14

(b)
(a)

(c)
(d)

https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
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inability of manufacturing methods to incorporate impingement systems easily into cooling 

designs 

In this innovative study proposed a unique double-layer cooling structure designed to tackle 

the formidable challenge of cooling the leading edge of hypersonic vehicles. The structure 

cleverly incorporated an outer porous layer and an inner layer utilizing nitrogen as a coolant. 

The research was a testament to the power of coupled numerical simulations, demonstrating 

their ability to optimize cooling techniques effectively.[23] 

 This study evaluates usage of Supercritical CO2 Impingement Cooling for a Hypersonic 

Leading Edge which offers simplicity and high heat transfer rates when compared to others, 

such as film cooling and transpiration cooling[9]. 

 This research[24] introduces double layer transpiration cooling into the design of the cooling 

system in the leading edge of a hypersonic vehicle. The study considers effects of different 

kinds of coolants to reveal cooling mechanisms in different operation conditions. When 

different kinds of coolants supplied at the same mass flow rate, the coolants with low densities, 

i.e., H2 and He, have the lowest peak temperature compared with the coolants with large 

densities, i.e., N2 and CO2 

An extensive investigation was conducted in this research, analyzing the heat transfer 

characteristics of jets impinging on concave surfaces under various annular and jet-to-surface 

distances. It culminated in the development of comprehensive correlations for heat transfer and 

flow characteristics.[25] 

In a quest for cutting-edge cooling solutions, this study took a deep dive into the integration of 

heat pipes with high thermal conductance into hypersonic leading edges. It cleverly leveraged 

https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
https://asmedigitalcollection.asme.org/heattransfer/article/143/6/064001/1094016/A-Modern-Review-on-Jet-Impingement-Heat-Transfer
https://www.researchgate.net/profile/Manojprabakar-Sargunaraj/publication/357561987_Use_of_Supercritical_CO_2_Impingement_Cooling_for_a_Hypersonic_Leading_Edge/links/62281dfa97401151d2088c81/Use-of-Supercritical-CO-2-Impingement-Cooling-for-a-Hypersonic-Leading-Edge.pdf
https://www.researchgate.net/profile/Manojprabakar-Sargunaraj/publication/357561987_Use_of_Supercritical_CO_2_Impingement_Cooling_for_a_Hypersonic_Leading_Edge/links/62281dfa97401151d2088c81/Use-of-Supercritical-CO-2-Impingement-Cooling-for-a-Hypersonic-Leading-Edge.pdf
https://www.researchgate.net/profile/Manojprabakar-Sargunaraj/publication/357561987_Use_of_Supercritical_CO_2_Impingement_Cooling_for_a_Hypersonic_Leading_Edge/links/62281dfa97401151d2088c81/Use-of-Supercritical-CO-2-Impingement-Cooling-for-a-Hypersonic-Leading-Edge.pdf
https://www.frontiersin.org/articles/10.3389/fenrg.2021.756820/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.756820/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.756820/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.756820/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.756820/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.756820/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.756820/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.756820/full
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finite element models and experimental data to showcase their effectiveness under high 

enthalpy conditions at Mach 7.[2] 

Diving deep into the intricacies of fluid-thermal-structural analysis, this research examined 

various leading-edge concepts, deploying hydrogen as a coolant. The study convincingly 

demonstrated the effectiveness of impingement cooling in maintaining the leading edge's 

temperature within acceptable limits. Additionally, it shed light on the prospect of employing 

tungsten as a robust leading-edge material.[26] 

In this meticulous study, the interaction between fluid and solid thermal aspects in cooling a 

hypersonic leading edge with hydrogen was scrutinized. It not only highlighted the cooling 

potential of hydrogen but also emphasized the ability of Multiphysics simulations to simulate 

hypersonic flow under diverse conditions. [27] 

2.4 Thermal Barrier Coatings 

Thermal barrier coatings are integral to hypersonic flight as they offer protection against 

extreme temperatures and thermal stresses. These coatings provide a shield against the harsh 

thermal environment, preventing structural damage. Understanding the materials and 

technologies behind thermal barrier coatings is essential for effective heat management in 

hypersonic vehicles. Thermal Barrier Coatings (TBCs) are a crucial component in hypersonic 

flow systems due to their ability to withstand extreme temperatures and thermal gradients. 

Here are some key findings from the literature: 

Multifunctional Hypersonic Components and Structures: A team at Johns Hopkins University 

Applied Physics Laboratory (APL) conducted a strategic independent research and 

development project exploring multifunctional hypersonic components and structures1.  APL 

https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
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developed transformational materials technologies and expertise that could be applied to 

relevant hypersonic vehicle programs supported at APL. The team identified several areas of 

concentration to support the needed hypersonic materials science and technology and 

engineering. One of the most challenging areas for these vehicles is the vehicle leading edge 

and control surface leading edges[28]. 

Mechanical Integrity of Thermal Barrier Coatings: A coating system was designed for a 

generic engine to demonstrate the benefits of TBCs in rocket engines. The coatings were 

tested in a hypersonic wind tunnel with surface temperatures of 1350 K and above, where no 

coating failure was observed[29]. 

Thirty Years of Thermal Barrier Coatings (TBC), Photothermal: This work summarizes the 

research and the development of techniques specifically aimed at measuring the 

thermophysical properties, the characterization of the microstructure and the identification of 

adhesion defects to the metal component of the TBCs[30]. 

Thermal Barrier Coatings for High temperature materials: The literature review involved the 

detailed investigation of thermal barrier coatings applied on nickel-based superalloys with 

particular emphasis on their high-temperature performance (mechanical response and 

oxidation resistance)[31]. 

2.5 Numerical Simulations and Modeling 

Wind tunnel testing is a common approach used to simulate hypersonic conditions and evaluate 

the performance of materials and thermal protection systems. Test articles are exposed to high-

velocity air flows in wind tunnels, replicating the aerodynamic heating and thermal stresses 

they would experience in actual flight. These tests provide essential data for material selection 

https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://www.jhuapl.edu/Content/techdigest/pdf/V35-N04/35-04-Clemons.pdf
https://link.springer.com/chapter/10.1007/978-3-030-53847-7_19
https://link.springer.com/chapter/10.1007/978-3-030-53847-7_19
https://link.springer.com/chapter/10.1007/978-3-030-53847-7_19
https://link.springer.com/chapter/10.1007/978-3-030-53847-7_19
https://link.springer.com/chapter/10.1007/978-3-030-53847-7_19
https://link.springer.com/article/10.1007/s11666-022-01344-w
https://link.springer.com/article/10.1007/s11666-022-01344-w
https://link.springer.com/article/10.1007/s11666-022-01344-w
https://link.springer.com/article/10.1007/s11666-022-01344-w
https://www.mdpi.com/2079-6412/13/4/769
https://www.mdpi.com/2079-6412/13/4/769
https://www.mdpi.com/2079-6412/13/4/769
https://www.mdpi.com/2079-6412/13/4/769
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and TBC design. However, conducting hypersonic wind tunnel experiments is expensive and 

challenging to set up. Nowadays, numerical simulations are employed for a quick and effective 

solution. 

Numerical simulations, such as Computational Fluid Dynamics (CFD) and Finite Element 

Analysis (FEA), are also employed to model the behavior of hypersonic vehicles. These 

simulations allow engineers to study the effects of aerodynamic heating and assess the thermal 

and structural response of the vehicle. By understanding the thermal challenges through 

simulations, researchers can fine-tune the design and heat management strategies. 

Mathematical models are instrumental in simulating and predicting the behavior of 

impingement cooling in hypersonic flow. This section explores the various models and 

numerical techniques used to study heat transfer, aerodynamics, and fluid dynamics, shedding 

light on the role of numerical simulations in advancing our understanding. Below are some of 

the literary works that explore non-equilibrium thermodynamic models and hypersonic 

conjugates simulations.  

In this comprehensive study, a 3-inch diameter leading edge was subjected to testing at a Mach 

number of 6.47. The research harnessed the finite element method to delve into the integrated 

fluid-thermal structure of the leading edge. It not only highlighted the potential of an integrated 

approach for solving hypersonic leading-edge challenges but also provided crucial insights into 

the thermal-structural response and complex interactions.[7] 

This research embarked on a numerical journey, employing various air species models 

(including 5 species, 7 species, 11 species, and Gupta's model) to simulate flows over a sphere. 
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Notably, it identified a seven-species model as suitable for high Mach numbers in hypersonic 

flows.[32,33] 

This study[34] vigorously validated the practicality of using two-temperature models to 

simulate flows over a double cone. The findings highlighted the consistency in results achieved 

through this approach, underpinning its reliability in numerical simulations. 

Delving into high enthalpy flows over a double cone, this study compared the outcomes of 

employing various models, including the Park species model, and coupled vibration 

dissociation vibration (CVDV) model. It also illuminated the disparities between experimental 

data and numerical models, paving the way for further refinement.[35,36] 

This study ventured into the realm of hypersonic flow over a cone in a shock tube, leveraging 

non-equilibrium models. Importantly, it demonstrated the capacity of numerical simulations to 

reasonably predict surface pressure measurements, heat flux, standoff distance, and emulate 

experimental measurements.[4] 

In the context of high-temperature hypersonic vehicles, this paper delved into the complexities 

of rate effects. It explored gas-phase reactions and non-equilibrium thermal-chemical states, 

shedding light on the intricacies of these phenomena.[37] 

This paper cast a discerning eye on computational fluid dynamics (CFD) modeling, 

emphasizing viscous wall boundary conditions, multi-zone coupling for fluid-thermal 

interaction, and cross-scale algorithms. It dissected the modeling methods related to interface 

effects and their corresponding coupling algorithms. [38] 
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This study embarked on the audacious mission of assessing the practicality of applying 

theoretical and empirical models for vibrational relaxation, dissociation rates, and vibration-

rotation coupling effects on numerical simulations, offering fresh insights into the topic. 

It undertook a meticulous examination of various thermo-chemical non-equilibrium models, 

such as Park's five species and Gupta's 11 species models, to simulate hypersonic flows. The 

study dissected the effects of ionization and wall catalysis, offering valuable insights into the 

complex interplay of these factors.[39] 

This study brought ANSYS Fluent into the equation, scrutinizing the modeling of cylinder 

reentry spacecraft using Park's five species and Gupta's models. It painted a picture of 

reasonable agreement between the models and experimental data, underlining the potential of 

these models in numerical simulations.[11,40] 

2.6 Emerging Trends in Hypersonic Leading-Edge Cooling 

Advancements in materials and technologies are continually shaping the field of hypersonic 

leading-edge cooling. Recent research has unveiled innovative approaches and promising 

materials to enhance the efficiency and effectiveness of cooling systems. This section discusses 

emerging trends and future directions in the domain of hypersonic cooling. 

In a quest for cutting-edge cooling solutions, this study took a deep dive into the integration of 

heat pipes with high thermal conductance into hypersonic leading edges. It cleverly leveraged 

finite element models and experimental data to showcase their effectiveness under high 

enthalpy conditions at Mach 7.[2] 
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In a bold exploration of leading-edge materials, this study unveiled the potential of metallic 

lattice frame structures when exposed to hypersonic conditions. Researchers meticulously 

examined their heat transfer performance and thermal-structural responses. The findings 

offered strong evidence of the viability of these structures in handling high heat flux conditions 

characteristic of hypersonic flows.[41] 

In this forward-thinking study, the possibility of incorporating heat pipes into the structure of 

hypersonic leading edges was explored. It scrutinized the thermal boundary conditions and 

introduced the innovative use of lithium as a working fluid to cool the leading edge in the Mach 

number range of 6 to 8.[42] 

2.7 Gaps and Research Questions 

1. Validation of Numerical Model: 

How well does the chosen numerical model perform in simulating non-

equilibrium flow over a hypersonic nose cone, and what is the agreement 

between numerical simulations and experimental data? 

2. Influence of Chemical Reaction Species Model: 

What is the impact of different chemical reaction species models on heat flux 

and flow behavior in hypersonic flow, specifically comparing the 11-species 

Gupta's model and the 5-species Park's model? 

3. Effect of Free-Stream Mach Number: 
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How does varying the free-stream Mach number affect the temperature 

distribution and surface heat transfer coefficient at the leading edge in 

hypersonic flow scenarios? 

4. Influence of Thermal Barrier Coatings: 

How do thermal barrier coatings, like Reinforced Carbon-Carbon (RCC), affect 

the metal temperature and overall temperature of the leading edge in hypersonic 

flow? 

5. Jet Impingement Angle and Distance (Z/D ratio): 

What is the impact of jet impingement angle and the distance between 

impingement points (Z/D ratio) on heat transfer, and how does the choice of 

Z/D ratio influence heat transfer enhancement? 

6. Velocity Flow Field Analysis: 

How does the velocity flow field analysis explain the observed trends in Nusselt 

numbers, and what is the relationship between Nusselt numbers and the velocity 

of the flow field? 

7. Effect of Impingement Jets: 

What is the effect of impingement jets on cooling solid metal surfaces, and how 

does cooling with impingement jets reduce the temperature on the solid surface 

compared to cases without cooling? 

. 
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CHAPTER 3  

NUMERICAL METHODOLOGY 

A hypersonic flow field undergoes thermochemical nonequilibrium due to elevated 

temperature after the shock layer. The complexity of the hypersonic reentry flows makes the 

ground testing experiments in wind tunnels and shock tunnels harder. It is difficult to obtain 

necessary data from experiments such as surface oxidation, heat transfer coefficient, etc., The 

free stream flow conditions are chosen to be within the continuum range.   

In a hypersonic flow, the integral energies of the molecules cannot be repressed in a single 

temperature. The vibration energy levels affect dissociation and affect the vibrational energy 

of the molecules due to elevated temperature. The vibration dissociation coupling is considered 

by the two temperature conditions. In Two temperature conditions, the transitional and 

rotational energy is considered in equilibrium with one temperature. The vibrational and 

electronic temperatures are in equilibrium with the second temperature (i.e., Ttr ≠ Tve). In this 

study, Ansys fluent 2022R2 version is used to solve the flow field [43,44]. Also, Fluent 

numerical simulations are widely used in high-speed flows to predict the properties that are 

difficult to extract from the experiments [9,45–50]. The simulation uses the multi-species 

compressible Navier stokes equation in the continuum regime [43,44]. 

3.1 Conservation Equations  

The dissertation employs the ANSYS FLUENT Workbench as the comprehensive solver, 

covering tasks from geometry creation to post-processing. The simulation setup adopts an axis-

symmetric configuration with double precision (dp) and utilizes a steady-state Density-Based 
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Navier-Stokes (DBNS) solver. The numerical scheme incorporates Green-Gauss Node-Based 

gradient for viscous fluxes and the AUSM scheme. Turbulence modeling is implemented 

through the Reynolds-Averaged Navier-Stokes (RANS) approach, specifically utilizing the 

Two-equation Shear Stress Transport (SST) k-ω model. The working fluids considered are air 

species for external flow and supercritical carbon dioxide (sCO2) for internal flow. Species 

modeling follows a species-species approach for both internal and external flow fields. For 

internal flow, the air-5species-park93 model represents a mixture of N2, O2, NO, N, and O, 

employing Park 93 chemical mechanisms, while the air-11species-gupta model includes N2, 

O2, NO, N, O, N2+, O2+, NO+, N+, O+, and e-, using Gupta chemical mechanisms. The finite-

rate chemistry solver is employed, incorporating direct source terms. Thermochemistry 

simulations are conducted with a Two-Temperature (2T) non-equilibrium approach to 

accurately represent the flow conditions. The models assume that the air consists of five species 

for Park 5-species and 11 species for Gupta’s 11 species, and that the translational-rotational 

and vibrational modes of the molecules have different temperatures (i.e., Ttr ≠ Tve). The 

conservation equations for mass, momentum, energy, and species are the same as in the park 

5-species model, except for the net production rate of each species. The net production rate of 

each species is calculated by summing up the contributions of all the reactions that involve that 

species. The model accounts for the effects of ionization, dissociation, recombination, and 

chemical reactions among the species, as well as the Joule heating due to the electric field. 

The model consists of the following equations: 

The continuity equation for each species: 
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𝝏𝝆𝒊

𝝏𝒕
+ 𝜵 ⋅ (𝝆𝒊𝒖) = 𝑾𝒊                                            

                            ( 1 ) 

where ρi is the density of species i, u is the velocity vector, and Wi is the net production rate of 

species i due to chemical reactions. 

The momentum equation of the Park’s 5-species and Gupta’s 11-species model is the same as 

the general conservation equation for momentum in a fluid. 

𝝏

𝝏𝒕
(𝝆𝒖𝒊) + 𝜵 ⋅ (𝝆𝒖𝒊𝒖) = −

𝝏𝒑

𝝏𝒙𝒊
+ 𝜵 ⋅ 𝝉𝒊𝒋                                               

                                      ( 2 ) 

where ρ is the density, ui is the i-th component of the velocity vector, p is the pressure, and τij 

is the viscous stress tensor. The difference between the Park 5-species and Gupta 11-species 

models lies in how they calculate the pressure and the viscous stress tensor, which depend on 

the thermodynamic properties, transport properties, chemical kinetics, and energy relaxation 

processes of the gas mixture [51] [52] [53,54] 

The energy equation for each mode: 

 

𝝆
𝑫𝒆𝒕𝒓

𝑫𝒕
= −𝒑𝜵 ⋅ 𝒖 + 𝜵 ⋅ (𝒌𝒕𝒓𝜵𝑻𝒕𝒓) + 𝑸𝑱,𝒕𝒓 + 𝑸𝑹,𝒕𝒓       ( 3 ) 

 

𝝆
𝑫𝒆𝒗

𝑫𝒕
= −𝒑𝜵 ⋅ 𝒖 + 𝜵 ⋅ (𝒌𝒗𝜵𝑻𝒗) + 𝑸𝑱,𝒗, + 𝑸𝑹,𝒗                                                           ( 4 ) 
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The source term 𝑸𝑱,𝒗  in Equation 4 models the relaxation between translational and vibrational 

modes. The relaxation source term is modeled using the Landau-Teller theory as 

𝑸𝑱,𝒗   = −
⟨𝐸𝑣⟩ − ⟨𝐸𝑣⟩0

𝜏
 

  where ⟨Ev⟩ is the average vibrational energy, ⟨Ev⟩0 is the equilibrium value, and τ is the 

relaxation time. The relaxation time depends on the temperature and the vibrational state-to-

state rate coefficients. 

where 𝑒𝑡𝑟 and 𝑒𝑒𝑣 are the translational-rotational and vibrational energies per unit mass, 𝑘𝑡𝑟and 

𝑘𝑣 are the thermal conductivities for each mode, 𝑇𝑡𝑟 and  𝑇𝑣  are the translational-rotational and 

vibrational temperatures, and 𝑄𝐽,𝑡𝑟, 𝑄𝐽,𝑣, 𝑄𝑅,𝑡𝑟, and 𝑄𝑅,𝑣 are the source terms due to Joule 

heating and chemical reactions for each mode.  

The model requires additional equations for the electric potential and current density, as well 

as appropriate boundary conditions and initial conditions. The model also requires 

thermodynamic and transport properties of the air species, such as specific heats, enthalpies, 

internal energies, electrical conductivities, viscosities, diffusion coefficients, reaction rates, etc. 

𝑄𝐽,𝑡𝑟, 𝑄𝐽,𝑣, will become zero in the equations for non-equilibrium hypersonic flow without 

considering the effects of ionization and recombination.   

The main difference between the reactions considered in the Park 5-species model and the 

Gupta 11-species model is that the Gupta 11-species model includes the ionization reactions of 

air molecules, while the Park 5-species model does not. Ionization reactions are important for 

hypersonic flows at very high temperatures and altitudes, where the air molecules can become 

partially or fully ionized. The Gupta 11-species model considers 11 species: N2, O2, NO, N, 
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O, N2+, O2+, NO+, N+, O+, and e-. The Park 5-species model considers only five species: N2, 

O2, NO, N, and O. The reactions considered in both models are: 

Dissociation: 𝑁2 + 𝑀 ⇌ 𝑁 + 𝑁 + 𝑀

𝑂2 + 𝑀 ⇌ 𝑂 + 𝑂 + 𝑀

Recombination: 𝑁 + 𝑁 + 𝑀 ⇌ 𝑁2 + 𝑀

𝑂 + 𝑂 + 𝑀 ⇌ 𝑂2 + 𝑀

Exchange: 𝑁2 + 𝑂 ⇌ 𝑁𝑂 + 𝑁

𝑂2 + 𝑁 ⇌ 𝑁𝑂 + 𝑂

 

where M is any heavy particle (N2, O2, NO, N, or O). The additional reactions considered in 

the Gupta 11-species model are: 

Ionization: 𝑁2 + 𝑀 ⇌ 𝑁2
+ + 𝑒− + 𝑀

𝑂2 + 𝑀 ⇌ 𝑂2
+ + 𝑒− + 𝑀

𝑁𝑂 + 𝑀 ⇌ 𝑁𝑂+ + 𝑒− + 𝑀
𝑁 + 𝑀 ⇌ 𝑁+ + 𝑒− + 𝑀
𝑂 + 𝑀 ⇌ 𝑂+ + 𝑒− + 𝑀

 

where e− is an electron. These reactions affect the thermodynamic properties, transport 

properties, chemical kinetics, and energy relaxation processes of the gas mixture. More details 

about the thermo-non equilibrium and chemical reaction models can be found elsewhere in the 

literature [37,54,55]. 

The pressure of the species is calculated by the mixture of partial pressures. 

𝒑 = ∑ 𝒑𝒔
𝐧𝐬
𝐬=𝟏 = ∑

𝛒𝒔𝑹𝒖𝑻

𝑴𝒔
+  

𝛒𝒆𝑹𝒖𝑻𝒆

𝑴𝒔
𝐬 ≠ 𝐞−                                                                ( 5 ) 

Internal energy per unit mass consists of vibrational, rotational, electronic, and chemical energy 

of the species. 

Es = Etrs + Erots + Evs + Ees + ∆hs 
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( 6 ) 

The Cp values are obtained by NASA (National Aeronautics and Space Administration) 

polynomial, and it is considered as piecewise linear for all species. The ideal gas mixing law 

is used to find the thermal conductivity and viscosity of the gas. A coupled flow simulation is 

conducted by combining the external air region and solid region with multiple internal sCo2 

jets.  The simulation of external nonequilibrium aerodynamics with impingement cooling is an 

attempt to capture the thermal performance of the sCo2-cooled leading edge. This numerical 

method is validated by the experimental results as shown in Figure 12[4]. To simulate the 

conjugate simulation, the specific model is used in the internal and external stimulation. The 

species-species model approach is followed to model the internal and external flow fields. In 

the external flow, the mass fraction of carbon dioxide is taken as zero and oxygen as 0.23, and 

nitrogen as 0.77. But in the internal flow region carbon oxide mass fraction is taken as 1 

ignoring all other species. It makes sure that, in the internal region carbon dioxide is kept as 

coolant.  Simulation boundary conditions are shown in Figure 6. Conjugate heat transfer is 

considered for the simulations. The internal side of the solid is coupled to the sCO2 fluid 

domain. It is expected that the hole-specific jet Reynolds number will be varying along with 

the array as only the overall sCO2 feed conditions are fixed. The hole-specific mass flow rate 

is determined by geometry. The model has a 0.25 mm (about 0.01 in) radius nose cone, 0.05mm 

thickness of the pure tungsten metal region,0.05 mm thickness of carbon reinforced matrix. 

The thermophysical properties, including the melting points, of Thermal Barrier Coating 

Composite (Carbon Fiber-Reinforced Carbon Matrix) and Metal Tungsten Pure Alloy is 

provide in that Table 2.  
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Table 2 Thermo-Physical properties of the Solid and TBC 

 

Material 

Property 

Density 

(ρs) 

(kg/m³) 

Specific 

Heat (cPs) 

(J/kg K) 

Thermal 

Conductivity (ks) 

(W/m K) 

Melting 

Point (°C) 

Carbon Fiber-

Reinforced 

Carbon Matrix 1699.9 756 26.268 ~3000 

Metal Tungsten 

Pure Alloy 19300 129.12 172.4 3422 
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Figure 4 Numerical setup. 

 

3.2 Meshing Details  

To capture the complex flow field, the flow field mesh is made from structured elements using 

Ansys Mesher. The grids near the wall are refined to capture shock waves and boundary layers, 

and y+ values near the wall are maintained at less than 1. Mesh quality is maintained between 

0.9 to 1. Grid-independence studies are conducted with four different grids from coarser to 

fine. The mesh independent study helps to capture the variations due to the mesh refinement. 

The pressure predicted by all four mesh girds is plotted as shown in Figure 5. The finer mesh 

with 114885 and 51520 cells shows no variation in the pressure along the axis.  The fine mesh 

with the cell counts 51520 is used for further study. The configuration involves four 

interconnected domains, comprising two fluid domains (Air and CO2) and two solid domains 
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(TBC and Metal). These domains are linked through three interfaces to establish a 

comprehensive system for analysis. 

 

Figure 5 Grid independence study 

 

3.3 External Flow Methodology Validation 

The methodology presented in the previous section is validated using the experiments 

conducted by MacLean et al[3]. The free stream conditions for these experiments are as 

follows: 

• Mach number: 12.4 

• Free stream pressure: 215.31 Pa 
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• Temperature: 296 K 

• Reynolds number: 0.45 million/m 

• Density: 0.002497 kg/m³ 

 

Figure 6 Contours of Translational and Electronic Temperature in the non-equilibrium 

Region 

The simplified domain closely aligns with a current model case chosen from the literature by 

MacLean et al[3]. The model is simulated for the free stream conditions of Mach number 12, 

as provided in run 68 of the publication. The free-stream conditions fall well within the non-

equilibrium conditions. The non-equilibrium flows are maintained such that air can exist in two 

states. The contributions of the translational and electronic temperatures are depicted as 

contours in Figure 6. 

The grids are generated using the Ansys Mesher, with the geometry created inside Ansys 

Design Modeler. Three 2D grids are generated with cell counts of 114885 (Grid 1), 51552 

(Grid 2), and 15,462 (Grid 3). The results from these grids are plotted in Figure 7. It is 

demonstrated that the grid with 51552 cells offers the best combination of accuracy and 

computational efficiency. While the solution on grid 2 is not fully grid-converged, its accuracy 
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is deemed sufficient to capture the key physical trends. Consequently, the grid with 51552 cells 

is selected for further studies. 

 

Figure 7 Results of Grid Convergence Study 

In Figure 7, the pressure values obtained from the three different grids are plotted. It is evident 

that the property values do not change with the different grid nodes. The grids are refined near 

the impingement wall and the boundary layer. The y+ values are kept below one for all the 

simulations. 

The surface heat flux, a critical parameter affecting the leading edge of the wing, is compared 

against the numerically simulated results as shown in Figure 7. The stagnation points heat flux, 

calculated from the Fay-Riddel model for the free-stream Mach number, is 577.40 W/cm². The 

calculated heat flux is comparable to the heat flux calculated in the simulations, which are 

located at 38 mm in Figure 7. 
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3.4 Enhancing Simulation Accuracy Through Temperature-Dependent Properties: 

A Case Study with Tungsten Material in Hypersonic Conditions 

The material properties undergo changes based on temperature, particularly at higher 

temperatures. The variation in specific heat and thermal conductivity of tungsten is illustrated 

in the Figure 8, highlighting the necessity of implementing temperature-dependent properties 

in the simulations. Systematic examination of the thermal-dependent properties of the metal 

within the simulation was conducted. Simulations for the base case were executed with a Mach 

number of 7, utilizing tungsten as the material. To improve simulation accuracy, temperature-

dependent properties derived from polynomials specific to tungsten, as referenced in 

authoritative texts on Tungsten metallurgy, were incorporated. A detailed comparative analysis 

of the recalculated results is attached for your reference. 

 

Figure 8 Temperature dependent thermophysical properties of tungsten, thermal 

conductivity, and heat capacity[56,57] 

In further calculations, the constant temperature of the metal is utilized at lower Mach number 

conditions, such as Mach 7. However, it is imperative to implement temperature-dependent 

properties for other Mach number conditions or in higher temperature regions. 
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Figure 9 Temperature and Heat Variations Influenced by Material Temperature 

Dependency 

Upon Investigation, it is notable that the disparities between simulations featuring temperature-

dependent properties and those employing temperature-independent properties are minimal as 

shown in Figure 9 . This suggests that the inclusion of temperature-dependent properties, 

derived from comprehensive references, introduces marginal variations to both constant metal 

properties and heat flux in the simulated scenarios. 

3.5 Internal Flow sCO2 Jet Impingement Validation 

 

 

Figure 10 Validation Experimental Setup of the imping sCO2 jet[58] 
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Simulations are conducted to investigate the fundamental fluid dynamics and heat transfer 

effects of sCO2 impingement cooling. The initial computational setup replicates a heated wall 

without external hypersonic flow, following the methodology outlined in Chen et al.'s 

experimental study[58,59]. Specifically addressing the heated leading edge, heat flux data from 

Table 1 is incorporated due to the limited literature on sCO2 impingement conjugate 

simulations. The simulations commence with sCO2 impingement for comparative purposes, 

enabling subsequent comparisons against air results and existing sCO2 impingement findings. 

NIST tables are employed for simulation accuracy, and Figure 12 exhibits satisfactory 

agreement between experimental data and the current simulations. The validation setup, 

modeled after the paper[60] is presented in Figure 10 

  

Figure 11 Comparison of the local heat transfer coefficient predictions (m = 22.36 kg/h, 

0.22 MW/m2, p = 7.85 MPa, Tin = 18.0[58] 
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CHAPTER 4  

RESULTS AND DISCUSSION 

Numerical simulations are done to study the basic aero and heat transfer effects of sCO2 

impingement cooling. A numerical test setup is created as shown in Figure 4 combining 

external hypersonic flow with impingement cooling. The test setup has two regions, one 

consisting of air and another region consisting of Supercritical carbon dioxide. The leading-

edge solid region has two layers of one-layer Thermal Barrier Coating made of Carbon 

reinforce matrix and the metal layer is made of tungsten. The non-equilibrium Ansys fluent 

solver is used to solve the external hypersonic flow region and sC02 Ideal gas model is used to 

solve the sC02 region. 

4.1 Ansys Fluent Code Validation for A Non-Equilibrium Flow Over a Nose Cone.  

In hypersonic flow, the air undergoes disassociation. It means, that air internal energy modes-

rotational, vibrational, translation, electronic, and so forth will reach equilibrium with new 

energy states at different temperatures. The air at hypersonic speed will not be characterized 

by a single temperature. The thermodynamic non-equilibrium two-temperature 5 species 

park’s model in Ansys Fluent is used to simulate the flow field. The possibility of using the 

model in hypersonic flow is validated by the hypersonic flow experiments at a Mach number 

of 9.73. The numerical is done to test the viability of the Nonequilibrium model as compared 

to the Equilibrium model. 
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Figure 12 Heat flux and Flow field comparisons between experiments and 

simulation 

The results shown in Figure 12 explains plotted to compare the heat flux and image 

visualization from experiments [4]. It is observed that the two-temperature models are 

predicting the heat flux over the nose cone well compared to the equilibrium model. Small 

discrepancies are observed between the experiments and numerical simulation due to the 

nonavailability of non-equilibrium experimental conditions. The results are compared with the 

theoretical equation [20,21] as shown in Figure 12. The reason behind the two-temperature 

models performs better in predicting heat flux over the nose cone compared to the equilibrium 

model is rooted in their ability to capture the dynamic nature of hypersonic flow. In hypersonic 

conditions, the air molecules undergo dissociation, and they exhibit various internal energy 

modes, each with its unique temperature. This dynamic equilibrium among these modes has a 

substantial impact on heat transfer and the overall behavior of the flow. 
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The two-temperature models account for this non-equilibrium state by considering separate 

temperatures for translational and vibrational energy modes. These modes are particularly 

important in hypersonic flow. This additional level of detail allows the model to make more 

accurate predictions about how heat is distributed over the nose cone. In contrast, the 

equilibrium model simplifies things by assuming a single, uniform temperature for the entire 

flow. 

The enhanced accuracy of the two-temperature models in predicting heat flux underscores their 

ability to represent the complex interactions of energy modes in hypersonic air. This enables 

them to provide a more realistic and comprehensive description of the physical processes at 

work in hypersonic flow. 

4.2 Effects Of Chemical Reaction Species Model  

 

 

Figure 13 Heat flux comparison of two distinct species model 
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Numerical simulations are done to study the effect of changing the chemical reaction species 

model on the heat flux. The experimental values are taken from the LENS-XX expansion tunnel 

at CUBRC with the free stream conditions of Mach number 12 as provided in run 68[3]. In this 

study, Gupta’s 11-species model, and the park is 5 species 93 model chemical reaction models 

are used to simulate the hypersonic flow.  Figure 13 shows the simulated heat flux for the nose 

cone from two different species models compared with the experimental values and simulated 

values from the literature. The 11 species of Gupta’s model predict a higher value of the heat 

flux compared to the 5 species model. But the heat flux predicted by both Park’s model and 

Gupta’s model does have a minor difference between the heat flux values.  This is explained 

with the help of Figure 14 shows the vibrational-electronic temperature and translational-

rotational temperature contours comparison between the two models. The 11-species predicts 

a higher temperature as compared to the 5-species model. As we all know, chemical reactions 

will increase the temperature of the gases.  Since the 11 species model has 6 more species as 

compared to the 5 species model. The extra 6 species will go through more chemical reactions 

than the 5. This can be seen in the increase in temperature flow fields and heat flux.  

The nitrogen and oxygen species, O, N and NO mass fractions predicted by both models are 

same in most of the region. But near the stagnation the mass fractions values of all the species 

slightly vary between the models. This shows that the difference in chemical reaction between 

both models is larger near the stagnation region. however, variations in mass fractions are 

evident near the stagnation region, emphasizing differences in chemical reactions, which likely 

contribute to variations in heat flux. 
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Figure 14 Temperature comparison of two different species model 

 

Figure 15 Mass fraction values of five different species 
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Figure 16 Density variation along the axis 

Figure 16 shows density variation along the axis of the flow field. The density values are plotted 

using the results of four different models. The density values do not show any difference in 

density value as far away from the station point location and bow shock from the nose cone. 

The larger variation in density values can be observed in the case of an ideal gas and two-

temperature air (AIR2T) used as the free stream fluid. But the variation of density values 

predicted by Park’s model and Gupta’s models are less expected near the stagnation point. The 

variation in density is nothing but a shock that stands off distance from the stagnation point. 

The variation in shock standoff with the model can be seen in the Figure 16. The increase in 

density values of the species model after the bow shock leads to smaller shock standoff distance 

as compared to non-species model.  

Changing the chemical reaction species model significantly influences heat flux and shock 

standoff distance in hypersonic flow. Comparative simulations using Gupta's 11-species model 

and Park's 5-species 93 model reveal noteworthy differences. Gupta's model, with its increased 
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species complexity, predicts higher heat flux, temperatures, and reduced shock standoff 

distance, particularly near the stagnation point. In essence, it emphasizes the critical role that 

chemical reactions play in influencing the behavior of hypersonic flow and underlines the 

importance of choosing an appropriate chemical reaction species model for such simulations. 

4.3 Unveiling the Cooling Impact: Does Sco2 Cool the Leading Edge? 

 

Figure 17 (a) Temperature contour (b)static temperature along the axis 

The investigation into the effectiveness of sCO2 in cooling the leading edge is conducted 

through comprehensive numerical simulations, where the sCO2 space is treated as a solid 

medium to replicate real-world conditions accurately. The simulations involve two distinct 

cases, each exposed to an external flow at Mach 7. The visual insights gained from temperature 

contour plots distinctly showcase that, in the absence of sCO2 coolant, the leading-edge 

experiences significantly higher temperatures. This observation underscores the critical role 

played by sCO2 in actively mitigating extreme heat at the leading edge, making it an essential 

component for effective thermal management in hypersonic vehicles. 

To delve deeper into the quantitative aspects of the simulations, static temperature profiles 

along the axis are meticulously examined. The comparison between the two cases highlights a 

consistent trend where the scenario with sCO2 coolant consistently maintains lower 

(b)
(a)
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temperatures along the leading edge. This temperature reduction is crucial for preventing 

structural damage and ensuring optimal aerodynamic performance. Notably, the coolant case 

exhibits a substantial reduction in the maximum temperature by 300K compared to the scenario 

without sCO2, emphasizing the significant cooling effect provided by sCO2. 

These detailed findings contribute valuable insights into the efficacy of sCO2 as a cooling agent 

for hypersonic leading edges. The active role of sCO2 in reducing temperatures along the 

leading edge is pivotal for enhancing the overall efficiency and safety of hypersonic vehicles, 

providing a compelling case for the continued exploration and implementation of sCO2 in 

aerospace applications. 

4.4 Effects of Free Stream Mach Number  

 

Figure 18 Temperature Contour around the Leading Edge 

In this section, the results of an increase in free-stream Mach number for 5 to 7 are shown and 

discussed. An increase in Mach number increases the temperature of the leading edge as shown 

in Figure 18 and Figure 19. However, the properties of sCO2 are sensitive near-critical regions 

with temperature variations [16, 29]. An increase in free-stream Mach number increases the 

A, Mach =5 B, Mach =7
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temperature gradient across the wall. The Surface heat transfer coefficient is plotted for the two 

cases with different Mach numbers as shown in Figure 16. It is observed that the heat transfer 

coefficient is decreasing rapidly near the high-temperature region and increases in the aft 

region.  The variation in heat transfer coefficient, with a rapid decline near the high-

temperature leading edge followed by an increase in the aft section, is explained by the 

interplay of complex fluid dynamics and thermodynamics, primarily influenced by the 

behavior of the boundary layer. At the boundary layer's inception, air near the solid surface 

gradually transitions from zero velocity to free-stream velocity. The heightened temperature in 

the high-temperature region near the leading edge, particularly at high Mach numbers, results 

from compression and friction, causing a thinner boundary layer due to air expansion. This thin 

boundary layer limits heat transfer, leading to a reduced heat transfer coefficient. In the aft 

region, as the boundary layer thickens and the air cools due to expansion and mixing, the heat 

transfer coefficient begins to rise. This observed pattern is driven by variations in boundary 

layer thickness, temperature distribution, and fluid properties. It is fundamental in high-speed, 

high-temperature environments and holds significance for designing efficient thermal 

protection systems and optimizing aerodynamic performance. 
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Figure 19 Surface Heat Transfer Coefficient around the Leading Edge 

 

The heat transfer coefficient increases with Mach number because higher Mach numbers 

involve faster airflows with more kinetic energy and elevated temperatures due to compression. 

This results in a greater temperature difference between the solid surface and the fluid, leading 

to a higher heat transfer coefficient. 

The heat transfer coefficient increases with Mach number primarily due to the increased kinetic 

energy and temperature of the airflow at higher Mach numbers. Here's a more detailed 

explanation: 

1. Velocity and Kinetic Energy: As the Mach number increases, the velocity of the fluid 

(air) relative to the speed of sound also increases. This implies that the fluid particles 

are moving at higher speeds. The kinetic energy of these faster-moving particles is 

directly proportional to the square of the velocity. So, at higher Mach numbers, the 

kinetic energy of the fluid is significantly greater. 
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2. Thermodynamic Effects: In addition to higher velocities, higher Mach numbers 

correspond to increased temperatures. This is a consequence of compression, which 

occurs as the fluid accelerates to supersonic or hypersonic speeds. As the fluid is 

compressed, its temperature rises due to the conversion of kinetic energy into thermal 

energy. This elevated temperature of the fluid contributes to increased heat transfer. 

3. Heat Transfer Relationship: The heat transfer coefficient (h) is a measure of how 

effectively heat is transferred from a solid surface to a fluid (in this case, air). The rate 

of heat transfer is related to the difference in temperature between the solid surface and 

the fluid, as well as the properties of the fluid. At higher Mach numbers, the temperature 

of the fluid is higher, leading to a greater temperature gradient between the solid surface 

and the fluid. According to the convective heat transfer equation: 

Q = h * A * ΔT 

Where: 

• Q is the heat transfer rate. 

• h is the heat transfer coefficient. 

• A is the surface area. 

• ΔT is the temperature difference. 

The increased temperature difference (ΔT) at higher Mach numbers leads to a higher heat 

transfer rate (Q), and consequently, a higher heat transfer coefficient (h). 

In summary, the heat transfer coefficient increases with Mach number because higher Mach 

numbers result in both increased fluid velocity (kinetic energy) and elevated fluid temperature. 
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These factors contribute to a greater temperature gradient between the solid surface and the 

fluid, leading to more efficient heat transfer and a higher heat transfer coefficient. 

4.5 Sco2 Coolant: Heat Transfer and Cooling Performance Over Air 

Initial investigations have been undertaken to numerically evaluate the effectiveness of air and 

supercritical carbon dioxide (sCO2) as coolants. The tests were conducted at Mach number 7 

under free stream conditions at an altitude of 40 km. Figure 13 illustrates the temperature 

distribution along the leading-edge axis, providing insights into cooling performance. The 

findings reveal that transitioning from air to sCO2 results in similar behavior, with certain 

regions experiencing reduced temperatures. 

 

Figure 20 sCO2 Vs air 

Figure 20 visually represents the impinging flow on a concave leading edge, offering an 

optimistic observation for employing sCO2 as a coolant in the current research. Notably, these 

trends are specific to the cases studied here. Further investigations will meticulously explore 

other parameters such as pressure and temperature. It's important to highlight that sCO2 
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demonstrates a higher heat transfer coefficient owing to its superior thermal conductivity and 

heat capacity in comparison to air. This characteristic significantly influences the effectiveness 

of heat transfer in the system. 

4.6 The Influence of Thermal Barrier Coatings  

  

In hypersonic flight, the metal employed may require thermal barrier coatings to shield it from 

the extreme heat and oxidation. To assess the effects of these Thermal Barrier Coatings (TBCs), 

a numerical simulation was conducted for a Mach 7 hypersonic flow scenario. In this 

simulation, pure tungsten alloy used as the metal, and a TBC made of reinforced carbon 

composite with a thickness of 500 μm is applied. This TBC is characterized by high insulating 

properties, boasting a low thermal conductivity. 

The temperature distribution along the stagnation streamline illustrates the influence of the 

TBC, comparing the results obtained with and without the TBC. Notably, the maximum 

temperature experienced by the tungsten metal is reduced when the TBC is applied compared 

to when it is absent. However, it's important to highlight that the maximum temperature at the 

leading-edge increases with the presence of the TBC, potentially raising concerns about 

delamination. 
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 Figure 21 Temperature Contour around the Leading Edge for Mach 7 using sCo2 as 

Coolant.  

To prevent the leading metal from melting, ablating materials are used as the thermal barrier 

coating. Generally, Reinforced Carbon/Carbon (RCC) ceramic is used as the thermal barrier 

coating for hypersonic vehicles. In the current case, Reinforced Carbon-Carbon (RCC) is used 

as the TBC as the external material. The temperature distribution is shown in Figure 21 and 

Figure 22. The general observation of the investigation is as follows: The presence of the 

coating decreases the metal temperature and increases the overall temperature of the leading 

edge.  The temperature decreases from the hot external environment to the metal interface. This 

gradual decrease in temperature minimizes the thermal shock and stress on the metal, which 

can occur when it is exposed directly to extreme temperatures. Also, TBCs possess low thermal 

conductivity, impeding heat transfer from the hot external environment to the underlying metal 

during hypersonic flight. The presence of the TBC creates a thermal gradient through its 

thickness. The temperature decreases from the hot external environment to the metal interface. 
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This gradual decrease in temperature minimizes the thermal shock and stress on the metal, 

which can occur when it is exposed directly to extreme temperatures. 

 

 Figure 22 Temperature Distributions along the Axis Line of a Leading-edge for 

TBC-coated and Uncoated 

4.7 Effects Of Sco2 Jet Impingement Tube to Nose Cone Length(Z/D) On Nu 

 

Figure 23 Nusselt number along the Leading-edge surface of the nose cone (a) Z/D = 1 (b) 
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The Figure 23 shows the influence of jet impingement angle on a hypersonic vehicle nose cone 

for a Reynolds number value of 22500. The impingement jet inlet is sent with a mass flow rate 

of 44 Kg/g/h. and kept at the pressure and temperature well above critical conditions at 199 

atm and 1200K. The figure and b show Nusselt’s values for Z/D values of 1 and 5. The peak 

Nusselt’s number at the stagnation point of the nose cone increase with the increase in Z/D 

values from 1 to 5. It is observed that Nusselt’s values in the case of Z/D = 5 is higher than the 

values in the case of Z/D=1. The peak Nusselt’s number in the case of z/D is equal to 5 almost 

double the value compared to Z/D values of 1. It is inferred that for the given operating 

conditions Z/D =5 is better in the heat transfer perspective as compared to smaller Z/D values. 

Extensive parametric will be conducted to find the optimal Z/D values for the current operating 

conditions. It is concluded that the heat transfer is highly dependent on the values of relative 

tube to the nose cone's surface (Z/D).  

But the peak Nusselt’s number is giving inconclusive results when compared between the two 

impingement angles 30 deg and 60 deg. The peak Nusselt’s number values change according 

to the Z/D values. In the case of Z/d =5 the peak Nusselt’s of 60 deg case is higher than the 30 

deg case. But in the case Z/D=1 the peak Nusselt’s number of 30 deg case is less than the 60 

deg impingement case.  

Z/D = 5 offers superior heat transfer performance compared to smaller Z/D values due to its 

effect on the boundary layer characteristics and the way it influences the flow dynamics. Here's 

why: 

1. Boundary Layer Thickness: The Z/D ratio, where Z is the distance between the 

impinging jet outlet and the surface and D is the diameter of the impinging jet, has a 

direct impact on the thickness of the boundary layer. A larger Z/D ratio means that the 
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impinging jet is positioned farther from the surface. This greater distance allows the 

boundary layer to develop and thicken more effectively. In contrast, smaller Z/D ratios 

result in the impinging jet being closer to the surface, causing a thinner boundary layer. 

2. Turbulent Mixing: A thicker boundary layer offers more space for the turbulent 

mixing of the impinging jet with the boundary layer flow. This enhanced mixing leads 

to increased heat transfer rates. With Z/D = 5, there is more room for turbulent eddies 

and vortices to develop within the boundary layer, promoting efficient heat transfer. 

3. Enhanced Convection: The greater distance in Z/D = 5 creates a longer contact time 

between the high-velocity impinging jet and the boundary layer. This prolonged contact 

time allows for improved convective heat transfer, as the fluid has more opportunities 

to exchange energy with the solid surface. Consequently, more heat is transferred from 

the solid surface to the fluid, leading to higher Nusselt numbers and superior heat 

transfer performance. 

4. Reduced Heat Transfer Inhibition: Smaller Z/D values, where the jet is closer to the 

surface, can inhibit heat transfer due to limited space for turbulent mixing. This 

proximity can restrict the ability of the impinging jet to efficiently penetrate and disrupt 

the boundary layer, resulting in reduced heat transfer effectiveness. 

In summary, Z/D = 5 is favored for superior heat transfer performance because it allows the 

boundary layer to develop fully, encourages turbulent mixing, extends the contact time between 

the impinging jet and the surface, and minimizes the inhibiting effects that closer impingement 

can have on heat transfer. This understanding is essential for optimizing cooling and heat 
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transfer systems in various engineering applications, especially in the design of hypersonic 

vehicles. 

4.8 Effects Of Sco2 Jet Impingement Angle on Nu 

Velocity flow field is used to explain the trends observed in the Nusselt’s number in the Figure 

24. It is observed that the Nusselt’s number is directly proportional to the velocity of the flow 

field inside of the coolant region. The Nusselt’s number is higher at the impingement point of 

the jet. Nusselt’s values are decreasing as it goes further away from the impingement point. 

The ‘v’ shaped recovery of Nusselt’s values is observed at the second impingement point of 

the flow field. The ‘v’ shaped recovery of Nusselt’s number happens earlier in the case of 30 

deg case as compared to the 60 deg. 

 

 Figure 24 Velocity flow field along the Leading-edge surface of the nose cone (a) Z/D = 1 

(b) Z/D = 5 

It can be explained with the help of velocity field visualization. The second impingement point 

is further away from the stagnation point in the case of 60 deg as compared to the 30 deg. The 

observed behavior is common to all the impingement angle cases tested. It can be inferred that 
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the distance between two impingement points should be kept as close as possible to achieve 

better heat transfer. Another observation with the use of area averaged Nusselt’s number of all 

the cases. It is observed that area averaged Nusselt’s number along the nose cone’s surface is 

higher in the 30 deg impingement case than others. This observation is common for both the 

Z/D values from 1 and 5.  

To test the above-mentioned theory of keeping the distance between the impingement as close 

as possible to increase the Nusselt’s and heat transfer. A new type of simulation is done by 

combing the impingement angle of 30 deg and 60 deg as shown in Figure 25 below. As a result, 

the area Nusselt’s number is higher in the current stimulation by combining the 30 deg and 60 

deg impingement angle in a single model.  

 

Figure 25 Temperature Contours (A) Complete Solid and fluid regions (B) metal region 

with impingement jet, (C) a metal region without impingement jet  

This section shows the effect of impingement jets on cooling solid metal. Figure 25 shows 

static temperature contours with sCO2 impingement and without impingement. It is obvious 

that the solid metal with the cooling experiences reduced temperature on the solid surface as 

(B) (c)(A)
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compared to the solid metal without cooling. In further studies, the injection rates of the jets 

will be changed to study their effects on the heat transfer performance.  

The "V" shaped Nusselt recovery observed at the second impingement point, with the 30-

degree angle exhibiting the "V" shape earlier compared to the 60-degree angle, can be 

explained by the interplay of fluid dynamics and the positioning of the impingement points. 

Here's the scientific reasoning for this phenomenon: 

Impingement and Mixing: When a high-velocity jet impinges on a solid surface, it creates a 

zone of intense mixing and disruption in the boundary layer. This leads to higher heat transfer 

rates at the impingement point, resulting in elevated Nusselt numbers. The intense mixing 

causes a local peak in heat transfer near the impingement point. 

Flow Reattachment: As the flow continues downstream from the impingement point, it 

starts to reattach to the solid surface. This reattachment process occurs due to pressure and 

velocity variations. In the context of heat transfer, this reattachment marks a shift from the 

region of strong impingement to a region where the flow separates less, reducing the heat 

transfer rate. 

Nusselt Recovery: The "V" shaped Nusselt recovery is a consequence of this flow 

reattachment. After the initial peak at the impingement point, the Nusselt number decreases 

as the flow detaches and moves away. However, as the flow begins to reattach further 

downstream, it creates a secondary region of increased heat transfer, resembling the shape of 

a "V." 

Effect of Impingement Angle: The positioning of the impingement points, influenced by the 

impingement angle, plays a significant role. A 30-degree angle results in the second 
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impingement point occurring closer to the stagnation point. This proximity to the stagnation 

point means that the "V" shaped Nusselt recovery happens earlier, as the flow reattaches 

sooner. 

Closer Impingement Points: The consistent observation of this behavior across 

impingement angle cases suggests that keeping the impingement points as close as possible to 

the stagnation point is advantageous for heat transfer. Closer impingement points allow for 

more rapid reattachment of the flow and the creation of the secondary region of enhanced 

heat transfer, resulting in a higher Nusselt number. 

Area-Averaged Nusselt Numbers: The area-averaged Nusselt numbers are higher for the 

30-degree impingement case because the early "V" shaped Nusselt recovery results in a more 

significant overall increase in heat transfer. 

Combining Impingement Angles: Combining 30-degree and 60-degree impingement angles 

in a single model leverages the advantages of both angles, resulting in a more comprehensive 

heat transfer effect. This combination increases area averaged Nusselt numbers as it 

maximizes the benefits of heat transfer enhancements at both impingement points. 

In summary, the "V" shaped Nusselt recovery phenomenon arises from the interaction of 

impingement, flow reattachment, and the positioning of impingement points. Closer 

impingement points near the stagnation point enhance heat transfer, resulting in higher 

Nusselt numbers. Combining multiple impingement angles in a single model can further 

optimize heat transfer performance. 
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CHAPTER 5  

HEAT TO POWER CONVERSION: sC02 CYCLE 

Hypersonic vehicles are aircraft that fly faster than five times the speed of sound (Mach 5). 

They have various potential applications, such as space exploration, military operations, and 

rapid transportation. However, they also face many technical challenges, such as aerodynamic 

heating, propulsion, and cooling. One of the possible solutions for cooling the hypersonic 

vehicle is an active cooling system that utilizes the sCO2 Brayton cycle. The sCO2 Brayton 

cycle can provide both power generation and heat rejection for the vehicle while reducing the 

weight and complexity of the system. 

The design and operation of hypersonic vehicles pose unique challenges, especially in the 

efficient conversion of heat generated during high-speed flight into usable power. In this 

chapter, the specifics of the SC02 cycle, a cutting-edge thermodynamic cycle tailored for 

hypersonic applications. The SC02 cycle addresses the need for effective heat to power 

conversion, ensuring optimal performance and energy utilization in the demanding 

environment of hypersonic flight. The supercritical carbon dioxide (sCO2) power cycle is a 

highly efficient, advanced thermal cycle that uses sCO2 as the working fluid. The term 

“supercritical” describes the state of carbon dioxide above its critical temperature of 31.1°C 

and critical pressure of 73.8 atmospheres, making it neither a liquid nor a gas. After the sCO2 

passes through a turbine, it is cooled and then re-pressurized before returning for another pass. 

The turbine drives a generator for power production. 

The basic idea of using the sCO2 Brayton cycle for hypersonic vehicles is to extract heat from 

the vehicle’s skin and use it to drive a turbine-alternator-compressor (TAC) unit that produces 
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electricity. The electricity can then be used to power the vehicle’s subsystems, such as avionics, 

sensors, and communications. The sCO2 working fluid is then cooled by a heat exchanger and 

recycled back to the compressor. The heat exchanger can be either air-cooled or water-cooled, 

depending on the availability of the cooling medium. The sCO2 Brayton cycle can also be 

integrated with other propulsion systems, such as scramjets or ramjets, to improve their 

performance and efficiency. 

5.1 Advantages of sCO2 Cycles 

There are several advantages of using the sCO2 Brayton cycle for hypersonic vehicles, such 

as: 

• Higher efficiency: The sCO2 Brayton cycle can achieve higher thermal efficiency than 

conventional steam or gas turbine cycles, because of its higher operating temperature 

and lower compression work. The theoretical efficiency of the sCO2 Brayton cycle can 

reach up to 50%, compared to 30% for steam or gas turbine cycles. 

• Lower emissions: The sCO2 Brayton cycle does not produce any harmful emissions, 

such as carbon dioxide, nitrogen oxides, or particulates, because it uses a closed-loop 

system with no combustion. The sCO2 working fluid is also nontoxic and stable and 

does not contribute to the greenhouse effect. 

• Smaller size: The sCO2 Brayton cycle can reduce the size and weight of the power 

generation and cooling system, because of its higher density and lower specific volume 

than steam or air. The sCO2 working fluid can also operate at higher pressures, which 

reduces the size of the TAC unit and the heat exchanger. The smaller size of the system 

can improve the aerodynamics and maneuverability of the hypersonic vehicle. 

https://www.energy.gov/sites/default/files/2016/06/f32/QTR2015-4R-Supercritical-Carbon-Dioxide-Brayton%20Cycle.pdf
https://www.energy.gov/sites/default/files/2016/06/f32/QTR2015-4R-Supercritical-Carbon-Dioxide-Brayton%20Cycle.pdf
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• Lower cost: The sCO2 Brayton cycle can lower the cost of the power generation and 

cooling system, because of its simpler design and fewer components. The sCO2 

working fluid is also cheaper and more abundant than other working fluids, such as 

helium or water. The lower cost of the system can make the hypersonic vehicle more 

affordable and accessible. 

5.2 Main Components of Sco2 Cycles 

The supercritical carbon dioxide Brayton cycle (sCO2 CBC) system has four main 

components as show in Figure 26a 

Compressor: The compressor increases the pressure of the low-pressure, low-temperature 

sCO2 to a high-pressure, low-temperature state. 

Heat exchanger: The high-pressure, low-temperature sCO2 is passed through a heat 

exchanger where it absorbs heat and becomes a high-pressure, high-temperature sCO2. 

Turbine: The high-pressure, high temperature sCO2 expands in a turbine, producing work 

that can be converted to electricity. 

Cooler: The low-pressure, high temperature sCO2 is cooled at constant pressure in the cooler 

before it is sent back to the compressor. 

5.3 The Supercritical Carbon Dioxide Brayton Cycle 

The supercritical carbon dioxide Brayton cycle (sCO2 CBC) is an innovative approach to 

converting thermal energy into electrical energy, employing supercritical carbon dioxide 

(sCO2) as the working fluid. Leveraging the distinctive properties of sCO2, this cycle proves 

exceptionally well-suited for efficient energy conversion. Notably, the sCO2 CBC represents 
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a highly efficient thermodynamic process, capturing considerable attention in recent years due 

to its distinct advantages over traditional steam or gas turbine cycles.[63–65] 

 

Figure 26 (a)Simple regenerated sCO2 Closed Brayton cycle system[66] (b) T-s 

diagram.[67] 

1-2 Compression 

The cycle as shown in Figure 26 begins with the compression of the low-pressure, low 

temperature sCO2 (state 1) in a compressor. The sCO2 is compressed to a higher pressure (state 

2), which increases its temperature due to the work done on the fluid. This process is adiabatic, 

meaning no heat is exchanged with the surroundings. The efficiency of this stage is largely 

dependent on the compressor design and operation. 

Compression (1-2): The compression process is governed by the isentropic relation for an 

ideal gas: 

𝑇2 = 𝑇1 × (
𝑃2

𝑃1
)

(
𝛾−1

𝛾
)
 

1. The isentropic efficiency of the compressor: 

Aerodynamic 

Heat from the 

leading edge

(b) (a) 
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𝜂𝐶 =
ℎ2 − ℎ1

ℎ2𝑠 − ℎ1
 

    where ℎ1,and ℎ2, are the enhalpies before and after the compression (𝑇1) and 𝑇2 are the 

temperatures before and after compression, (𝑃1)and 𝑃2are the pressures before and after 

compression, and 𝛾 is the ratio of specific heats. 

𝜌𝐶 =
𝑝1

𝑝2
 

2-3 Recuperator (Hot Side) 

The high-pressure, high temperature sCO2 from the compressor outlet (state 2) then enters the 

hot side of a recuperator. The recuperator is a type of heat exchanger that transfers heat from 

the hot sCO2 to the cooler sCO2 returning from the turbine (state 5). This process increases 

the temperature of the sCO2 (state 3) before it enters the heater, improving the overall 

efficiency of the cycle by reducing the amount of external heat required. 

Recuperator (Hot Side) (2-3): The heat transfer in the hot side of the recuperator can be 

calculated using the equation: 

    𝑄 = 𝑚̇ × 𝐶𝑝 × (𝑇2 − 𝑇3) 

    where 𝑚̇ is the mass flow rate, 𝐶𝑝 is the specific heat at constant pressure, and 𝑇2 and 𝑇3 are 

the temperatures before and after the recuperator. 

 

𝑇ℎ𝑒 𝑟𝑒𝑐𝑢𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠: 

𝜖𝑅𝐸𝐶 =
ℎ5 − ℎ(𝑇2, 𝑝6)

ℎ5 − ℎ6
 

3-4 Heater 
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The high-pressure, high temperature sCO2 from the recuperator (state 3) is then further heated 

in a heater. This process increases the thermal energy of the sCO2 (state 4), preparing it for 

expansion in the turbine. The heat source for this process can vary, ranging from conventional 

fossil fuels to renewable sources like solar or nuclear energy. In this study, the aerodynamics 

heating form slowing down hypersonic flow at the leading acts as a heat source.  

𝑄𝐻𝑇 = 𝑚̇ × 𝐶𝑝 × (𝑇4 − 𝑇3) 

4-5 Turbine 

The high-pressure, high temperature sCO2 from the heater (state 4) is then expanded in a 

turbine. The expansion of the sCO2 results in a drop in its pressure and temperature, and the 

conversion of its thermal energy into mechanical work. The mechanical work can be used to 

drive an electrical generator or other machinery. The efficiency of this stage is largely 

dependent on the turbine design and operation.  

𝑇ℎ𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒: 

𝜌𝑇 =
𝑝5

𝑝4
= 𝜌𝐶 ∏(1 − 𝑥𝑖)

𝑛

𝑖=1

 

 

Tℎ𝑒 𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒: 

𝜂𝑇 =
ℎ4 − ℎ5𝑠

ℎ4 − ℎ5
 

5-6 Recuperator (Cold Side) 

The low-pressure, low temperature sCO2 from the turbine outlet (state 5) then enters the cold 

side of the recuperator. Here, it absorbs heat from the hot sCO2 coming from the compressor 
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(state 2), increasing its temperature (state 6) before it enters the pre-cooler. This process 

improves the overall efficiency of the cycle by reducing the cooling load on the pre-cooler. 

6-1 Pre-cooler 

Finally, the sCO2 from the recuperator (state 6) is cooled down in a pre-cooler before it returns 

to the compressor (state 1), completing the cycle. The pre-cooler removes the remaining heat 

from the sCO2, bringing it back to its initial low-pressure, low-temperature state. This process 

ensures the sCO2 is at the optimal temperature for compression, improving the overall 

efficiency of the cycle. 

the sCO2 Brayton cycle is a promising technology for power generation due to its high 

efficiency and flexibility. Its unique use of sCO2 as the working fluid, coupled with the 

recuperative heat exchange process, allows for significant improvements in thermal efficiency 

compared to traditional power cycles. As research and development continue, the sCO2 

Brayton cycle holds great potential for a more sustainable and efficient energy future. 

𝑇ℎ𝑒 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑖𝑚𝑝𝑙𝑒 𝑟𝑒𝑐𝑢𝑝𝑒𝑟𝑎𝑡𝑒𝑑 𝑙𝑎𝑦𝑜𝑢𝑡: 

𝜂𝑡ℎ;𝑆𝑅𝐿 =
𝑄𝐻𝑇

𝑚𝐶𝑂2(𝑤𝑇 − 𝑤𝐶)
=

ℎ4 − ℎ3

(ℎ4 − ℎ5) − (ℎ2 − ℎ1)
 

 𝑇ℎ𝑒 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒 𝑡𝑜 𝑓𝑢𝑒𝑙 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑠𝑖𝑚𝑝𝑙𝑒 𝑟𝑒𝑐𝑢𝑝𝑒𝑟𝑎𝑡𝑒𝑑 𝑙𝑎𝑦𝑜𝑢𝑡: 

𝑔𝑆𝑅𝐿 =
𝑚𝑓

𝑚𝐶𝑂2
=

ℎ6 − ℎ1

ℎ𝑓2 − ℎ𝑓1
 

 

𝑇ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑖𝑚𝑝𝑙𝑒 𝑟𝑒𝑐𝑢𝑝𝑒𝑟𝑎𝑡𝑒𝑑 𝑙𝑎𝑦𝑜𝑢𝑡 𝑤𝑖𝑡ℎ 𝑓𝑖𝑛𝑖𝑡𝑒 𝑐𝑜𝑙𝑑 𝑠𝑜𝑢𝑟𝑐𝑒: 

𝑃𝑆𝑅𝐿 =
𝑚𝐶𝑂2(𝑤𝑇 − 𝑤𝐶)

𝜂𝐺
=

𝑚𝑓(ℎ6 − ℎ1)

ℎ𝑓2 − ℎ𝑓1
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5.4  sCo2 Properties and A Potential Thermodynamic Power Cycle  

Figure 27 (a) CO2 T-S diagram (b) CO2 P-T diagram 

In any supercritical fluid, the distinction between the liquid phase and gas phase disappears 

gradually. The phase change process of CO2 from subcritical to supercritical is shown in Figure 

4. Also, The Thermo-physical properties of sCO2 dramatically change with the change in 

pressure and temperature. The real gas properties should be used while the heat transfer 

properties and usage of sCO2 in power cycles are explained in detail in the review paper by 

Cabeza et al. [17]. It is also shown that heat transfer enhancement can be achieved for various 

geometries using sCO2.    

Even though this paper is primarily focused on the heat removal for leading-edge cooling, the 

thermal parameters used for the simulation are based on a potential sCO2 simple Brayton cycle 

that could be used for converting the acquired heat into useful work. The sCO2 power cycle is 

one of the promising power systems for the next generation of a power conversion system with 

potential applications in a multitude of different fields [18, 19]; including, but not limited to 

waste heat recovery [20, 21]. The sCO2 power cycle is a gas-based power cycle with many 

advantages compared to other conversion cycles. The overall system is compact with high 

cycle efficiency for operation parameters above 450 °C (turbine inlet temperature). The overall 

cycle layout consists of a compressor (point 5 and 6), a turbine (point 2 and 3), a cooler (point 
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4 and 5), a primary heat exchanger (point 1 and 2), and a recuperative heat exchanger (point 3 

and 4 on hot side and point 1 and 6 on cold side). The sCO2 power cycle has several different 

cycle layouts that can affect the cycle efficiency and the net power. The typical cycle layout is 

the simple Brayton cycle.   

The input parameters of the simple Brayton cycle considered for preliminary simulation are 

shown in Table 3. The turbine inlet pressure is 19.7584 MPa. The sCO2 mass flow rate is 0.004 

kg/s. The simulations were performed using in-house developed computer programs that were 

designed to optimize the Brayton power cycle with the CoolProp as a source of gas properties 

[22]. CoolProp is the open-source Thermophysical Property Library.   

The primary heat exchanger inlet and outlet temperature and compressor inlet temperature are 

set as fixed variables and boundary limitations for the optimization. The compressor inlet 

pressure and pressure ratio are considered as optimized variables with lower and upper limits 

(8 and 9 MPa). The generator efficiency is considered as 96 %, clutch efficiency is 95 %, and 

the gearbox efficiency is 93 %. The pressure drops are not considered in the calculation, 

because the effect of the pressure drops will not be larger than 1 - 2 % [23].  
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Table 3 Input and boundary conditions of the sCO2 simple Brayton cycle. 

Turbine inlet pressure  19.7584  MPa  

T5  15.7  °C  

T1  1200  °C  

T2  1300  °C  

Mass flow rate  0.024  kg/s  

Compressor efficiency  75  

%  Turbine efficiency  90  

Recuperator effectiveness  95  

  

The T-S diagram of the sCO2 simple Brayton cycle is shown in Figure 28. The results based 

on input and boundary conditions from Table 3 and the assumptions mentioned above are 

shown in Table 3. The compressor inlet pressure, respectively pressure ratio was optimized to 

8.707 MPa and 2.269, respectively.  
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Figure 28 T-S diagram for the sCO2 simple Brayton cycle 

The resulting system efficiency is 64.32 %. The net power of the system is 73.66 W for the 

sCO2 mass flow rate of 0.024 kg/s. Based on the results, presented in Table 4, the sCO2 cooling 

system has the capability to remove heat from the leading edge and transfer the energy 

generated by the cooling of the vehicle. While cooling is provided to the leading edge of the 

vehicle to allow safe operation of the hypersonic vehicle, 184.15 KJ/Kg of power are generated 

for use of electronics and other equipment of the vehicle.  
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Table 4 sCO2 simple Brayton cycle optimization results 

Medium CO2 

Turbine Output 213.2825 kJ/kg 

Compressor Power 16.475 kJ/kg 

Heating Power 308.075 kJ/kg 

Cooling Power 111.265 kJ/kg 

Recuperative Heat 1453.9925 kJ/kg 

Net Work 184.15 KJ/kg 

This study presents a hypersonic heat-to-power sample analysis focusing on CO2 as the 

medium. The results reveal the potential to harness power from aerodynamic heating, with 

critical parameters outlined. The turbine output is recorded at 213.2825 kJ/kg, while the 

compressor power stands at 16.475 kJ/kg. Notably, the heating power and cooling power are 

measured at 308.075 kJ/kg and 111.265 kJ/kg, respectively, showcasing the dynamics of 

energy transfer. Recuperative heat is quantified at 1453.9925 kJ/kg, contributing to the overall 

understanding of the system. The network obtained is 184.15 KJ/kg. The study emphasizes the 

significance of coolant mass flow rate, especially in considerations related to space weight and 

system restrictions. It suggests the feasibility of carrying the coolant in a closed cycle to extract 

power. The presented sample study focuses on a 0.5 mm thickness gap, serving as a 

foundational exploration with small mass flow rate. This research lays the groundwork for 

potential extensions, including multiple series of small leading edges with pin fin arrangements 

as shown in Figure 29, as suggested by previous studies.[26] 
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Figure 29 Impingement pin fin cooled leading edge for hypersonic vehicle (in inches)[26] 
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CHAPTER 6  

SUMMARY AND CONCLUSION 

Hypersonic thermochemical non equilibrium simulations with coupled conjugate simulation 

are conducted over a nose cone with sCO2 impingement.  From the simulations following 

things are observed, 

this study presents a comprehensive study of the aero and heat transfer effects of sCO2 

impingement cooling in hypersonic flow scenarios. The research involves numerical 

simulations using a complex test setup that combines external hypersonic flow with 

impingement cooling.  

6.1 Summary 

Several key findings and conclusions can be drawn from the results and analyses presented: 

1, Validation of Numerical Model: The paper begins with the validation of the numerical 

model, specifically for non-equilibrium flow over a nose cone. The results demonstrate good 

agreement between the numerical simulations and experimental data, highlighting the 

suitability of the chosen model for hypersonic flow simulations. 

2, Influence of Chemical Reaction Species Model: The study investigates the impact of 

different chemical reaction species models on heat flux and flow behavior in hypersonic flow. 

It is observed that the 11-species Gupta's model predicts higher heat flux compared to the 5-

species Park's model, indicating the significance of chemical reactions in altering flow 

temperatures and heat transfer. 
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3, Effect of Free-Stream Mach Number: The research explores how varying the free-stream 

Mach number affects the temperature distribution and surface heat transfer coefficient at the 

leading edge. It is found that increasing the Mach number results in higher temperatures and 

temperature gradients across the wall, with implications for heat transfer characteristics. 

4, Influence of Thermal Barrier Coatings: The presence of thermal barrier coatings, such as 

Reinforced Carbon-Carbon (RCC), is examined. These coatings are shown to reduce the metal 

temperature while increasing the overall temperature of the leading edge. The study emphasizes 

the importance of such coatings in preventing metal melting. 

5, Jet Impingement Angle and Distance (Z/D ratio): The paper investigates the impact of jet 

impingement angle and the distance between impingement points (Z/D ratio) on heat transfer. 

The results indicate that the choice of Z/D ratio significantly influences heat transfer, with 

larger values proving more effective in heat transfer enhancement. 

6, Velocity Flow Field Analysis: Velocity flow field analysis is used to explain the observed 

trends in Nusselt numbers. It is shown that Nusselt numbers are directly proportional to the 

velocity of the flow field, with implications for optimizing impingement angles and distances. 

7, Effect of Impingement Jets: The paper also examines the effect of impingement jets on 

cooling solid metal surfaces. The results reveal that cooling reduces the temperature on the 

solid surface compared to cases without cooling, highlighting the effectiveness of impingement 

cooling in heat transfer enhancement. 
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6.2 Conclusion 

This dissertation presents a comprehensive exploration into the complexities of hypersonic 

leading-edge simulations with active cooling using sCO2. The conducted numerical 

simulations, corroborated by experimental data, validate the efficacy of the thermodynamic 

non-equilibrium two-temperature model and the selected species model in accurately capturing 

both external hypersonic flow and internal sCO2 coolant flow. A key finding of this research 

is the practicality of using sCO2 coolant to regulate metal temperatures within operational 

limits, a factor critical for maintaining the integrity of aerospace materials. 

The study also delves into the comparative analysis between the 5-species Park model and 11-

species Gupta model, establishing the former’s reliability for precise flow field predictions at 

Mach 7. Furthermore, the research provides valuable insights into the effects of the geometric 

position of the sCO2 impinging jets on the leading-edge cooling. It concludes that increasing 

the jet distance enhances heat transfer performance, while increasing the jet angle may have 

the opposite effect. 

Lastly, the dissertation pioneers the study of converting hypersonic vehicle heat flux to power, 

demonstrating the feasibility of extracting power from aerodynamic heat flux using the sCO2 

cycle. This marks a significant stride towards harnessing the inherent energy of hypersonic 

vehicles for power generation, opening avenues for further advancements in aerospace 

technology. Overall, the findings presented in this dissertation contribute significantly to the 

evolving landscape of hypersonic vehicle design and thermal management and open new 

avenues for further exploration and development in the field. 
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CHAPTER 7  

FUTURE WORK RECOMMENDATIONS 

1. Extension to Realistic Flow Scenarios: 

• Broaden the scope of the investigation to include more intricate hypersonic flow 

scenarios, particularly those associated with realistic aerospace vehicle 

geometries. This expansion entails refining the numerical model to 

accommodate complex shapes and configurations, offering insights into the 

practical applicability of the results to aerospace applications. Employing 

diverse methodologies, including experimental, numerical, and analytical 

approaches, will contribute to a comprehensive understanding of these 

scenarios. 

• Enhancing the future work involves transitioning the leading-edge cooling 

model into a three-dimensional representation concerning heat transfer. To 

comprehensively investigate this cooling concept across the entire span of the 

leading edge, eventual modifications are necessary. 

2. Exploration of Advanced Thermal Barrier Coatings: 

• Investigate novel thermal barrier coatings beyond Reinforced Carbon-Carbon 

(RCC) to assess their effectiveness in further reducing metal temperature while 

maintaining or improving overall leading-edge temperature. This can involve 

both experimental and numerical studies to validate the performance of 

advanced coatings under hypersonic flow conditions. 

3. Incorporation of Transient Effects: 
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• Explore the transient behavior of the impingement cooling system. Investigate 

how the system responds during dynamic changes in flow conditions, such as 

during acceleration or deceleration phases. Understanding the transient effects 

can provide crucial information for designing adaptive cooling systems for 

hypersonic vehicles. 

4. Multi-Physics Analysis: 

• Integrate multi-physics aspects into the numerical simulations by considering 

coupled phenomena, such as fluid-structure interaction. This can provide a more 

comprehensive understanding of the interplay between aerodynamics, heat 

transfer, and structural dynamics, particularly relevant for assessing the long-

term durability of cooling systems. 

5. Optimization of Impingement Parameters: 

• Conduct an optimization study to identify the optimal combination of jet 

impingement angle and the distance between impingement points (Z/D ratio). 

This involves exploring a range of parameter values to determine the 

configuration that maximizes heat transfer efficiency. The optimization process 

can be guided by considerations of material stress, cooling effectiveness, and 

overall system performance. 

6. Experimental Validation under Extreme Conditions: 

• Perform experimental validations under extreme hypersonic conditions to verify 

the robustness and reliability of the numerical model. This could involve 

conducting impingement cooling experiments in high-temperature, high-

pressure hypersonic wind tunnels, ensuring the extrapolation of findings to 

extreme operational scenarios. 
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7. Application to Hypersonic Propulsion Systems: 

• Extend the applicability of the research to hypersonic propulsion systems by 

considering the interaction between impingement cooling and propulsion-

related factors. Investigate how the cooling system influences combustion 

efficiency, thrust, and overall propulsion system performance in the context of 

hypersonic flight. 

8. Development of Adaptive Cooling Strategies: 

• Explore the development of adaptive cooling strategies that can dynamically 

adjust impingement parameters based on real-time monitoring of flow 

conditions. Adaptive strategies can enhance the resilience and efficiency of the 

cooling system under varying operational scenarios, contributing to the overall 

reliability of hypersonic vehicles. 

9. Incorporate Ablation and Surface Catalysis Analysis: 

• Integrate ablation studies into the research to understand the effects of surface 

ablation on the impingement cooling system. Analyze how ablative materials 

respond to the hypersonic flow and impingement cooling, considering 

variations in material composition and thickness. Additionally, investigate the 

catalytic effects of the surface on heat transfer and flow behavior, exploring 

potential enhancements through surface catalysis. 

10. Collaboration with Industry Partners: 

• Collaborate with industry partners to implement and test the findings in practical 

aerospace applications. This involves working closely with aerospace manufacturers 

and research institutions to transition the knowledge gained from the study into real-
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world engineering solutions, ensuring the relevance and impact of the research on the 

aerospace industry. 
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