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ABSTRACT 

 

ANALYSIS AND DESIGN OF A HYPERSONIC SCRAMJET ENGINE  

WITH A STARTING MACH NUMBER OF 4.00 

 

Kristen Nicole Roberts, MS 

 

The University of Texas at Arlington, 2008 

 

Supervising Professor:  Dr. Donald Wilson  

When pressures and temperatures become so high in supersonic flight that it is 

no longer efficient to slow the oncoming flow to subsonic speeds for combustion, a 

scramjet (supersonic combustion ramjet) is used in place of a ramjet.  Currently, the 

transition to supersonic combustion generally occurs at a freestream Mach number 

around 5.0 to 6.0. This research details analysis completed towards extending scramjet 

operability to lower Mach numbers, while maintaining performance at higher Mach 

numbers within the same flowpath as detailed in the Air Force solicitation AF073-058.  

The specific goal is to determine whether the scramjet starting Mach number can be 

lowered to Mach 3.50 and, if not, what the constraints are that prohibit it and what the 

lowest possible starting Mach number for a scramjet is with today’s technology. This 

analysis has produced many significant insights into the current and required 
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capabilities for both fuel and overall engine design in lowering the starting Mach 

number; these results are presented here. The analysis has shown that a scramjet with a 

starting Mach number of 3.50 is not currently possible with the fuels researched unless 

fuel additives or another addition to the system are used. However, a scramjet with a 

starting Mach number of 4.00 is possible with today’s existing technology. This paper 

has designed the engine flowpath for this case; its specifications and resulting 

performance are also detailed here.  
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CHAPTER 1 

INTRODUCTION 

This chapter will provide a basic introduction to scramjet technology by 

presenting the definition, historical timeline, possible applications, and the current 

status of scramjet engines.  

1.1 Definition of a Scramjet Engine 

In order to provide the definition of a scramjet engine, the definition of a ramjet 

engine is first necessary, as a scramjet engine is a direct descendant of a ramjet engine.  

Ramjet engines have no moving parts, instead operating on compression to slow 

freestream supersonic air to subsonic speeds, thereby increasing temperature and 

pressure, and then combusting the compressed air with fuel. Lastly, a nozzle accelerates 

the exhaust to supersonic speeds, resulting in thrust. Figure 1 below shows a two-

dimensional schematic of a ramjet engine.  

 
 

Figure 1.1: Two-dimensional Schematic of a Ramjet Engine [1] 
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 Due to the deceleration of the freestream air, the pressure, temperature and 

density of the flow entering the burner are “considerably higher than in the freestream” 

[1]. At flight Mach numbers of around Mach 6, these increases make it inefficient to 

continue to slow the flow to subsonic speeds. Thus, if the flow is no longer slowed to 

subsonic speeds, but rather only slowed to acceptable supersonic speeds, the ramjet is 

then termed a ‘supersonic combustion ramjet,’ resulting in the acronym scramjet. 

Figure 2 below shows a two-dimensional schematic of a scramjet engine.  

 

Figure 1.2: Two-dimensional Schematic of a Scramjet Engine [1] 

Though the concept of ramjet and scramjet engines may sound like something 

out of science fiction, scramjet engines have been under development for at least forty 

years. The following subsection will give a brief chronological history of the scramjet 

engine. 

1.2 Scramjet Engine Historical Timeline 

It is the intention of this section to provide a brief introduction to the historical 

timeline of the scramjet, so as to provide a knowledge base for the current project. 

There have been many authors that have provided more thorough historical accounts of 
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both the ramjet and scramjet [1, 2, 3]; this section only seeks to list the highlights of the 

scramjet’s development here.  

As mentioned previously, the scramjet is a direct descendent of the ramjet. 

Therefore, in an attempt to provide a brief historical timeline of the modern-day 

scramjet, we must first begin with the invention of the ramjet. The first patent for a 

subsonic ramjet device, specifically for what is now known as an ejector ramjet, was 

issued to Lake in the United States in 1909 [3]. Simultaneously, René Lorin of France 

was working on ejector ramjets, publishing the first treatise on subsonic ramjets in 1913 

[1,3].  According to Fry [3], the ramjet engine reached a relative peak of interest during 

the 1950s in terms of the number of operational systems being deployed, with a 

subsequent international resurgence of attention beginning in the 1980s.  

Development on the scramjet, on the other hand, did not begin until the mid 

1950s through early 1960s [1,3,4].  The basis for its development came about due to an 

interest in “burning fuels in external streams to either reduce the base drag of supersonic 

projectiles or to produce lift and/or thrust on supersonic and hypersonic airfoils in the 

early 1950s” [3]. Additionally, the findings of the 1960 study by Dugger on the relative 

performance of a kerosene-fueled conventional ramjet engine (CRJ) and a scramjet 

engine showed that the scramjet’s performance would exceed the performance of the 

CRJ in the speed range of Mach 6 to 8 [2].  The first scramjet demonstration also took 

place in 1960 by Ferri [3]. Following this demonstration, many major scramjet 

development programs were started in the United States, the most extensive of these 

being the NASA Hypersonic Research Engine [3] or Hypersonic Ramjet Experiment [1, 
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3] (HRE) program in 1964. The core goal for the HRE project was to test a “complete, 

regeneratively cooled, flight weight scramjet on the X-15A-2 rocket research airplane” 

[1, 2, 3].  Unfortunately, this program was not able to be flight tested as the cost to 

repair the X-15 A-2 was too high and the entire X-15 program was cancelled in 1968 

[1].  (Note: The damage referred to here occurred during the first non-burning test flight 

when the shock wave from the inlet spike impinged on the lower ventral fin, causing 

extensive damage—one of the first incidents of shock-shock interaction heating, which 

became a major research area in itself [1].) However, many other projects continued 

towards developing the scramjet. Fry [3] has compiled an impressive summary of the 

scramjet’s evolution beginning with its conception in 1955 through 2004 and can be 

found below in Tables 1.1 and 1.2.  

Table 1.1: Worldwide Scramjet Evolution, 1955-1990 [3]  

 

Fry [3] has a useful system—for which he cites McClinton et al. [10]—for 

dividing up the generations of scramjet development, namely: Beginnings (1960-1973), 

Airframe Integration (1973-1986), NASP (1986-1994), and Resurgence (1995-Today) 

[3]. Table 1.1 displays the Beginnings generation through the NASP generation; Table 

1.2 displays mainly what Fry describes as the Resurgence generation.   
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Table 1.2: Worldwide Scramjet Evolution, 1990-2004 [3] 

 

 Table 1.2 leaves off in 2004, just prior to the X-43A setting the Guinness World 

Record for a jet-powered aircraft with a Mach number of 9.6 in November of that year 

[5]. Though the X-43A set a new speed record, it was not the first flight test of a 

scramjet. That title is occupied by the University of Queensland in Australia for the 

HyShot program in July 2002 [6].  

In summary, the major propulsion systems of the modern era have a direct 

correlation between the year of their first flight and their current prevalence of 

application: Turbojet-1939, Ramjet-1940, High-Performance Large Liquid-Fueled 

Rocket Engine-1943, Practical Man-Rated Reusable Throttleable Rocket Engine-1960, 

and the Scramjet-2002 [3].  However, despite the fact that no operational and readily 

available scramjet engine currently exists, this is not due to a lack of potential 

applications which would benefit greatly from the use of the scramjet.  



 

 6 

1.3 Applications for Scramjet Engines 

There is a range of possible applications for scramjet engines, including missile 

propulsion, hypersonic cruiser propulsion, and part of a staged space access propulsion 

system [3, 8]. Figure 1.3 below displays the approximate performance range in terms of 

engine specific impulse and Mach number for various types of propulsion systems [3]. 

It can be seen that at Mach numbers higher than approximately 6-7, the only available 

propulsion systems are rockets and scramjets. Compared to rockets, scramjets have 

much higher specific impulse levels; therefore, it is clear why it is advantageous to 

develop the scramjet, if for this reason only. Contrary to rockets, scramjets do not 

require that an oxidizer be carried on board the aircraft as it is an airbreathing engine, 

collecting oxygen from the atmosphere [3]. This decreases the required weight of the 

overall propulsion system and fuel, resulting in a higher allowable payload weight or 

increased range. There are other reasons that the development of the scramjet is 

advantageous as well. Airbreathing engines produce higher engine efficiency, have a 

longer powered range, possess the ability for thrust modulation to ensure efficient 

operation, have higher maneuverability, and are completely reusable [3].   
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          Figure 1.3: Specific Impulse Versus Mach Number for Various Engine Types [3] 

Figure 1.4 displays a qualitative chart of the propulsion options based on the 

flight Mach number [3]. The curve represents the approximate altitude required to 

operate at a given flight Mach number as well as the needed propulsion system.  Also 

shown on this chart is a relative boundary between the two primary fuel options for 

scramjets: hydrocarbons and hydrogen. Though Waltrup [7] concludes that the upper 

limit for hydrocarbons is between Mach 9 and 10 as opposed to Fry’s diagram 

displaying approximately 8, the general consensus is that hydrogen fuel should be used 

for airbreathing flight faster than Mach 8-10, due to its “higher cooling capacity” and its 

“faster reactions” [3]. Though hydrogen can perform at higher speeds above the 

hydrocarbon upper limit, Curran states that with current capabilities the hydrogen-

fueled scramjet will only offer “acceptable performance to about Mach 15” [2].  
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               Figure 1.4: Propulsion System Options as a Function of Mach Number [3] 

As for the space access application for scramjet technology, Townend argues, 

specifically, that there are many advantages in applying the scramjet as the propulsion 

system for the second stage of a two-stage-to-orbit (TSTO), hydrocarbon-fueled 

aerospace plane [8]. He explains that it would provide for a small TSTO vehicle as well 

as a small single-stage-to-orbit (SSTO) vehicle or military hypersonic cruiser that uses a 

hydrocarbon-fueled scramjet [8].  

Fry explains that the rationale for hypersonic missile capability lies in the fact 

that a Mach 6-8 missile increases the possible range within a given flight time, or 

similarly, decreases the flight time required for a given range [3].  

In summary, the goal of scramjet development is to give hypersonic vehicles a 

more efficient alternative to rockets.  The vehicle that could most quickly benefit from 

current scramjet research is the cruise missile; however, a hypersonic cruiser aircraft 

that is an alternative to traditional turbojet transportation for civilian or military 
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application could also be a not-too-distant possibility. Scramjets could also be used in 

conjunction with rockets for space launchers [8], thereby requiring less on-board 

oxidizer for transport to space.  

1.4 Current Scramjet Engine Technology Challenges 

Figure 1.5 below is a good summary of the current challenges in the 

development of the scramjet engine. There are three main areas that these problems lay 

in, namely Air Inlet, Combustor, and Structures and Materials. Problems within these 

areas vary from inlet starting problems to the inherent difficulty of the ignition of the 

fuel in a supersonic flow, as the possibility of failure exists anywhere from the fuel not 

igniting to the possibility that the ignition could take place outside of the combustor due 

to the extraordinary velocity of the air in the engine. Additionally, structures that can 

withstand the extreme temperatures experienced during hypersonic flight combined 

with the additional temperatures experienced during combustion are necessary.  

 

Figure 1.5: Technical Challenges of Scramjet Engine Development [9] 
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In addition to the current technical challenges of scramjet development, there is 

another area of scramjet development which deserves attention.  Despite the wide range 

of applications possible with scramjet technology, the vehicle must first be propelled to 

a high enough Mach number for the scramjet to start. This requires, depending on the 

needed application, one or two additional propulsion systems to propel the vehicle to 

the needed scramjet start velocity. Current scramjet designs target the start of 

supersonic combustion to be between Mach 5 and 6 [1, 3, 8].  In order to minimize the 

weight and complexity of having multiple propulsion systems, a dual-mode 

ramjet/scramjet is often proposed.  

However, if the necessary scramjet starting Mach number is reduced, a 

reduction in the number of required additional propulsion systems is possible, as the gap 

is bridged between the maximum possible velocity of the low speed engine(s) and the 

scramjet start velocity. This would have direct advantages from the resulting reduction 

in overall vehicle weight, the lower mass fraction required for the propulsion system 

(thereby resulting in more available payload weight), and fewer systems that must work 

in succession reliably, thereby increasing overall vehicle safety. The focus of this 

project is to address this issue of reducing the starting Mach number.  
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CHAPTER 2 

PROBLEM DESCRIPTION AND BACKGROUND  

This chapter will provide the problem description as well as the background 

theory and equations necessary to address the problem at hand.  

2.1 Problem Description and Scope of Current Work 

Air Force Solicitation AF073-058 states that a critical path issue in scramjet 

development is for scramjet operability to be extended to lower Mach numbers. 

Specifically, the solicitation states that scramjet start should be reduced to “Mach 3.50 

while maintaining performance at higher Mach numbers within the same flowpath” 

with minimal variable geometry features and the use of hydrocarbon fuel [11].   

According to Fry [3], a turbojet engine can provide for thrust from takeoff to a 

speed of Mach 3 or 4. Therefore, if a scramjet were designed with a starting Mach 

number of about 3.50, presumably only two propulsion systems would be needed for 

the entire mission, whether that is up to Mach 8-10 for a hydrocarbon-powered scramjet 

or up to Mach 15-20 for a hydrogen-powered scramjet. The advantage of this 

technology is clear due to the reasons discussed in the previous chapter—the resulting 

reduction in overall vehicle weight, lower mass fraction required for the propulsion 

system, and fewer systems that must work in succession reliably, thereby increasing 

overall vehicle safety.  
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The remainder of this chapter details the necessary background information and 

several possible methods for lowering the scramjet starting Mach number to 3.50. The 

method best suited for the current project is then selected.  

2.2 Scramjets: Options for Lowering the Starting Mach Number  

As previously discussed, there is a need for the starting Mach number of the 

scramjet to be reduced. There have been a few projects which sought, at least in part, to 

lower the scramjet starting Mach number, the most extensive being HyTech. The main 

objective of that program is to “enable sustained hypersonic flight for missile or aircraft 

applications and to develop and demonstrate Mach 4-8 hydrocarbon-fueled, actively 

cooled scramjet engine technology” [3]. The program has been successful in 

demonstrating Mach 4.5 and 6.5 ground testing [3, 12].   

The project described in this paper, however, seeks to lower the starting Mach 

number to 3.50 and to determine the main factors influencing this ability. There are a 

number of possible ways to lower the starting Mach number of the scramjet.  The 

methods discussed in the literature are listed and briefly explained here in turn.   

2.2.1. Variable Geometry     

In a variable geometry scramjet, the flowpath is changed according to the 

freestream Mach number to ensure high performance values throughout a wide range of 

Mach numbers. An example of a program which employed this technique is the HRE 

program which developed a flight-weight hydrogen-fueled scramjet designed to operate 

from Mach 4 to 7 using variable geometry [3]. Though this technique ensures high 
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performance, it is highly complex and instills a high level of inherent risk, as it relies on 

a large number of moving parts which require large actuation forces.  

2.2.2. Hypersonic Dual-Combustor Ramjet (DCR)      

The DCR engine was developed by James Keirsey of Johns Hopkins 

University/Applied Physics Laboratory in the early 1970s. The concept of this type of 

scramjet engine is that a portion of the captured air in the engine is “diverted to a small, 

embedded subsonic dump combustor into which all of the fuel is injected” [3]. The fuel 

and air are then mixed to a sufficient level in the subsonic combustor, which, 

essentially, acts as a “hot, fuel-rich gas generator for the main supersonic combustor” 

[3].  

2.2.3. Manipulation of “Pure” Scramjet Engine Key Design Parameters  

There are a few key parameters of the “pure” scramjet engine—that is, a 

scramjet with one combustor and a non-variable flowpath—that are able to be varied 

and manipulated to perhaps lower the starting Mach number of a scramjet. For instance, 

as the cycle static temperature ratio (T3/T0) increases, the Mach number of the flow 

entering the burner (M3) decreases [1]. Thus, T3/T0 directly affects the freestream Mach 

number (M0) at which the flow entering the burner (M3) becomes supersonic. Due to 

this, it is possible that the manipulation of T3/T0 would yield a lower freestream Mach 

number at which supersonic combustion can occur. Additionally, the key design 

parameters of fuel selection and fuel-to-air ratio (f) for the scramjet may have an impact 

on the starting scramjet Mach number.  
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The SBIR solicitation by the Air Force [11] specifically stated that minimal 

variable geometry features should be used; therefore, exploring the use of variable 

geometry as a solution to the problem is not an option. Though the concept of the DCR 

engine may prove effective at lowering the starting Mach number of the scramjet, 

determining whether the starting Mach number of a “pure” scramjet can be 

accomplished should be the first task. Therefore, of these three possible avenues for 

investigation, the manipulation of the pure scramjet’s key design parameters is the best 

approach for the current project. 

2.3 Scramjet Reference Station Designations  

Before setting out in the analysis, it is first necessary to establish the reference 

station designations of the scramjet engine. Using Heiser and Pratt’s designations [1], 

Figure 2.1 and Table 2.1 show the designation system used throughout this paper.  

 
Figure 2.1: Scramjet Reference Station Designations [1] 

 

 Table 2.1 below shows the corresponding engine location descriptions 

for each reference station identified in Figure 2.1.  
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Table 2.1: Engine Locations for Scramjet Reference Station Designations [1] 

 

Identifying the reference station designations is the first step required towards 

completing the theory and analysis necessary for this project.               

2.4 Chapter Summary 

In summary, the current problem to be investigated is whether the scramjet 

starting Mach number can be lowered to Mach 3.50 and, if so, how it can be 

accomplished. Various options were discussed as to how the Mach number could be 

lowered and the variation of key scramjet design parameters was chosen as the best, 

most applicable method. The reference station designations for a scramjet engine were 

specified.  

The remainder of the paper will detail the analysis process towards achieving 

the project objective and the results found from the investigation. Chapter 3 will detail 

the theory and analysis of the key design parameters for lowering the scramjet starting 

Mach number. The effects that the ratio of combustor entry temperature to freestream 

temperature (T3/T0), fuel selection, and fuel-to-air ratio variation have on lowering the 

starting Mach number of scramjets are explored respectively during the Chapter 3 
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analysis. Once these topics have been addressed, Chapter 4 will detail the theory and 

design of the required engine flowpath to achieve scramjet start at the lowest possible 

Mach number calculated from the Chapter 3 analysis. Chapter 5 details the calculations 

of the on- and off-design performance of the resulting scramjet designed in Chapter 4, 

and, finally, the overall Conclusions and Recommendations of the project are provided 

in Chapter 6.  
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CHAPTER 3 

ANALYSIS OF KEY DESIGN PARAMETERS TO REDUCE SCRAMJET 

STARTING MACH NUMBER 

 

This chapter will detail the theory and equations necessary as well as the 

analysis completed towards developing a scramjet with a lower starting Mach number 

of Mach 3.50. Section 3.1 details the theory and equations, whereas Sections 3.2, 3.3, 

and 3.4 will explain the analysis completed based on the information in Section 3.1. 

Section 3.5 will provide a chapter summary and conclusion. The goals of this chapter 

are as follows: determine what impact the driving design parameters for a scramjet have 

in lowering the starting Mach number and assess whether a starting Mach number of 

3.50 is currently possible or feasible in the future.  

Table 3.1 lists the one-dimensional stream thrust performance analysis inputs 

and how they are determined. As seen in the table, the vast majority of the inputs are set 

by the freestream Mach number, are properties that remain constant for air, earth, etc., 

or are assumed based on reasonable values within a typical range. The values for the 

constant and assumed inputs can be seen in Table 3.2 below. These values are used 

throughout the paper for all analysis calculations as needed unless otherwise noted. All 

assumed values were chosen based on recommendations from [1]. Additionally, all 

constants were determined based on information in [1].  
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Table 3.1: Performance Analysis Inputs and Corresponding Determination Methods 

Performance Analysis Inputs How Determined 

Mo, Vo, To, po Set by Mach Number 

Cpc, R, Cpb, Cpe, hf, go Constant  

Vfx/V3, Vf/V3, Cf(Aw/A3), nc, nb, ne, T
o
, p10/p0, γc, γe, γb Assumed 

T3/T0, f, hpr Variation 

 

 

Table 3.2: Stream Thrust Inputs: Values for Constant and Assumed Values 

       

For one-dimensional flow analysis, there are only three inputs that are able to be 

varied to alter performance results. These are the cycle static temperature ratio (T3/T0), 

the fuel selected, and the fuel-to-air ratio (f). Therefore, these three variables will be 

discussed and analyzed in this chapter.  
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3.1 Theory and Equations 

This section will provide the necessary theory to complete the analysis of the 

key design parameters that may aid in lowering the scramjet starting Mach number.  

3.1.1. Preliminary Calculation of Cycle Static Temperature Ratio T3/T0 Necessary for 

Starting Mach Number of 3.50  

 

Due to the large design impact of T3/T0, this subsection will present the theory 

and governing equations that the preliminary investigation of this parameter requires.  

The largest factor in changing the freestream Mach number at which supersonic 

combustion begins is the cycle static temperature ratio, T3/T0. As T3/T0 increases for a 

given freestream Mach number (M0), the Mach number of the flow entering the 

combustor decreases [1]. Thus, T3/T0 directly affects the M0 at which the flow entering 

the burner (M3) becomes supersonic. So, with a range of freestream Mach numbers, the 

necessary T3/T0 can be determined based on M0 and the ratio of specific heats at 

compression (γc) where M3=1 by the following equation [1]:    
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 This preliminary calculation serves an adequate way to get an estimate of the 

required T3/T0 value to lower the starting Mach number of the scramjet. The following 

subsection will detail methods which will more accurately weigh all of the design 

parameters’ influences.  
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3.1.2. Hypersonic Airbreathing Engine Performance Analysis Methods  

In order to accurately assess whether a scramjet starting Mach number of 3.50 is 

possible or worthwhile, performance analysis must be completed to determine whether 

the necessary T3/T0 is achievable. Additionally, performance analysis is needed to 

parametrically vary the engine parameters of fuel-to-air ratio and fuel properties to 

determine whether a scramjet with a starting Mach number of 3.50 is possible.   

For this analysis to be completed, a one-dimensional flow approach will be 

used. As Heiser and Pratt explain, “Although the one-dimensional approach can never 

be perfectly correct, the alternatives are both hopelessly complex and completely 

unwieldy for reaching a basic understanding built upon fundamental principles” [1]. For 

the current project, a complex analysis is not needed. The one-dimensional flow 

approach assumes that the fluid properties remain constant across the flow and thus 

only depend on the axial dimension coordinate [1]. This serves as an excellent method 

for the current project, as the flow within a scramjet engine is confined within the 

definite boundaries of the engine flowpath, making a two- or three-dimensional analysis 

unnecessary for achieving an understanding of the flow [1].  

Heiser and Pratt [1] have compiled an excellent resource for understanding and 

applying one-dimensional flow analysis. There are three main approaches to this 

analysis, varying in depth, complexity, and accuracy. These three methods are described 

here, in order of increasing depth and accuracy.  
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1. Thermodynamic Closed Cycle Analysis 

This analysis method is based on classical thermodynamics and is 

often referred to as Brayton cycle analysis [1]. Thermodynamic 

Closed Cycle Analysis is accomplished through working through the 

classical thermodynamic cycle and is characterized by the rules that 

the working medium must:  

� Be treated as a “pure substance” [1]. 

� “Experience a series of equilibrium processes that return it to 

its original state” [1].  

The second rule is accomplished through the four processes depicted  

on a Brayton cycle T-s diagram [1]. 

2. First Law Analysis 

The second method for calculating hypersonic airbreathing 

performance analysis is through “analyzing the behavior of the flow 

across each of the successive thermodynamic processes by means of 

simple but physically tenable models of the behavior of air” [1]. This 

method was originally conceived by C.H. Builder [1, 13]. The main 

purpose of this method is to provide an evaluation of the static 

enthalpy at each engine reference station [1]. The organization of this 

method is identical to the Thermodynamic Closed Cycle Analysis 

described above, but the goal of this method is to “find closed form 

solutions for the performance of real ramjets and scramjets” and then 
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use these solutions to “expose important trends and sensitivities 

without recourse to elaborate thermochemical calculations” [1]. The 

following assumptions are required:  

� Equilibrium air behaves as a calorically perfect gas across 

each process of the Brayton cycle [1].  

� There exist reasonable empirical models to “describe the 

adiabatic compression, constant-pressure combustion, and 

adiabatic expansion processes” [1]. They will be described by 

process efficiencies that will be assumed to be constant [1]. 

An inherent measure of risk is introduced when using this 

method [1]. 

3. Stream Thrust Analysis 

This method requires more initial information and uses the entire set 

of control volume conservation equations [1]. It leans heavily on 

momentum relationships and offers a different approach than the 

energy methods previously discussed [1]. This method accounts for 

phenomena that the previous two methods are unable to account for.  

 Of the three possibilities for use in evaluating scramjet engine performance, the 

Stream Thrust Analysis method has the greatest depth. It is able to account for several 

phenomena that considerably influence performance, namely: “the mass, momentum, 

and kinetic energy fluxes contributed by the fuel, the geometry of the burner, and 

exhaust flows that are not matched to the ambient pressure” [1]. Due to these benefits, 
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the Stream Thrust Analysis method will be employed here, as it accounts for the most 

engine parameters and influences compared to other one-dimensional flow analysis 

methods. The following section will describe this method in more detail as well as 

provide the equations for it.  

3.1.3. Stream Thrust Analysis Method for Hypersonic Airbreathing Engine Performance 

Analysis  

 

 Before diving into the equations necessary for this analysis, it is first necessary 

to define the control volume under consideration. Figure 3.1 shows the defined control 

volume for a scramjet. In this definition, the outside surface of the engine lines up with 

the dividing streamlines that constitute the internal and external flow boundaries [1].   

 
 

Figure 3.1: Scramjet Control Volume Definition [1] 

  

As noted in Section 3.1.2, this one-dimensional flow analysis method assumes 

that all of the flow through the engine is aligned in the axial direction, and therefore, 

that the throughflow area is perpendicular to the axial [1]. Also, it is assumed that the 

perfect gas constant (R) is constant across the engine, as the molecular weight of air 

does not vary enough across the engine to make a significant difference in the 

calculations [1]. Heiser and Pratt note that the perfect gas law was used “repeatedly to 
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eliminate density from the equations” and that p10/p0 is treated as an independent 

parameter in the equations for this analysis [1].  

 It is best to break the engine down into separate functional parts, as 

“significantly different physical phenomena are at work in each”; therefore, this 

analysis operates with the following component breakdown [1]:  

1. Compression Component (Reference Stations 0 to 3): Includes 

compression surfaces (internal and external), isolator, intake, etc. up to 

the combustor entrance.  

2. Combustion Component (Reference Stations 3 to 4): Consists of the 

combustor and all parts that make combustion happen including fuel 

injectors, etc. that lie within the combustor. 

3. Expansion Component (Reference Stations 4 to 10): Includes all 

expansion surfaces after the combustor exit up to the engine exit.  

With the component breakdown established, it is now possible to step through 

the equation set of this analysis method. Please observe the symbolic definitions and 

abbreviations located immediately preceding the Introduction of this thesis. All 

equations listed below are taken directly from Reference 1.  

Compression Component (Reference Stations 0 to 3) 

1. Stream thrust function at freestream conditions 
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2. Combustor entrance temperature 
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3. Combustor entrance velocity 
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4. Stream thrust function at combustor entrance 
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5. Ratio of combustor entrance pressure to freestream pressure 
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6. Ratio of combustor entrance area to freestream entrance area 
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Combustion Component (Reference Stations 3 to 4) 

There are two methods for calculating the combustion properties, depending on 

the type of combustor designed: constant-pressure or constant-area combustion. The 

constant-pressure combustor is able to achieve results closest to ideal, since it is 

designed to conserve pressure, therefore generating less total pressure loss which in turn 

gives the engine a higher overall efficiency. Therefore, this is the combustor that will be 

used in the current project and the combustor type to which the proceeding equations 

apply.  
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However, there are some considerations to be made before these equations are 

listed. An absolutely constant-pressure burner is not feasible in terms of current 

manufacturing capabilities [1], so the application of an isolator which prevents inlet 

unstart should be used. Additionally, the burner walls will need to be more or less 

straight with a small variation in area in the axial direction [1]. A constant ratio of the 

area at the combustor exit to entrance will be instilled; that is, variable geometry will 

not be used. The combination of a small variation in axial area combined with the use of 

an isolator helps to achieve nearly equal pressures from the burner entry to the burner 

exit [1]. The following equations apply to the constant-pressure combustor case. Please 

note that as this is a constant-pressure burner design p4/p0=p3/p0 is assumed.  

1. Combustor exit velocity 
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2. Combustor exit temperature 
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3. Ratio of area at combustor exit to combustor entrance 

4

3

3

4

3

4 )1(
V

V

T

T
f

A

A
⋅⋅+=

               (3.10) 

 

 



 

 27 

4. Stream thrust function at combustor exit conditions 
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Expansion Component (Reference Stations 4 to 10) 

1. Temperature at engine exit 
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2. Velocity at engine exit 
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3. Stream thrust function at engine exit conditions 

                                     







+=

2

10

10

1010 1
V

RT
VSa                                      (3.14) 

4. Ratio of area at engine exit to area at freestream entrance 
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Overall Engine Performance Measures (Across Stations 0 to 10) 

 With the analysis equations defined for the three engine components, it is now 

possible to establish the equations necessary to evaluate the overall engine performance. 

These equations are shown below, and also taken from Reference 1.  

1. Specific thrust 
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2. Specific fuel consumption 
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3. Specific impulse 
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4. Overall efficiency 
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5. Thermal efficiency 
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6. Propulsive efficiency 
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7. Mach number 
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In summary, three methods of one-dimensional analysis of scramjet engine 

performance were discussed. The stream thrust analysis method has been chosen as the 

method of choice for this project, as it is the most in-depth one-dimensional flow 

analysis available. The equations of this method were also presented.  
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3.2 Analysis: Variation of Cycle Static Temperature Ratio 

This section will detail the analysis of the key design parameter cycle static 

temperature ratio T3/T0, as it may aid in lowering the scramjet starting Mach number. 

This analysis is based on the equations shown in Section 3.1.  

3.2.1. Influence: Impact on Lowering the Starting Scramjet Mach Number  

The cycle static temperature ratio (T3/T0) has a powerful impact on the starting 

Mach number of a scramjet. As Equation 3.1 shows, T3/T0, the ratio of specific heats 

during compression (γc), and the freestream Mach number (M0) are the only variables 

which determine the burner entry Mach number (M3). The specific heat ratio can be 

considered constant in the compression component. With the requirement that M3>1 to 

ensure supersonic combustion, lowering M0 can apparently be achieved by lowering 

T3/T0. Therefore, T3/T0 has perhaps the greatest impact on whether it is possible to 

lower the scramjet starting Mach number.   

Thus, it is necessary to determine what the required value of T3/T0 is to achieve 

a starting scramjet Mach number of 3.50. Using Equation 3.1 with a range of freestream 

Mach numbers, and γc=1.36 [1], the necessary T3/T0 for each freestream starting Mach 

number can be determined where M3≥1. The result can be seen in Figure 3.2.    
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Figure 3.2: M3 as a Function of M0 and Cycle Static Temperature Ratio 

As seen in Figure 3.2, the T3/T0 at which supersonic flow is achieved at the entrance to 

the combustor around Mach 3.5 is between 2 and 3. Specifically, solving Equation 3.1 

with M0=3.50, γc=1.36, and providing M3 with a 10% margin by equating it to 1.10, 

gives a T3/T0 of 2.63. Figure 3.3 shows for the target starting Mach number of 3.50 that 

the required T3/T0 is approximately 2.75 solely based on M0 and γc where M3≥1.  

  

Figure 3.3: M0 as a Function of Cycle Static Temperature Ratio 

Therefore, preliminary calculations show that a T3/T0 approximately equal to 2.75 

would allow for a scramjet starting Mach number of 3.50.  
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3.2.2. Assessment: Feasibility of Mach 3.50 Starting Scramjet Today or in the Future 

The above discussion concluded that T3/T0 ≈2.75 for a scramjet to start at Mach 

3.50. Before any research or calculations could be done to determine how this can be 

accomplished, it is first necessary to determine whether a T3/T0=2.75 is not only 

feasible practically, but also whether it is reasonable in terms of performance.  

In order to determine this, a constant dynamic pressure (q) trajectory is applied 

and is used to determine the corresponding performance for a scramjet at a starting 

Mach number of 3.50 with a T3/T0 of 2.75.  Figure 3.3 below shows the trajectory used 

for this analysis. It was determined by using a constant q value of 47,880 N/m
2
 in the 

Trajectory program of the Heiser and Pratt software “HAP” (Hypersonic Airbreathing 

Propulsion) [1]. The Trajectory program uses standard atmosphere properties, the 

freestream Mach number, and the value of dynamic pressure input to calculate a 

constant-q trajectory and provides the corresponding velocity, altitude, temperature, and 

pressure for the freestream Mach number entered. Thus, for a range of Mach numbers, 

in this case Mach 3.50 to 10, the overall trajectory path can be plotted as seen in Figure 

3.4 below.  

        

           Figure 3.4: Constant Dynamic Pressure (q0=47,880 N/m
2
) Trajectory for Scramjet 
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Table 3.3: Flow Properties for Each Mach Number on a Constant Dynamic Pressure (q0=47,880 

N/m
2
) Trajectory 

 

 

The information obtained from the trajectory (V0, T0, p0) as well as M0=3.50, 

T3/T0=2.75, a standard fuel-to-air ratio (f) of 0.04 [1], a standard fuel heat of reaction 

(hPR) of 87806.5 kJ/kg [1] (which falls between hydrogen and methane’s heats of 

reaction), and the constants and assumed values shown in Table 3.2 can then be entered 

into the series of equations shown in Equations 3.2 through 3.22 for a constant-pressure 

combustor to determine a reasonable estimate of the performance of a scramjet with a 

starting Mach number of 3.50. The results of doing this can be seen in Table 3.4 below, 

as determined from a Microsoft Excel spreadsheet that was built for this purpose. A 

figure displaying the setup of the spreadsheet can be seen in Appendix A. 
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Table 3.4: Preliminary Performance Results for Scramjet with Starting Mach Number of 3.50 with 

an f=0.04 and hPR=87806.5 kJ/kg  

 

 

The performance values for specific impulse and specific thrust are reasonable, 

and the combustor entrance temperature (T3) is below the maximum allowed value 

range of 1440-1670 K [1] to prevent oxygen dissociation. Additionally, the combustor 

entrance pressure (p3) is within the allowable range of 0.5 atm to 10 atm (50.66 to 

1013.25 kPa) up to Mach 6 [1]. The lower limit of this range is to support combustion 

and the upper limit is constrained by the structural and weight limits of the vehicle.  

Although these results show reasonable performance values, there is one area that is of 

concern as it means that supersonic combustion did not occur throughout the 

combustor: M4. As Table 3.4 shows, the generic scramjet (designed only with T3/T0, a 

generic hPR and f, with a constant q trajectory) analyzed here does not maintain 

supersonic combustion throughout the combustor with M3 and M4>1 until a freestream 

Mach number of 5.00. This is made even clearer by Figure 3.5 which plots the 

combustor Mach numbers versus the freestream Mach numbers. The red dashed line 

shows the lowest limit for supersonic combustion to occur, with no margin.  
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Figure 3.5: Preliminary Combustor Mach Numbers for Scramjet with Starting M0=3.50 

Therefore, it is necessary to determine if a different T3/T0 would produce 

supersonic combustion throughout the entire burner. M3 and M4 have been determined 

for a range of T3/T0 values so as to ascertain whether supersonic combustion can be 

maintained throughout the burner at a lowered starting Mach number. All other values 

remained the same as the previous calculation. Table 3.5 below shows these results.  

Table 3.5: T3/T0 Required for Each Lowered Starting Mach Number 

 

According to this analysis, the maximum T3/T0 for a generic scramjet with a 

starting Mach number of 3.50 to maintain supersonic combustion throughout the 

combustor is 1.25. Using a T3/T0 of 1.25 with the other variables remaining the same, 

the performance results can be seen in Table 3.6 below.  

 

 

 



 

 35 

Table 3.6: Performance Results for T3/T0 = 1.25 at M0=3.50  

M0 3.5 np 2.28 

V0 (m/s) 1032.75 M3 2.98 

T0 (K) 216.67 M4 1.00 

0mF &  (N-s/kgA) 316.80 M10 1.30 

S (kgF/s-N) 1.26E-04 T3 (K) 270.84 

Isp (s) 807.60 T4 (K) 2320.94 

no 0.09 T10 (K) 2162.55 

nth 0.04   

 

3.2.3. Conclusion: Design Implications on a Lowered Starting Mach Number Scramjet 

According to the calculations of this section, with generic values chosen for the 

fuel properties and the fuel-to-air ratio, the maximum T3/T0 for a scramjet with a 

starting Mach number of 3.50 to maintain supersonic combustion is 1.25 (with no 

available margin), which hardly requires any compression at all.  

Although a T3/T0 value exists for lowering the starting scramjet Mach number to 

3.50, the overall performance values shown in Table 3.6 are quite low. Though scramjet 

overall efficiencies are commonly around 50%, and are often as low as 30%, the overall 

efficiency here is only 9%. This is a very low efficiency and one that severely impedes 

any possible benefits for starting the scramjet at M0=3.50. Also, the values of specific 

impulse and specific thrust are significantly reduced with a value of T3/T0 this low. 

Therefore, this section has shown that further investigation of the remaining design 

parameters is needed to aid in lowering the scramjet starting Mach number, so that the 

T3/T0 value may be selected at a higher value closer to the value of 2.75 determined in 

subsection 3.2.1.   
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3.3 Analysis: Fuel Selection   

This section will detail the analysis completed of the impact of fuel selection on 

lowering the scramjet starting Mach number, culminating in the final decision of which 

fuel is best suited for the current project. 

3.3.1. Influence: Impact on Lowering the Starting Scramjet Mach Number  

Fuel selection plays a very important role not only in engine design, but also on 

the impact that the propulsion system has on the vehicle and mission design. For 

example, the less dense the fuel, the more volume will be required, leaving less volume 

for other things such as crew compartments and payload areas, among other penalties. 

In seeking to lower the scramjet starting Mach number, it is therefore imperative that 

the fuel is carefully selected to ensure not only that the goal is met for the current 

project, but also that the fuel selection will not inhibit the resulting engine’s application 

potential.  

A list of fuels to be analyzed has been completed, resulting from research into 

commonly applied fuels for scramjets as well as fuels used in other applications that 

may be of use here. The fuels to be analyzed can be seen in Table 3.7 below. In order to 

analyze these selected fuels against each other to determine their impact on the starting 

Mach number, it is necessary to first establish a characteristic that will help to 

distinguish between them. The purpose of fuel in a propulsion system is, in the most 

basic sense, to convert the chemical energy stored in the fuel to thermal energy which 

can produce thrust [1]. It is therefore beneficial to distinguish between the various fuels 

on a chemical level. The characteristic which will enable this is the heat of reaction of 



 

 37 

the fuel, hPR. This value represents the energy made available by the chemical reactions 

in a fictitious combustion process at constant pressure with no heat or work interactions 

[1]. This energy is then defined as the “heat that must be removed from the final 

combustion products in order to return them to the same temperature as the initial 

reactants (at the same pressure)” [1]. This heat is then expressed on a per mass basis, 

resulting in the characteristic of hPR [1]. The fuels which will be analyzed in Section 

3.3.2 can be seen in descending order of hPR below in Table 3.7, compiled from 

References 1, 14, and 32.  

Table 3.7: Heats of Reaction of Fuels for Analysis [1, 14, 32] 

 

With this characteristic established, it is now possible to consider the possible 

fuels.  The two types of fuels most generally applied to scramjet designs are hydrogen 

and hydrocarbon fuels. Hydrogen fuels are often favored for flight above Mach 8-10 

whereas hydrocarbon fuels are favored for Mach number ranges below 8 [17]. There are 

many advantages and disadvantages to both types of fuels which should be considered. 

These have been compiled here from numerous references [9, 15, 16, 17] in Tables 3.8 

and 3.9 below.  
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Table 3.8: Hydrogen Fuel Advantages and Disadvantages  

 

Table 3.9: Hydrocarbon Fuel Advantages and Disadvantages  

 

 
 

There has been research that seeks to reduce the disadvantages for both types of 

fuels. One example of this type of research is searching for additives to decrease the 

ignition delay and increase reactivity of hydrocarbon fuels (for examples, see 

References 9 and 18).   

Another property that should be considered is the ignition temperature of each 

fuel to be analyzed. The ignition temperature (IT) of a fuel is the temperature at which 

the fuel will self-ignite in air without a flame source or spark. The IT of the various 

fuels is very important for the current project, as a scramjet with a starting Mach 

number of 3.50 will have relatively low air temperatures, therefore requiring the fuel to 

be able to ignite at those temperatures [9]. The IT of the fuels which will be analyzed 

can be seen in Table 3.10, as compiled from References 33, 34, and 35.  
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Table 3.10: Ignition Temperatures of Fuels for Analysis at 1 atm [33, 34, 35] 

                                         

Research into fuel properties alone is quite informative, but further analysis is required 

to determine whether fuel selection will enable a lower starting scramjet Mach number 

and, if so, what the best fuel for this goal is. The next section seeks to accomplish this.  

3.3.2. Assessment: Feasibility of Mach 3.50 Starting Scramjet Today or in the Future 

Section 3.2 determined that investigation of the other key design parameters—

fuel selection and fuel-to-air ratio—is needed to aid in lowering the starting scramjet 

Mach number, as the performance values associated with a T3/T0 of 1.25 or lower are 

not practical. Therefore, this section will detail the analysis necessary to determine 

whether fuel selection will enable a higher T3/T0 value that will result in better 

performance.  

Equations 3.2 through 3.22 are necessary for this determination to be made. 

However, instead of the default values for fuel used in Section 3.2, the heat of reaction 

and the stoichiometric fuel-to-air ratio of each of the fuels to be analyzed will be 

applied in order to determine whether fuel selection impacts the starting Mach number 

by an amount significant enough to enable scramjet start at a freestream Mach number 

of 3.50. The constants and assumed values shown in Table 3.2 will be used here as well.  
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Therefore, in order to complete this analysis, the stoichiometric fuel-to-air ratio 

and the heats of reaction of the various fuels need to be established. Table 3.7 shows the 

values for the heats of reaction hPR. The stoichiometric fuel-to-air ratio (fst) is calculated 

for each of the fuels by Equation 3.23 below from Reference 1.  

     
)4(103

336

yx

yx
f st +

+
=   where the fuel is represented in the form of  CxHy           (3.23) 

Table 3.11 shows the results from calculating fst by Equation 3.23 for each of the fuels 

studied in this analysis.  

Table 3.11: Stoichiometric Fuel-to-Air Ratios for Fuels for Analysis 

 

With the hPR and fst established, the one-dimensional flow analysis equations 

shown in Equations 3.2 through 3.22 have been run repeatedly for a range of freestream 

Mach numbers to determine the maximum T3/T0 possible with supersonic flow 

maintained throughout the burner, that is, where M3 and M4 are both greater than 1. The 

advantage of using a range of freestream Mach numbers is that if the fuel is not able to 

maintain supersonic combustion at a T3/T0 for Mach 3.50 with practical performance, it 

will be possible to determine the minimum freestream Mach number at which the fuel 

can do so.  
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The ignition temperatures listed in Table 3.10 must be taken into account to 

determine the T3/T0 required for each fuel to ignite in the airflow at each freestream 

Mach number.  Therefore, the results for the maximum possible T3/T0 for each fuel 

were then compared to the necessary T3/T0 to ignite each fuel for each freestream Mach 

number. The analysis was completed starting with an M0 of 3.50 and continuing 

upwards until ignition could be accomplished. Once ignition was reached, the analysis 

was not continued for higher Mach numbers, as the goal of this project is to reduce the 

starting Mach number to 3.50, or, if this can not be accomplished, a Mach number that 

is at least lower than the typical starting Mach number range of Mach 5.0-6.0. A margin 

was included in these calculations to allow for error by adding 5% to the necessary 

T3/T0 and subtracting 5% from the possible T3/T0. The results of this analysis are shown 

below in order of descending starting Mach number in Figures 3.6-3.12.  

 

           Figure 3.6: Lowest Possible Starting Mach Number for Hydrogen Ignition 
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             Figure 3.7: Lowest Possible Starting Mach Number for Methane Ignition 

 

    

             Figure 3.8: Lowest Possible Starting Mach Number for Ethane Ignition 
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              Figure 3.9: Lowest Possible Starting Mach Number for JP-10 Ignition 

 

 

             Figure 3.10: Lowest Possible Starting Mach Number for Hexane Ignition 
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               Figure 3.11: Lowest Possible Starting Mach Number for JP-7 Ignition 

 

 

 Figure 3.12: Lowest Possible Starting Mach Number for Octane Ignition 

 

A summary table of the results from the previous seven figures is provided in 

Table 3.12. Methane is mentioned often as a fuel for a hypersonic cruiser with Mach 6+ 

cruising speed and hydrogen, as previously discussed, is applicable for Mach 8-10+ 

applications due of its high energy content. However, neither hydrogen nor methane is a 
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feasible fuel for the current project, as their lowest starting Mach numbers are 5.50 and 

5.35, respectively, therefore providing no ability to lower the starting Mach number. 

Ethane is not applicable as a feasible fuel either, since its lowest starting Mach number 

at fst is 5.0. JP-10 is used in missiles and some PDE designs. Though it reduces the 

starting Mach number at fst to 4.35, it is not the best choice available for this application 

as there are other fuels which are able to reduce it even further.  

JP-7 was developed for the SR-71 [19] and is used for military applications 

today. It reduces the starting Mach number at fst to 4.3, and is a candidate fuel due to its 

wide availability and engine cooling capabilities.  Hexane is similar in starting Mach 

number to JP-7, reducing it to 4.3 as well. However, hexane is not a necessary choice 

for further pursuit, as its results are similar to JP-7 and is not used as widely. Octane is a 

widely available fuel and succeeds in reducing the starting Mach number the furthest to 

4.25; therefore it is also a candidate fuel for this project.  

Table 3.12: Summary of Lowest Starting Mach Numbers and 

Corresponding T3/T0 for Analyzed Fuels 

                     

When analyzing the resulting starting Mach numbers displayed in Table 3.12, it 

is evident that there is a trend between the ignition temperature of the fuels and the 
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resulting scramjet starting Mach number. Thus, these values are plotted in Figure 3.13 

below. A trend which is nearly linear emerges, making it possible to determine the 

approximate minimum freestream starting Mach number possible for a fuel when given 

only its ignition temperature—a useful ability for a preliminary design check.  The 

equation which approximates this is:  

 

6096.20034.0,0 +≅ ITM starting                         (3.24) 

Min Starting M 0 = 0.0034 (IT) + 2.6096
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Figure 3.13: Lowest Possible Scramjet Starting Mach Number versus Ignition Temperature at 

Stoichiometric Fuel-to-Air Ratios for Several Fuels 

 

Turning back to the problem at hand, the fuels which performed the best at 

stoichiometric fuel-to-air ratios and were the most applicable overall are JP-7 and 

octane. However, neither fuel reduces the starting Mach number to 3.50. There is still 

another key design parameter to explore—varying the fuel-to-air ratio. Before trying to 

further reduce the starting Mach number further though, a decision should first be made 

as to which fuel is better suited for the current project. The following points are 

important in this decision:   
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� Octane and JP-7 returned similar results: starting Mach numbers of 

4.25 and 4.30, respectively.  

� In the SR-71 engine, JP-7 was used in the engine hydraulic system in 

addition to being the propellant. [19]  

� In high Mach number flight in the SR-71, JP-7 served as “a heat sink 

for the various aircraft and engine accessories which would otherwise 

overheat at the high temperatures encountered” [19].   

� JP-7 contains A-50, which aided in disguising the radar signature of 

the exhaust plume of SR-71 [19].  

In considering the above points, and due to its past military applications, JP-7 stands out 

as the best fuel for the current project.  

3.3.3. Conclusion: Design Implications on a Lowered Starting Mach Number Scramjet 

In summary, this section has analyzed the impact that fuel selection has on the 

starting Mach number of a scramjet. The analysis has discovered that a nearly linear 

trend between the minimum possible freestream starting Mach number and the ignition 

temperature of a fuel exists; therefore, the impact of fuel selection on lowering the 

starting Mach number of a scramjet is high. The lower the ignition temperature of a 

fuel, the more the starting Mach number can be reduced. Secondarily, the higher the 

heat of reaction of a fuel, the better the overall performance of the engine will be.  

The result of the analysis in this section is that JP-7 has been selected as the best 

fuel for the current project and can reduce the starting Mach number to 4.30 for a 
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scramjet with the JP-7 stoichiometric fuel-to-air ratio. The resulting performance of the 

scramjet engine with the parameters defined thus far can be seen in Table 3.13 below.  

Table 3.13: Performance Results with JP-7 Fuel at Stoichiometric f and T3/T0 of 2.50 

 

 

 As can be seen in this table as a result of selecting JP-7 as the fuel, the 

performance values have increased considerably over the values obtained with generic 

fuel values—the overall efficiency (ηo) is now 29% versus the 9% obtained in Section 

3.2. The overall goal of this section was accomplished as well, as the T3/T0 value at 

which supersonic combustion can be maintained was increased to 2.50 from 1.25 with 

the application of JP-7 fuel. However, the goal of the project has not yet been 

accomplished, as the desired starting Mach number of 3.50 has not been achieved; the 

lowest possible starting Mach number stands at 4.30 after fuel selection. Fortunately, 

there is another key design parameter that may be able to aide in achieving the goal—

the fuel-to-air ratio.  
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3.4 Analysis: Variation of Fuel-to-Air Ratio    

3.4.1. Influence: Impact on Lowering the Starting Scramjet Mach Number  

Section 3.3 determined that investigation the final key design parameter—fuel-

to-air ratio—is needed to aid in lowering the starting scramjet Mach number, as the 

selection of fuel did not succeed in lowering the starting Mach number of a scramjet to 

Mach 3.50, but rather, only to Mach 4.30. Therefore, this section will detail the analysis 

necessary to determine whether the variation of the fuel-to-air ratio (f) from 

stoichiometric will enable the reduction of the starting Mach number to 3.50 while 

maintaining supersonic combustion.  

As discussed in the previous section, the stoichiometric fuel-to-air ratio fst is 

defined by Equation 3.23. The stoichiometric f is the fuel-to-air ratio which “usually 

results in the greatest liberation of sensible energy from the breaking of molecular 

bonds” [1]. In the variation of f, when f is smaller than the fst, the available oxygen is 

not fully used and when f is larger than the fst, fuel is wasted as not all of it can be 

burned [1]. Therefore, fst is the ideal upper limit for the fuel-to-air ratio [1].  So, by 

varying f, combustion is not necessarily ideal. However, the goal of this project is not to 

produce ideal combustion (though it is always beneficial), but rather to lower the 

freestream Mach number at which the scramjet can start.  

In order to know the limits for the variation of f, the equivalence ratio is used. 

Defined by Equation 3.25 below, the equivalence ratio is the ratio of the fuel-to-air ratio 

used to the stoichiometric fuel-to-air ratio [1].  
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stf

f
≡φ

                             (3.25) 

Heiser and Pratt state that a general guideline for the equivalence ratio is from 0.2 to 2 

for “combustion to occur within a useful timescale” [1]. Therefore, the fuel-to-air ratio 

has been varied across this range for JP-7 fuel. This analysis and its results will be 

shown in the following subsection.  

3.4.2. Assessment: Feasibility of Mach 3.50 Starting Scramjet Today or in the Future  

 The variation of the fuel-to-air ratio f across the recommended equivalence ratio 

range produces the results shown below in Table 3.14 for JP-7 fuel.  

Table 3.14: Fuel-to-Air Ratios Used for Analysis with JP-7 Fuel and Corresponding Equivalence 

Ratios 

 

In order to determine whether the variation of the fuel-to-air ratio helps reduce 

the scramjet starting Mach number, the JP-7 fuel property of hPR was applied to 

Equations 3.2 through 3.22 with a range of freestream Mach numbers from 3.50 to 4.50 

and the range of fuel-to-air ratios listed above. Since the limiting factor is the ignition 

temperature of the fuel, and the T3/T0 has been low due to the lower Mach number goal, 

the maximum possible T3/T0 for supersonic combustion to be maintained at each f was 

determined and recorded. Then, from these results, the minimum possible T3/T0 which 
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could ignite the JP-7 fuel was found, as this is obviously necessary for supersonic 

combustion to even begin. Figures 3.14 through 3.16 below show the results for Mach 

numbers 3.50, 4.00, and 4.50. Again, a 10% margin was implemented by making the 

criterion for supersonic flow throughout the combustor be that the Mach numbers at 

stations 3 and 4 have to be greater than or equal to Mach 1.10. 

 

Figure 3.14: Max T3/T0 Possible with Supersonic Flow in Combustor versus Fuel-to-Air Ratio for 

JP-7 Fuel at Mach 3.5  
 

 

 

Figure 3.15: Max T3/T0 Possible with Supersonic Flow in Combustor versus Fuel-to-Air Ratio for 

JP-7 Fuel at Mach 4.0  
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Figure 3.16: Max T3/T0 Possible with Supersonic Flow in Combustor versus Fuel-to-Air Ratio for 

JP-7 Fuel at Mach 4.5  

 

From these figures, it is possible to tell the minimum achievable starting Mach 

number of a scramjet with JP-7 fuel and no ignition system or fuel additives. As can be 

seen in Figure 3.14, a starting Mach number of 3.50 is not achievable, as the ignition 

temperature required by JP-7 is not reached at the lowest fuel-to-air ratio possible 

within the equivalence ratio range. However, a starting Mach number of 4.00 is 

possible, as shown in Figure 3.15. Compiling the data from Figures 3.14-3.16 and 

including the lower limit of the required T3/T0 for JP-7 fuel to ignite, the design space 

for a scramjet with JP-7 fuel, plotted against the variation of f, is shown in Figure 3.17. 

A linear trendline has been added in the plot, which, upon testing, proves to be highly 

accurate compared to the one-dimensional flow results. This equation approximates the 

maximum value of f that can be used with JP-7 fuel while maintaining supersonic 

combustion and ensuring JP-7 ignition when given a desired starting freestream Mach 

number. It is:  

185.00543.0 0 −≅ Mf                             (3.26) 
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Figure 3.17: Design Space : Fuel-to-Air Ratio versus Starting Mach Number for JP-7 Fuel; 

Bounded by Minimum T3/T0 Necessary for JP-7 Ignition 

 

It is evident in Figure 3.17 that the available design space does not extend down 

to Mach 3.50. Using Equation 3.26 above, assuming the trend continues linearly, the 

required fuel-to-air ratio for a scramjet to maintain supersonic combustion at Mach 3.50 

would be 0.005. However, if this is entered into the one-dimensional stream thrust 

equations used for analysis, the combustor entrance temperature (T3) is still just shy of 

the required ignition temperature for JP-7 fuel. Therefore, without fuel additives or 

another way of lowering the ignition temperature of JP-7, a scramjet with a starting 

Mach number of 3.50 is not possible, according to this one-dimensional flow analysis.  

Therefore, as a starting Mach number of 3.50 cannot be accomplished, it is 

prudent to turn attention to what can.  The design space suggests that the lowest 

possible starting Mach number lies approximately between Mach 3.50 and 3.75. By 

utilizing the stream thrust analysis equations iteratively, the minimum possible starting 

freestream Mach number for a scramjet using JP-7 fuel and no additives maintaining 

supersonic flow is found to be 3.65. Equation 3.26 yields a similar result with M0=3.68.  
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However, at this lowest limit of the design space, there is relatively no room for 

error. To ensure that the engine does not transition to subsonic combustion, causing a 

normal shock wave to form in the combustor thereby choking the engine, and to ensure 

that JP-7 is actually ignited inside of the confines of the combustor, the starting 

freestream Mach number of the scramjet will be taken to be 4.00. Additionally, this 

starting Mach number has the ability to operate with a fuel-to-air ratio of 0.03, which is 

above the normally stated minimum lean value limit of 0.02 to maintain combustion.  

3.4.3. Conclusion: Design Implications on a Lowered Starting Mach Number Scramjet 

The analysis completed in this section has shown that the fuel-to-air ratio has a 

significant impact on the starting Mach number of a scramjet. By varying the fuel-to-air 

ratio with JP-7 fuel, the starting Mach number of a scramjet can be lowered from 4.30 

to 3.68.  

In summary, reducing the fuel-to-air ratio below the stoichiometric value allows 

for further reduction in starting Mach number beyond that achieved by the optimal 

selection of T3/T0 and fuel selection previously discussed in this chapter. However, it 

should be restated that there is a risk introduced when running an engine near the lean 

limit for combustion. It is also necessary to state that as the desired starting freestream 

Mach number is increased, the highest possible value for fuel-to-air ratio that can be 

used is also increased.  

Additionally, the analysis completed in this section has shown that an 

approximately linear trend exists for the maximum value of f that can be used with JP-7 
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fuel while maintaining supersonic combustion and ensuring ignition for a given starting 

freestream Mach number.  

Fuel-to-air ratio variation analysis was also completed for the several fuels that 

are often considered for scramjet applications for comparison purposes. The resulting 

design space for each of these fuels can be seen in Figure 3.18.  It is evident from this 

figure that methane and hydrogen are not able to start at a freestream Mach number 

lower than 5.00.  Also, it appears that octane, though performing slightly better than JP-

7 in the fuel selection study at lowering the starting Mach number, cannot achieve a 

starting M0=3.50 either, without additives. The individual design space plots for octane, 

methane, and hydrogen with a variation in fuel-to-air ratio can be found in Appendix B.   

 
 

Figure 3.18: Design Space : T3/T0 versus Starting Mach Number for Various Fuels with Variation 

of Fuel-to-Air Ratio 

 

The curve in Figure 3.19 below represents the starting Mach number at each 

fuel’s stoichiometric fuel-to-air ratio; all of the analyzed fuels are included. The figure 

also shows the lowest possible starting M0 for each fuel across each fuel’s allowable 

equivalence ratio range for f in the form of deviation bars on the curve.  
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Figure 3.19: Starting Mach Number as a Function of Ignition Temperature and Fuel-to-Air Ratio  

 

Figure 3.20 below further emphasizes the point. For the lean fuel-to-air ratio of 

0.02, Equations 3.2 through 3.22 were repeatedly run for a range of T3/T0 at Mach 3.50. 

For each T3/T0, the maximum heat of reaction possible to keep the flow supersonic in 

the combustor was determined. The results were then plotted in Figure 3.20 below. A 

point for each fuel analyzed was plotted at the location where its hPR and minimum 

T3/T0 for ignition intersected. It is evident from this figure that with the lowest fuel-to-

air ratio possible, none of the fuels analyzed are able to start the scramjet at a freestream 

Mach number of 3.50.  

 

Figure 3.20: Design Space for Scramjet Start at Mach 3.50: Maximum hPR to Maintain Supersonic 

Flow in the Combustor as a Function of T3/T0 with f=0.02 
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In conclusion, this section completed the investigation towards uncovering the 

lowest possible starting Mach number of a scramjet engine. With JP-7 fuel and no 

additives, a scramjet can start at a freestream Mach number of approximately 3.68. This 

is obviously not as low as the desired Mach 3.50 starting point; however, as it is often 

said, knowing the boundaries is half of the problem. The design of a scramjet with a 

starting Mach number of 4.00 is a realistic and readily applicable one, in addition to the 

fact that it is at least a Mach number below the lower end of the average range of 

starting Mach number scramjet designs, making it a worthwhile endeavor.  

Although it is possible to use a value of f =0.03 at M0=4.00, the value of 0.02 

will be used in order to give more of a margin for the combustor entrance temperature 

to fluctuate and still ensure that ignition of JP-7 begins. A fuel-to-air ratio of 0.02 

corresponds to an equivalence ratio of 0.3, which is above the minimum required 

equivalence ratio (0.2 to 2) for “combustion to occur within a useful timescale” [1]. 

Although it is near the lean limit for combustion, a value of f =0.02 allows T3 to 

decrease by 19% and still ignite JP-7; however, with f =0.03, T3 can only decrease 8% 

before reaching the lowest limit possible for JP-7 ignition. The final design parameters 

and the preliminary performance measures for the scramjet engine to be designed in 

Chapter 4 are shown below in Table 3.15.  
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Table 3.15: Final Key Design Parameters (Shown in Input Section in Table) and Preliminary 

Performance Measures 

 

Comparing these results with those attained in Section 3.3, the overall efficiency 

has been raised 2%, the starting Mach number has been successfully lowered further to 

Mach 4.00, and the specific impulse has increased slightly. The visible drawback to 

lowering the fuel-to-air ratio can be seen in the large reduction in specific thrust by over 

450 N-s/kgA.  

3.5 Chapter Summary and Conclusions   

In summary, this chapter discussed the theory necessary for one-dimensional 

hypersonic airbreathing engine performance analysis and detailed the equations for 

stream thrust analysis as the method of choice. This chapter also completed the analysis 

of the key design parameters—T3/T0, fuel selection, and the fuel-to-air ratio f—in detail. 

The goals of the chapter have been met, as it has been determined that:  

� The impact of the driving design parameters for a scramjet all have a 

significant impact in lowering the starting Mach number;  
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� According to one-dimensional analysis, a scramjet with a starting 

Mach number of 3.50 is not feasible without fuel additives or another 

addition to the overall system;  

� A scramjet with a starting Mach number of 4.00 is both practical and 

achievable currently.  

Additionally, before the close of this chapter, it is worth noting that there are 

other possible ways of lowering the starting scramjet Mach number through additions to 

the system. A couple of these are listed here and briefly discussed. 

� Use of an ignition system.  

Not preferred since it usually complicates the internal flow 

and increases drag. Also, it may not necessarily be helpful 

because it increases T3, which, in turn, increases the starting 

Mach number.  

� Additives.  

This concept was explored further, as many additives have 

been used in past systems such as SR-71, which used 

triethylborane (TEB) [19]. Silane has often been cited as a 

possible additive as well, in addition to many other chemicals.     

However, additives were not used in the analysis and design 

for this particular project for several reasons. It is difficult to 

calculate final ignition temperature of two fuels either mixed 

together or injected into the same airstream as this is normally 
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done experimentally. Also, Curran states that using “very 

energetic fuels or oxidizers” are “from an operational 

viewpoint…usually unacceptable” [2]. Additionally, 

discovering the starting Mach number boundaries for a 

scramjet engine without additives is important, as it gives a 

baseline for future investigations which may then reduce the 

starting Mach number even more. [See References 2, 9, 16, 

18, 19, and 31 for more information on additives.]  

 With the key design parameters established, the next chapter will provide the 

theory necessary and the analysis completed for the design of the inlet compression 

system, combustor, and expansion system for a scramjet with a starting Mach number 

of 4.00 using JP-7 fuel.  
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CHAPTER 4 

DESIGN OF A SCRAMJET WITH STARTING MACH NUMBER OF 4.00 

The previous section concluded that a scramjet with a starting freestream Mach 

number of 4.00 is both currently feasible and worthwhile.  

The scramjet will be designed to operate from Mach 4.00 to Mach 10, as shown 

in the trajectory diagram in Figure 3.4. Though Mach 3.50 would provide more of a 

margin, a Mach 4.00 starting scramjet is still a feasible choice, as a turbojet engine is 

capable of providing “thrust from takeoff up to a Mach of 3-4” [3]. Therefore, the 

benefits of having a lower starting Mach number scramjet would still be possible as a 

vehicle using this system would only require two propulsion systems, therefore 

reducing overall vehicle weight and complexity. Mach 10 is still used as the upper limit 

for the design of the flowpath as JP-7, a hydrocarbon fuel, will be used. Waltrup states 

that the “maximum freestream Mach number of a hydrocarbon-fueled scramjet-powered 

vehicle flying at 47.88 MN/m
2 

trajectory would be between Mach 9 and 10” [7]. 

Therefore, in order to ascertain the overall vehicle performance of a Mach 4.00 starting 

scramjet across the entire possible performance range, Mach 10 is used as the upper 

limit of the flight path.  

This chapter will detail the design process for the flowpath of a scramjet with a 

starting M0=4.00, T3/T0=2.80, and f=0.02. The design process includes the design of the 
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compression system, isolator, combustion system, and expansion system. The theory 

and equations for each component’s design in general are given in Section 4.1. The 

design process conducted for this project is detailed in Section 4.2. 

4.1 Theory and Equations 

This section will detail the theory and equations behind the design process 

conducted for each of the scramjet engine components: compression system, 

combustion system, and expansion system. They will be discussed in the order listed 

here, as designing the system in order of station components is not only intuitive, but 

makes the design process more straightforward.  

4.1.1. Compression System and Inlet Design 

The goal of the compression system in a scramjet engine is to “provide the 

desired cycle static temperature ratio (T3/T0) over the entire range of vehicle operation 

in a controllable and reliable manner with minimum aerodynamic losses (i.e., maximum 

compression efficiency or minimum entropy increase” [1]. This compression, for the 

one-dimensional analysis used throughout this project, relies on oblique shock waves. 

Normal shock wave compression is reserved for ramjets as it is able to offer “reasonable 

performance for 0 < M0 < 3,” whereas for Mach numbers greater than 3, the “normal 

shock losses become unacceptably high and oblique shock compression becomes 

necessary” [1].  

There are three options for the application of oblique shock waves in a scramjet, 

as listed and defined below [1].  
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1. Internal Compression—All oblique shock compression waves occur 

inside of the engine’s inlet. This is difficult to design and complex flows 

are produced at off-design Mach numbers [1]. 

2. External Compression—All oblique shock compression waves occur 

outside of the engine’s inlet, utilizing the vehicle’s forebody. The waves 

generally focus on and terminate at the cowl lip [1]. 

3. Mixed Internal and External Compression—A mixture of internal and 

external oblique shock compression waves are used. Compared to 

external compression, this method has, in general, less of an entropy 

increase, but the overall length required for the shock system is greater 

[1]. This method “decouple[s] the engine cowl angle from the amount of 

compression and can result in a cowl that is parallel to the freestream 

flow” [1].   

As an internal compression system is highly complex in design, the choice for 

this project is between an external compression system and a mixed internal and 

external compression system. The decision between these two options is generally 

based on practical integration issues. Since this project is a preliminary analysis based 

on one-dimensional flow and integration issues are not yet visible, mixed internal and 

external compression will be used as it allows for a cowl that is parallel to the 

freestream flow.  

Before detailing the method of the compression system design, it should be 

noted that the compression system is important in the determination of the performance 
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of the overall engine, as the airflow which exits the compression system feeds directly 

into the burner. The following points illustrate the complexity of the compression 

system and provide a basis for which to start the theory.  

� Compression systems seldom operate exactly at the design point; 

therefore, “extraneous oblique shock and expansion waves flourish” 

making it rare that “uniform and parallel exit flows” will ever be 

encountered [1].  This is especially true in vehicles with a large 

operating Mach number range.  

� Viscous and boundary-layer effects lead to serious “two- and three-

dimensional distortions of the relatively simple oblique shock and 

expansion wave-created flowfields” [1].  

� Practical vehicle design requirements may “prevent the compression 

system from being either perfectly two-dimensional or axisymmetric” 

[1].  

Therefore, due to the complex nature of flow in a compression system, CFD 

analysis or physical experiments are often needed [1]. However, for a preliminary 

study, an estimation will suffice. Therefore, the following assumptions are made for the 

compression system design process, as taken from Reference 1:  

1. One-dimensional flow; boundary layer is represented only by its 

average effect on flow properties.  

2. Air is represented as a calorically perfect gas.   

3. Heat transfer to or from the wall will be neglected.  
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With these assumptions, the software tool HAP(GasTables) [1] can be used to 

calculate the performance of the resulting compression system. This tool accompanies 

the Reference 1 text and calculates the compression system’s oblique shock wave 

configuration for the given number of oblique shock waves, the freestream Mach 

number, and the static cycle temperature ratio specified [1]. The output is the resulting 

properties at the exit of the compression system (Station 2), the required turning angle 

for each shock wave to turn the flow through to accomplish the overall required 

compression, the static pressure ratio, the adiabatic compression efficiency, and the 

kinetic energy efficiency [1, 20].  

4.1.1.1. Inviscid Compression System Analysis 

HAP(GasTables) works by calculating “special families” of hypersonic 

compression systems, which are “characterized by the cardinal number of oblique shock 

waves available to produce a specified cycle static temperature ratio at a specified Mach 

number” and in the cases when more than one shock wave is specified, “all oblique 

shock waves must provide equal amounts of geometric turning of the flow” [1]; the 

disadvantage is that the flow is not turned back to the axial direction. The compression 

sequence in this tool is assumed to begin at the leading edge of the vehicle [1].  

A “special family” can be designed by using HAP(GasTables) for as many cases 

as necessary by inputting M0, T3/T0, γc, and the number of  desired oblique shock waves. 

The number of oblique shock waves has a direct impact on the compression efficiency 

(ηc); a good estimate of this correlation can be seen in Figure 4.1 below. It is from this 

figure that an educated guess can be made as to how many shock waves are necessary 
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based on the M0, T3/T0, and the desired compression efficiency. It should be noted that 

the higher the number of oblique shock waves, the longer the compression system will 

be. Also, with more oblique shocks, more off-design complications will exist. 

 

Figure 4.1: Adiabatic Compression Efficiency (ηc) Correlated to M0 , T3/T0, and Number of Oblique 

Shock Waves [1] 

 

With this information input into HAP(GasTables), the tool then calculates the 

properties of the flow (M, T/T0, p/p0, A/A0, Pt/Pt0, (s-s0)/Cp) after each oblique shock 

wave using inviscid oblique shock theory. The compression component performance 

measures are calculated by the equations below, taken from Reference 1. 
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2. Adiabatic Compression Efficiency 
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3. Kinetic Energy Efficiency 
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4. Dimensionless Entropy Increase 
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It is from these performance measures that the determination can be made on 

whether the resulting compression system of oblique shocks will suffice, or rather 

HAP(GasTables) should be run again until the best compression system is designed. 

With these equations specified, it is now possible to decipher whether friction can 

indeed be neglected in these calculations, as assumed previously, or whether its impact 

will significantly alter performance values.  

4.1.1.2. Boundary Layer Friction Influence on Compression System Analysis 

In the first assumption listed earlier for the compression design process, it is 

stated that the “boundary layer is represented only by its average effect on flow 

properties” [1]. However, in order to determine whether this is a fair assumption to 

make, the inviscid flow results should be compared to results obtained from calculations 

of the influence of the boundary-layer friction. Therefore, a two-step process is 
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implemented. In Step 1, the inviscid flow calculations as described in the previous 

subsection for results at Station 2 are completed for the design point. Then, Step 2 is the 

calculation of the same flow parameters with boundary layer friction effects included. 

The comparison of the two results then makes it possible to obtain an estimate of the 

influence of boundary layer friction.  

The equations necessary to calculate the performance of the compression system 

with the boundary-layer friction effects included (Step 2) as well as the equations for 

the resulting compression system exit values are shown below, as taken from Reference 

1 and adapted slightly. The assumption is made of a shock-free isolator; therefore no 

shock waves will exist in the isolator and the flow will not be altered between Stations 2 

and 3. In other words, it is assumed that the Station 2 flow property values are 

equivalent to the Station 3 flow property values for this test of the influence of 

boundary layer friction. If a shock-free isolator is later determined to not be possible, 

then the analysis of the effect of boundary layer friction would be repeated. This 

method maintains the one-dimensional approach used throughout this project, and 

although the boundary-layer flowfield is inherently two- or three-dimensional, it 

calculates the overall effects qualitatively [1]. Figure 4.2 below displays the analytical 

model for the equations following it, where Station 3 in the figure is equivalent to 

Station 2 in the equations.  
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Figure 4.2: Conceptual and Analytical Model to Estimate the Boundary Layer  

Friction Influence [1] 

 

1. Static Pressure Ratio: Station 1 to Freestream 

)1/(

111

1

0

1

)1(

−









+−
=

cc

p

p
γγ

ηηϕ
ϕ

        (4.5) 

2. Static Temperature Ratio: Station 1 to Freestream  
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3. Adiabatic Compression Efficiency at Station 1 
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4. Pressure at Inlet Compression System Exit (Station 2) 
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5. Temperature at Inlet Compression System Exit (Station 2) 
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6. Velocity at Inlet Compression System Exit (Station 2) 
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7. Mach Number at Inlet Compression System Exit (Station 2) 
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 If it is determined that the effect of boundary layer friction has less than a 5% 

effect on overall flow properties at Station 2, then it is safe to assume for this analysis 

that boundary layer friction can be neglected and the inviscid calculations of 

HAP(GasTables) can be used to design the compression system.  

The application of the two-step process for determining the effect of boundary 

layer friction can be seen in Section 4.2.1. Additionally, the design of the compression 

system will be completed in that section. The following subsection, 4.1.2, will detail the 

theory and equations needed for the design of the next component in the scramjet 

flowpath—the combustion system.  

4.1.2. Combustion System Design  

Weber and McKay stated in 1958 that there are many practical problems of 

employing supersonic combustion [1, 21]. Though many of these been advanced since 

1958, Weber and McKay’s summary description of supersonic combustion applies even 

today: “It is necessary to capture a stream tube of supersonic air, inject fuel, achieve a 

fairly uniform mixture of fuel and air, and carry out the combustion process—all within 

a reasonable length, and preferably without causing a normal shock within the engine” 

[1, 21]. The inlet compression system for capturing the stream tube of supersonic air has 



 

 71 

been accomplished by using the methods detailed in the previous section, the 

application and results of which can be found in Section 4.2.1. It is now possible to 

detail the method for the design of the combustion system which will inject fuel into the 

supersonic air and carry out the combustion process. The theory and equations 

necessary to design the burner will be detailed in this section.  

In order to begin the theory behind designing a burner for a scramjet, it is first 

necessary to define the axial locations of the geometry that will be dealt with. 

Corresponding to Figure 2.1, Figure 4.3 below displays the details of the combustion 

system station designations.  

 

Figure 4.3: Combustion System Station Designations [1] 

 

As depicted in Figure 4.3, Station 2 is the entrance to the isolator, Station 3 is 

the entrance to the burner, and Station 4 is the exit from the burner and entrance to the 

expansion nozzle. Stations u and d are the upstream and downstream limits of a 

“positive or adverse axial pressure gradient, respectively” [1]. Station s is the upstream 

limit of the “negative or favorable pressure gradient which extends through the 
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remainder of the burner and right on through the expansion system” [1] and is also the 

location of the lowest Mach number in the entire combustion system [1].   

The combustion system design method includes two main components for its 

analysis: the isolator and the burner.  The isolator is generally considered to be a part of 

the compression system, but it is included here in the design of the combustion system 

due to the important role the isolator design plays on the combustion system design. 

The primary function of the isolator is to prevent inlet unstart, by “providing sufficient 

additional adiabatic compression above its entry pressure p2 to match or support 

whatever back pressure p3 the burner may impress upon it” [1].  The isolator does not 

have a direct interaction with the flow in the burner unless there is flow separation 

caused by “thermal occlusion unrelieved by area expansion” [1], causing a back 

pressure on the isolator. The burner is the active component of the combustion system 

which injects the airflow with fuel, ensures adequate time for mixing and ignition, and 

passes off the resulting flow to the expansion system to generate thrust.  

With the component station designations defined, it is now possible to give 

attention to the theory and equations necessary for designing the combustion system for 

a scramjet with a starting Mach number of 4.00. One-dimensional flow analysis will 

also be employed for the combustion system by utilizing the Design tool of the 

HAP(Burner) code [1, 20]. A brief description of the logic and equations contained 

within the software will be described here. All equations in this section are taken 

directly from Reference 1, in which the authors point to Shapiro [22, 29] as their key 

reference.  



 

 73 

Frictionless flow with heat addition, but without mass addition, is assumed in 

this method [1].  The following equation is solved by a fourth-order Runge-Kutta 

method in HAP(Burner):  
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Starting from burner entry, Equation 4.11 is numerically integrated for M(x) along the 

burner axis until the burner exit, assuming a change in cross-sectional area dA and a 

change in total temperature Tt due to heat addition [1]. According to Heiser and Pratt 

[1], there are only a few closed form, integral solutions known to exist for this equation. 

Therefore, numerical methods are necessary to solve it; hence the use of Runge-Kutta. 

In Equation 4.11, A(x) and Tt(x) are the independent variables; the sole dependent 

variable is M, influenced by the coefficients of A(x) and Tt(x) [1].  A(x) is defined by the 

needs pertaining to the engine design, which may be determined from iteration until the 

necessary measures are reached. Tt(x) is not as easily determined, but can be “usefully 

represented in nondimensional form by a rational function” [1] as shown in Equation 

4.12 below.  
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where ( ) 2)( tt TxTx ≡τ  

                                              ( ) ( )ii xxxx −−≡ 4χ ; 

    xi=axial location where heat addition begins;  

    i=u when isolator is shock-free, otherwise i=d; 
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24 ttb TT=τ ; 

and  θ=empirical constant of order 1 to 10 depending  

    on mode of fuel injection and fuel-air mixing.  

 

Using this equation, Tt(x) can be systematically varied to determine the effect on burner 

performance [1].  

 This method works as long as M(x) remains well above the critical (sonic) value 

of 1 in the burner [1] and records the intermediate values of M(x) as the solution is 

stepped through axially, thus it is able to display M(x) along the burner axis [1]. The 

HAP(Burner) Design tool records the axial x location of each iteration and the 

corresponding values of the following variables at that location:  A/A2, Tt/Tt2, M, p/p2, 

p/pt2, Ac/A, Ф, u/u2, T/T2, pt/pt2, H, and K. The equations for the remaining necessary 

flow variables can be calculated from Equations 4.13 through 4.19 below. Again, all 

equations in this section are taken directly from Reference 1. 
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As previously stated in Chapter 3, the burner for the current scramjet project 

will be designed for constant pressure. For a frictionless constant-pressure burner, 

Equations 4.20 and 4.21 below provide the axial variation of Mach number and area 

distribution for a given Tt(x), as taken from Reference 1. The constant-pressure burner is 

designed for the design point case (M0=4.00); however, the off-design cases will 

experience a small pressure loss in the burner as they are operating at Mach numbers 

higher than the design point. All symbols and abbreviations are defined in the section of 

the same name at the beginning of this paper.  
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The final portion of theory for the design of a scramjet combustion system is in 

the analysis pertaining to the interaction between the isolator and burner. For the 

constant-pressure burner, there are two possibilities for the isolator-burner interaction.  
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� Scramjet with shock-free isolator. In this case, there is no pressure 

feedback from the burner to the isolator, assuming frictionless flow 

[1]. Therefore, there is no interaction between the two components as 

a shock system is not needed in the isolator to equalize backpressure 

from the burner. This is the least complex, and therefore, optimal 

design.  

� Scramjet with oblique shock train. In this system, there is a pressure 

feedback from the burner which is kept from propagating upstream to 

the inlet, thereby inlet unstart is prevented, by an oblique shock train 

in the isolator.  

As previously stated, the above equations are employed through the use of the 

Design tool in the HAP(Burner) software [1]. The application of this tool to design the 

combustion system will be described in Section 4.2.2.  

4.1.3. Expansion System Design  

As Heiser and Pratt state, “The function of the expansion component is to 

produce thrust” [1]. The expansion system begins at Station 4 and ends at Station 10, 

where, ideally, p10/p0=1. However, scramjet expansion systems often operate 

underexpanded, that is p10/p0>1, while some operate overexpanded, where p10/p0<1 [1].  

Operating underexpanded provides a benefit by decreasing the overall length of the 

expansion system, thereby decreasing the overall length of the engine.  

Despite the fact that the exhaust flow is far from one-dimensional, it can still be 

approximated to a degree through one-dimensional analysis, as much of the flow 
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leaving the engine lies in the axial direction [1]. Additionally, as the goal of the current 

study is to lower the starting Mach number of a scramjet, the expansion system is not 

the primary component of interest since it is not a principal determinant of the starting 

freestream Mach number of the engine.  

In the design of the expansion system, an ideal nozzle (p10/p0=1) is assumed for 

the Mach 4.00 on-design condition as well as for the off-design conditions for 

comparison purposes of the resulting performance characteristics. Therefore, the 

assumption is effectively that of a variable geometry expansion system. Such a system 

is not a practical one; however, as Figure 4.4 below shows, whether or not the nozzle is 

designed practically (that is, a non-ideal, non-variable nozzle) does not make a large 

difference in the overall performance for the one-dimensional case, as the curve begins 

to level off early in the expansion process. Heiser and Pratt state that a “partial 

expansion can indeed recover most of the available thrust” [1].  

 

Figure 4.4: Stream Thrust Fraction as a Function of Local Height to Entry Height of the Expansion 

System [1] 
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With this assumption in place, the expansion system is calculated and thereby 

designed for each Mach number with the one-dimensional flow analysis equations as a 

Single Expansion Ramp Nozzle (SERN) [30]. These equations are used for the 

expansion component, with the results from HAP(Burner) for the flow parameters at 

Station 4 for each Mach number used as input. This procedure uses Equations 3.12-3.15 

and will be described in Section 4.2.3.  

4.2 Design Process  

With the theory and equations detailed in the previous section, the design 

process for a scramjet with a starting freestream Mach number of 4.00 can now be 

completed. The following subsections will detail the process and resulting design for 

each of the scramjet components: compression system and inlet, combustion system, 

and expansion system.  

4.2.1. Compression System and Inlet Design 

This section will apply the theory discussed in Section 4.1.1. As discussed in 

that section, using HAP(GasTables) as the tool for calculating the compression system 

characteristics involves making the assumption of no boundary layer friction. However, 

as was also discussed in Section 4.1.1, in order to determine whether this assumption 

can be made without a large impact on the outcome, the calculation of the results with 

boundary layer friction must be compared to the inviscid results determined from 

HAP(GasTables) by virtue of a two-step process that compares the flow properties 

resulting from each method for the design case. Reference 1 states that the range for the 

dimensionless boundary layer skin friction quantity—(Cf/2)(Aw/A3)—is approximately 
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0.01 to 0.05, with the “most likely value” being 0.02 [1].  Therefore, using the value of 

0.02, the two-step comparison returned a maximum difference of only 2.9% across the 

Station 2 flow properties in comparison to the inviscid results. This is consistent with 

the statement made by Heiser and Pratt that “boundary-layer friction should do little to 

diminish overall scramjet performance for freestream Mach numbers up to about 10 or 

15” [1]. Thus, the compression system calculations for the design of the scramjet with a 

starting Mach number of 4.00 are completed with the HAP(GasTables) inviscid oblique 

shock wave tool.  

The input values to begin the design process of the compression system must be 

determined first. The values of M0 and T3/T0 were determined as a result of the analysis 

in Chapter 3. The value of γc is a constant also used in Chapter 3. The number of 

oblique shocks is the only remaining design constraint which must be determined, and 

can be found by analyzing Figure 4.1. As the general rule of thumb assumption for ηc is 

0.90 [1], it is evident from the figure that achieving at least this efficiency with a 

T3/T0=2.80 requires at least three oblique shock waves. HAP(GasTables) has been run 

for both the three and four oblique shock wave cases. These results can be seen below 

in Table 4.1 and 4.2, respectively.     
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Table 4.1: Results of Inviscid Compression System Design with Three Oblique Shocks  

 

 
 

 

Table 4.2: Results of Inviscid Compression System Design with Four Oblique Shocks 

 

                         

As can be seen in the comparison of the above two tables, the four-shock system 

has overall better results. There is less pressure loss, as evidenced by the 0.11 increase 

in πc, and in the fact that the compression efficiency is nearly 3% higher than the three-

shock system. Therefore, the four-shock system will be used as the final compression 
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system design, with the first three shocks taking place external to the engine and the 

final shock occurring just inside of the engine to turn the flow upward a value of delta, 

to bring it closer to parallel to the axial direction. A shock cancellation surface will be 

required inside the engine. With this compression system design, the updated 

performance parameters are shown in Table 4.3.  

 

Table 4.3: Preliminary Performance Results for M0  = 4.00 Scramjet Following Compression 

System Design  
 

 

The results found for Station 2 as displayed in Table 4.2 will be the required 

input for the combustion system design in the next subsection.  

4.2.2. Combustion System Design  

This section will apply the theory discussed in Section 4.1.2. As discussed in 

that section, the Design option of HAP(Burner) will be used as the tool for the design of 

the combustion system. The required inputs for this program are: the state and Mach 

number of air entering the combustion system (M2, T2, u2, p2, Rb, γc), the length and 
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divergence angle of a planar combustor geometry (x, A/A2, θ/H, H) and an estimate of 

axial distribution of total temperature (θ, xi, ηbfhPR) [20].  The program then determines 

“whether or not a solution is possible for the given inputs, and if possible, calculates the 

axial variation of static and total properties within the combustion system, including 

effects of internal flow separation and choking due to thermal occlusion” [20].  

The source and/or method for determining the inputs required for the program 

will be discussed in turn below.  

� State and Mach Number of Air Entering the Combustion System (M2, 

T2, u2, p2, Rb, γc). The quantities required from Station 2 are 

determined from the compression system design in the preceding 

subsection. These are shown in the bottom rows of Table 4.2. The 

values of R for the burner and γ for the compression system are 

constants, and can be found in Table 4.4.  

� Length and divergence angle of a planar combustor geometry (x, A/A2, 

θ/H, H). The default values for x that are in HAP(Burner) are used. 

After the design is complete, the default x values are then added to the 

length of the compression system, thereby keeping the same axial 

variation in the combustion system. H is kept at the default value 

unless changes are needed during the process.  A/A2 and θ/H are varied 

systematically to determine the necessary values to keep the pressure 

constant in the burner and to provide for the necessary Station 3 and 4 

values.  
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� Estimate of axial distribution of total temperature (θ, xi, ηbfhPR). 

The value of θ is varied systematically to determine the necessary 

value to keep the pressure constant in the burner and to provide for the 

necessary Station 3 and 4 values. The value of xi is assumed to occur 

at the burner entrance, and therefore the default value of xi is used. The 

value of ηbfhPR is a constant, defined by the product of the burner 

efficiency, fuel-to-air ratio of 0.02, and the heat of reaction of JP-7. 

The burner efficiency is assumed at 0.90 as Reference 1 assumes.  

The values that will serve as the desired result for Stations 3 and 4 during this 

process can be determined from dividing the values of pressure, temperature, and 

velocity at Stations 3 and 4 (determined by the preliminary results of the one-

dimensional flow equations) by the corresponding values of the same at Station 2. 

These results, as well as M3 and M4 can then be compared to the results produced by 

HAP(Burner) for the same parameters; the systematically varied parameters of A/A2, θ, 

and θ/H can be adjusted accordingly until the results are roughly equivalent. The flow 

parameters for Stations 3 and 4 are determined from the results of applying Equations 

3.2 through 3.22 in the spreadsheet built for this project with the same input as detailed 

in Chapter 3, except for ηc which is now 0.9495, due to the design of the compression 

system in the previous subsection. Table 4.4 summarizes the input values used in the 

HAP(Burner) code. Table 4.5 shows the desired Station 3 and 4 values which are used 

as the goal as the program is repeated. Note that the values of p3/p2 and p4/p2 are equal, 

as an ideal constant-pressure burner should have.  
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Table 4.4: Input Values for the HAP(Burner) Program for Combustion System Design 

 

 
 

 

Table 4.5: Station 3 and 4 Flow Parameters: Serves as Check for Desired Output from 

HAP(Burner) 
 

 

Therefore, with the inputs as listed in Table 4.4, HAP(Burner) is ran repeatedly 

until the values shown in Table 4.5 are met or matched as closely as possible and a 

shock-free isolator system is obtained, if possible. This process was done eleven times 

before all parameters were matched as closely as possible. The result includes a shock-

free isolator. Table 4.6 below shows the final Station 3 and 4 flow parameters which are 

comparable to the desired results shown in Table 4.5.  

                                          Table 4.6: Final Station 3 and 4 Flow Parameters 
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The iterations included four variations of the three-shock compression system 

shown in Table 4.1; the rest of the variations were done with the four-shock system 

which was selected in the previous subsection as the compression system of choice. The 

three-shock compression system was varied here to ensure that the four-shock system 

was indeed the best selection. It is important that the burner design code is run before 

deciding on a final compression system to ensure that the required burner results can be 

obtained with the compression system selected. The final parameters of the combustion 

system designed are listed in Table 4.7 below. 

Table 4.7: Final Parameters of Combustion System Design at Design Point of M0=4.00 

 

      

The results found for Station 4 as displayed in Table 4.7 will be the required 

input for the expansion system design in the next subsection.  

4.2.3. Expansion System Design  

This section will apply the theory discussed in Section 4.1.3. As discussed in 

that section, the expansion system will be designed for each Mach number by using the 
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one-dimensional flow analysis equations for the expansion component with the ideal 

expansion assumption of p10/p0=1. A Single Expansion Ramp Nozzle (SERN) is used 

with an assumed expansion angle value of 20 degrees [30].  

This analysis utilizes Equations 3.12-3.15, with the results from HAP(Burner) 

for the flow parameters at Station 4 for each Mach number used as input. The resulting 

performance is then determined, as before, using Equations 3.16-3.22.  

The method to determine the expansion system values is to change the input 

sources for M4, T4, V4, and p4 in Equations 3.12-3.15 (expansion component equations) 

to the actual HAP(Burner) output instead of using the results of Equations 3.8-3.11 

(combustor component equations) in the spreadsheet described previously which 

calculates the one-dimensional flow analysis. The result is output that includes the 

results of the design of the compression and combustion systems which is used for the 

design of the expansion component and in the calculation of the overall engine exit 

parameters. The two-dimensional schematic illustrating the resulting expansion system 

can be found in the next section as a part of the overall scramjet design schematic. 

Chapter 5 will detail the performance of the final scramjet, for both on- and off-design 

conditions; the expansion system output values can be seen in Table 5.2 in that chapter 

for the on-design case designed here.   

4.3 Scramjet Engine Design with a Freestream Starting Mach Number of 4.00 

This chapter has succeeded in designing the flowpath for a scramjet with a 

freestream starting Mach number of 4.00. The starting Mach number also serves as the 
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on-design case for the engine flowpath as it is the limiting operation Mach number. This 

section will integrate the three components of the scramjet engine.  

There are three steps required to determine the planar, two-dimensional 

schematic of the scramjet flowpath. These are explained in turn below.  

1. Inlet Compression System Height and Length.  

Determining the height of the compression system as it varies axially is found 

by using two equations. Before these two equations are discussed, however, please refer 

to Figure 4.5 for the coordinate axes convention utilized for all ensuing equations and 

calculations.  

 
 

Figure 4.5: Coordinate Axes Convention for Scramjet Engine Designed  

 

With this convention in place, it is possible now to display the equations used 

for calculating the height h along the y-axis as it varies axially, that is, along the x-axis.  

( )2

2

h
A

A
h n

n =                (4.22) 

     where n = point on the x-axis; 

                      A = area.  

Equation 4.22 is valid when the depth into the page (d) is constant for the length 

between two given station numbers. In other words, it is valid when d2 = dn along the z-

axis due to the following:  
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For   
222 dh

dh

A

A nnn = ,                 

when d2=dn,  

22 h

h

A

A nn =                (4.23) 

Therefore, using Equation 4.22, it is possible to calculate the height of the inlet 

at any given point along the compression system if the ratio of the area at that point to 

the area at the beginning of the isolator (An/A2) is known.  

In the design of the inlet compression system, an output parameter produced by 

HAP(GasTables) is the area ratio of the area after each oblique shock to the inlet area at 

Station 0 (An/A0). This information can be used to generate An/A2 after each oblique 

shock using Equation 4.24 below.  

02

0

2 AA

AA

A

A nn =                (4.24) 

With the value of An/A2 determined, the height of the compression system as it 

varies axially can therefore be determined by using Equation 4.22 above and the value 

of h2, which is equal to 0.152 m, a value determined during the combustor design 

process.    

The determination of the compression system length is an approximation using 

simple geometry and the properties of the compression system as depicted in Figure 4.6. 
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Figure 4.6: Conceptual Diagram of Four Oblique Shock System for Scramjet   

 

The first three oblique shocks converge on the cowl lip of the engine, as seen in Figure 

4.6 above. The value of x0 as depicted in the figure provides a good estimation of the 

length of the first three oblique shocks at M0=4.00 using Equation 4.25.  

)90tan( 100 β−= hx                          (4.25) 

where β1 = wave angle of first oblique shock;  

         h0 = height of engine inlet. 

In order to find the best estimate of the length of the compression system, the 

length covered by the fourth and last oblique shock must be determined. This is done by 

Equation 4.26 below.  

δsin

0

1

h
x =                                     (4.26) 

where δ = degrees each oblique shock turns 

     flow through 

 

Once x0 and x1 have been determined, the total estimated length of the 

compression system can be determined by summing these two values. The axial 

distance after each shock wave along the flowpath can then be determined by simple 

geometry, using the results for the height as described above.  
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Performing the necessary calculations for both the height and length of the 

compression system, the data in Table 4.8 is obtained.  

Table 4.8: Inlet Compression System Axial Height and Length for a Design Point of Mach 4.00 

 

Plotting the height as a function of axial location shows the two-dimensional 

view of the scramjet’s inlet compression system.  

 

Figure 4.7: Inlet Compression System Two-Dimensional Schematic for a Design Point of Mach 4.00 

 

2. Combustion System Height and Length.  

The calculation of the height of the combustion system is performed using 

Equation 4.22 of the compression system method detailed above with the assumption 

contained in Equation 4.23.  In the design of the combustion system, the HAP(Burner) 

program produced An/A2 as part of the output for the designed combustion system. 

Therefore, as the value of An/A2 is already determined, the height of the combustion 

system as it varies axially can therefore be determined by using Equation 4.22 above 

with the value of h2=0.152m.    
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The coordinates defining the length of the combustion system are found by 

adding the total length of the compression system to the x-axis location of each iteration 

generated in the output of HAP(Burner) during the design of the combustor.  

Performing the necessary calculations for both the height and length of the 

combustion system, the data in Table 4.9 is obtained.  

Table 4.9: Combustion System Axial Height and Length for a Design Point of Mach 4.00 

 

Plotting the height as a function of axial location with the results from the plot 

of the inlet compression system shows the two-dimensional view of the scramjet’s inlet 

compression system and combustion system—from freestream conditions through 

Station 4.  

 
    Figure 4.8: Combustion System Two-Dimensional Schematic for a Design Point of Mach 4.00 
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3. Expansion System Height and Length.  

Lastly, it is necessary to determine the height and length of the expansion 

system designed. The expansion system is assumed to be ideal (p10/p0=1) and the 

application of a Single Expansion Ramp Nozzle (SERN) will be used, since the 

expansion system is not a primary focus for this project because it does not have a 

major bearing on the starting Mach number of the scramjet.  

The height of the expansion system is calculated by the same method as for the 

inlet compression system; that is, through the use of Equation 4.22 combined with the 

assumption of Equation 4.23. As for the determination of An/A2 which is necessary for 

this calculation, Equation 3.15 provides the value of A10/A0. With this value, Equation 

4.24 can be used to determine A10/A2. This value can be used to determine the overall 

height at the exit of the nozzle. This will only provide a rough estimate of the expansion 

system by connecting the height of Station 4 to the height of Station 10.  

Once the value of A10/A2 is determined, using Equation 4.22 and the value of h2, 

which is equal to 0.152 m, the height at Station 10 can be determined. This calculation 

results in a value for h10=2.8175 m.     

As it was for the inlet compression system, the expansion system length will be 

an approximation. However, instead of approximating it using only simple geometry, 

the use of Prandtl-Meyer expansion wave theory will be implemented [29, 30].  

Figure 4.9 below displays a conceptual view of the parameters used to calculate 

the length of the expansion system on the scramjet designed. This simplified model will 

only provide a rough estimate of the total length of the expansion system. This is 
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acceptable as the expansion system does not affect the lowered starting Mach number 

and the length is calculated here mainly for comparison and to give an overall 

perspective of the final design.   

      

Figure 4.9: Expansion System Conceptual Diagram for Calculating Length 

 

The first step in calculating the length of the expansion system is to use Prandtl-

Meyer expansion wave theory at Station 4, as M4 and h4 are known. A SERN nozzle 

with an expansion angle of 20 degrees is used. The resulting Prandtl-Meyer function v, 

Mach angle µ, and Mach number after the first expansion wave are calculated, allowing 

for the determination of l4 as shown in Figure 4.9 through simple geometry. Next, 

ignoring the wave refraction on the bottom surface, the remaining length of the 

expansion system l10 can be determined through the same process. Finally, the sum of l4 

and l10 approximates the total length of the expansion system.  

Performing these calculations returns a total length value for the expansion 

system of 8.15 m. Figure 4.10 shows the results of plotting the height as a function of 

axial location: the two-dimensional view of the overall scramjet designed for the design 

point at a starting M0= 4.00.   
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Figure 4.10: Two-Dimensional Schematic of the Overall Scramjet Designed for Mach 4.00 Start  
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CHAPTER 5 

PERFORMANCE MEASURES OF SCRAMJET WITH STARTING  

FREESTREAM MACH NUMBER OF 4.00 

 

Chapters 3 and 4 respectively defined the key design parameters and designed 

the three components of a scramjet with a starting Mach number of 4.00. Chapter 4 also 

calculated the dimensions of height and length for the three components of the scramjet, 

integrating these into a final two-dimensional schematic for the overall scramjet as 

shown in Figure 4.10.  

The purpose of this chapter is to calculate the resulting performance of the 

scramjet at both the on- and off-design conditions. The performance results at the off-

design conditions (operation at Mach numbers 5, 6, 8, and 10 to determine performance 

across the trajectory) will be compared to scramjets designed subsequently in this paper 

for on-design operation at each respective Mach number with a starting Mach number 

in the typical range of design at Mach 5.00. In addition, the off-design performance 

results for the scramjet designed in this paper will be compared to the off-design 

performance at Mach 6, 8, and 10 of a Mach 5.00 engine that will be designed in order 

to have a comparison with a scramjet designed with a higher starting Mach number. 

These comparisons will help to decipher the impact that transitioning to scramjet power 

at a lower Mach number makes on the overall performance. Sections 5.1 and 5.2 will 

provide the Mach 4.00 designed scramjet’s on- and off-design performance respectively 
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as well as detail the process used for the calculations involved. Section 5.3 will provide 

a summary and discussion of the results.  

5.1 On-Design Performance 

The on-design performance of the scramjet is evaluated at M0=4.00, the 

freestream Mach number at which the engine starts and for which the engine is 

designed. The process of calculating on-design performance begins with transferring the 

Mach 4.00 output from the HAP(Burner) Design tool to the spreadsheet created for this 

project which includes Equations 3.2-3.22 for the calculation of performance via one-

dimensional flow analysis. The software produced results for the following values at 

each x location for which an iteration was conducted, as described in Section 4.1.2: 

A/A2, Tt/Tt2, M, p/p2, p/pt2, Ac/A, Ф, u/u2, T/T2, pt/pt2, H, and K. From these values and 

using the flow information at Station 2 from the inlet compression system design shown 

in Table 4.2, the pressure, velocity, and temperature at each iteration point can be 

determined as well.  

With the data in place, the calculation of on-design performance can begin, 

using Equations 3.2 through 3.22. This is done by using the data from the output for the 

designed combustion system as input into the one-dimensional flow analysis equations. 

The values output for T3, V3, p3/p0, and M3 are inserted in place of Equations 3.3, 3.4, 

3.6, and 3.22, respectively. Also, Equations 3.8 and 3.9 are replaced by the values 

output from the combustion results for V4 and T4, respectively. Therefore, with the 

output for the combustion system designed used in place of the one-dimensional 
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analysis equations, the Station 10 results include the flow parameters of the air entering 

the expansion system from the combustor.  

Equations 3.16 through 3.21 are then applied to determine the overall 

performance for the on-design case. The numerical results for the entire process can be 

seen in Tables 5.1 through 5.3 here.  

Table 5.1: On-Design Performance Inputs for Scramjet Designed for Mach 4.00 Start 
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Table 5.2: On-Design Performance Calculation: Component Parameters for Scramjet Designed for 

Mach 4.00 Start 

 

 
 

Table 5.3: On-Design Performance Results for Scramjet Designed for Mach 4.00 Start 

 

 
 

 As the combustion system design results produced the dimensionless static 

enthalpy (H) and dimensionless kinetic energy (K), it is possible to produce the H-K 

diagram for the scramjet at the on-design condition, as shown in Figure 5.1 below. This 

diagram is important for evaluating scramjet engine performance, as it provides a view 

of the scramjet’s ability to produce net thrust.  
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Figure 5.1: H-K Diagram for On-Design Performance Results for Scramjet Designed for Mach 4.00 

Start 

 

The H-K diagram displays the overall process occurring internally in the 

scramjet in terms of kinetic energy and enthalpy. Reference 1 discusses the H-K 

diagram for a scramjet in general which will be discussed here as it applies to the 

scramjet designed during this project. At Station 0, the freestream air is decelerated and 

compressed through the four oblique shock waves of the inlet compression system up to 

the isolator inlet at Station 2, resulting in a loss in K and an increase in H. Stations 2 

and 3 occur at the same H and K, since the isolator is shock-free. Inside the combustor, 

as the air is heated to ignite the fuel, the pressure is constant for the on-design case, 

keeping K constant as H steadily increases from Station 3 to Station 4. This results in 

constant velocity throughout the burner as well. After exiting the combustor, the air is 

then expanded and accelerated in the expansion system from Station 4 to Station 10 to 

freestream conditions. The Mach number at the exit can never equal the freestream 

Mach number due to total pressure loss through the engine, but as long as the Mach 

number is large enough at the exit for K10 and V10 to exceed K0 and V0 respectively, net 
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thrust is generated [1]. It is evident in Figure 5.1 that this is indeed the case for the 

scramjet designed here.  

5.2 Off-Design Performance 

Although the determination of the on-design performance is important, perhaps 

equally as important is the calculation of the performance during flight when the 

scramjet must operate at off-design Mach numbers. After all, if an engine is only able or 

worthwhile to operate at one flight Mach number, there is not much application for it. 

As the goal of this project is to design a scramjet with a lowered starting Mach number, 

Mach 4.00 is the design case. The remaining Mach numbers of operation up to Mach 10 

are then operating in an off-design condition.  

Thus, the off-design performance at Mach numbers 5, 6, 8, and 10 will be 

determined and subsequently compared to the off-design performance of a scramjet 

designed for start and operation at Mach 5.00 (a value in the range of typical scramjet 

starting Mach numbers), as well as scramjets designed for on-design operation at each 

respective Mach number with a starting Mach number of Mach 5.00.  

The procedure and results for calculating the off-design performance of the 

Mach 4.00 scramjet will be detailed first, in Section 5.2.1. Section 5.2.2 provides the 

procedure and results for designing a scramjet with a starting Mach number of 5.00 and 

determining its off-design performance at Mach 6, 8, and 10. The procedure and results 

for determining the reference engines optimized for each Mach number of 6, 8, and 10 

to which off-design performance will be compared are discussed in Section 5.2.3. 

Finally, Section 5.2.4 will provide figures comparing all performance data, to determine 
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general trends and the overall impact a starting Mach number of 4.00 has on scramjet 

performance.  

5.2.1. Determination of Off-Design Performance for Scramjet Designed at Mach 4.00 

The calculation of the off-design performance begins by determining the 

conditions at the entrance to the isolator, Station 2. This is done by using a tool that is in 

the HAP software package [20] called HAP(Air) for Oblique Shocks. As the inlet 

compression system geometry has already been designed, it is necessary to determine 

the flow parameters of the off-design Mach numbers after going through the series of 

oblique shocks. HAP(Air) for Oblique Shocks requires that p0, V0, T0, M0, and δ be 

entered as input for the determination of the flow parameters after the first oblique 

shock. Once the resulting flow parameters after the first shock have been determined, 

that information is then entered as input with the same value of δ, which was 

determined during the design of the compression system for Mach 4.00, to determine 

the flow parameter values after the second shock. This process is repeated until the 

values of the flow parameters after the fourth oblique shock wave have been 

determined. This point corresponds with the entrance to the isolator at Station 2. This 

procedure using HAP(Air) for Oblique Shocks is then repeated for each off-design 

Mach number. The results for the flow parameters at Station 2 at each of the off-design 

Mach numbers can be seen below in Table 5.4.  

Table 5.4: Station 2 Flow Parameters for Each Off-Design Mach Number of 5, 6, 8, 10 
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The next step in determining the off-design performance for the scramjet is to 

run the HAP(Burner) Design tool for each freestream Mach number to be tested using 

the corresponding off-design Station 2 parameters and the inlet-combustor geometry 

determined in Chapter 4 for the Mach 4.00 scramjet. The fuel-to-air ratio that was used 

for the on-design case (f=0.02) is used here as well, to be consistent, in addition to the 

use of the same constants displayed in Table 5.1. The influence that a variation of f with 

M0 would have on off-design performance should be addressed in another project.  

Once the results from HAP(Burner) have been determined, the data is 

transferred to the one-dimensional flow analysis spreadsheet where the burner results 

replace the corresponding one-dimensional analysis equations as described in Section 

5.1, and the resulting performance parameters and Station 10 flow parameters can be 

determined. This process is repeated for each off-design Mach number. The results of 

this analysis can be found below in Table 5.5.  

Table 5.5: Off-Design Performance Results for Mach Numbers of 5, 6, 8, 10 Including Mach 4.00  

On-Design Data for Comparison 

  

 
 

Figure 5.2 below displays the results of specific impulse and specific thrust 

across the trajectory; therefore, this trend includes both the on-design performance 

results for these values at M0=4.00 as well as the off-design results for M0=5, 6, 8, and 

10.  



 

 103 

 

                   Figure 5.2: Scramjet Performance Results: Isp and 
0mF & Across Trajectory 

 

As expected, the best performance for both Isp and 
0mF & occurs at M0=4.00 and 

declines as the freestream Mach number increases, as the operation point is getting 

farther away from the on-design condition of the scramjet.  

Figure 5.3 displays the results of the variation of the efficiency values across the 

trajectory.  

 

Figure 5.3: Scramjet Performance Results: η0, ηth, and ηp Across Trajectory 

 

Figure 5.4 below displays the difference from engine entrance to exit in H and 

K for each freestream Mach number that was analyzed across the trajectory. As the 
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figure shows, with increasing Mach number, the gain in H and K decreases; this is also 

a result of the engine design Mach number being 4.00.  

 

Figure 5.4: Scramjet Performance Results: Difference from Engine Entrance to Exit in H and K for 

Each Mach Number 

 

Figure 5.5 displays the trend of specific fuel consumption across the trajectory, 

calculated for each freestream Mach number analyzed.  

 

      Figure 5.5: Scramjet Performance Results: Specific Fuel Consumption Across Trajectory 

 

The next subsection will detail the process for the determination of the 

performance results for a scramjet designed for Mach 5.00, a more typical starting 
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Mach number for a scramjet. This will provide realistic values for comparison with the 

off-design performance for the Mach 4.00 engine.  

5.2.2. Determination of On- and Off-Design Performance for Scramjet Designed at 

Mach 5.00 

 

This section defines the procedure and results for designing a scramjet with a 

more typical starting Mach number of 5.00 and obtaining its on- and off-design 

performance results for comparison with the off-design performance of the Mach 4.00 

scramjet. The procedure is defined in a series of steps below.  

1. Choose T3/T0 and f Values  

Evaluating Equations 3.2 through 3.22 with a range of T3/T0 and f values, the 

values for these terms can be chosen based on the best tradeoff of performance results—

specifically, the best tradeoff between Isp and 
0mF & .  The range for f that was used is the 

same as the range shown in Table 3.14, as JP-7 fuel is used in these designs as well for 

comparison purposes. The range for T3/T0 is from 3.5 to 7.0; the higher values are used 

for the higher Mach numbers. The spreadsheet described previously containing 

Equations 3.2 through 3.22 is run for each T3/T0 across the series of f values discussed 

to determine the resulting performance values. The best values for f and T3/T0 can be 

determined by finding the pair that returns the best balance of Isp and 
0mF & . (This was 

done by averaging the highest Isp and 
0mF & from the value of f nearest to the 

stoichiometric value and from the value of f that returned the highest specific impulse. 

The pair of f and T3/T0 that returned values closest to these averages was then chosen.) 
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The values of f and T3/T0 chosen for the Mach 5.00 engine are 0.04 and 3.75, 

respectively.    

2. Design Inlet Compression System 

The inlet compression system is the next step in the process, and should be 

designed according to the method described in Sections 4.1.1.1 and 4.2.1 for a starting 

Mach number of 5.00. The resulting values for the inlet compression system designed 

are shown below in Table 5.6.  

Table 5.6: Inlet Compression System Parameters for On-Design Engine at M0=5 for Scramjet Start 

at Mach 5.00 

 

 

3. Design Combustion System 

The combustion system is the next step in the process, and should be designed 

according to the method described in Sections 4.1.2 and 4.2.2. The resulting values are 

shown below in Table 5.7.  
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Table 5.7: Combustion System Parameters for On-Design Engine at M0=5, for Scramjet Start at 

Mach 5.00 

 

4. Design Expansion System 

The expansion system is designed according to the method described in Section 

4.1.3. An ideal nozzle assumption should be assumed in order to compare directly with 

the off-design performance obtained with the Mach 4.00 starting scramjet. A SERN 

nozzle is applied here as well. The results of the expansion system design can be found 

in the next step, where the height and length of each component is determined and the 

resulting dimensions and schematic are shown.  

5. Calculate Height and Length of Each Engine Component 

The height and length of each engine component for the engine designed here is 

calculated in the same manner as described in Section 4.3. The results and 
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corresponding engine schematic are displayed here in Table 5.8 and Figure 5.6, 

respectively.  

Table 5.8: Scramjet Height and Length Values for On-Design Engine at M0=5, for Scramjet Start 

at Mach 5.00 

 

 
 

 

 
 

Figure 5.6: Two-Dimensional Schematic for Scramjet Designed at M0=5, for Scramjet Start at 

Mach 5.00  

 

 

6. Input Combustor Data into Performance Spreadsheet 

The combustion system data obtained from HAP(Burner) is then entered into 

the Performance spreadsheet as described in Section 5.1.  
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7. Obtain Performance Data for Comparison to Off-Design Performance 

for Mach 4.00 Designed Scramjet 

Equations 3.16 through 3.21 should be applied next to determine the on-design 

performance of the Mach 5.00 engine. The inputs required that have not already been 

discussed are the same as is found in Table 5.1.  

The off-design performance for Mach numbers 6, 8, and 10 using the Mach 5.00 

designed engine is calculated using the same procedure described in Section 5.2.1. Both 

the on- and off-design performance results are shown below in Table 5.9.  

Table 5.9: On- and Off-Design Performance Results for Scramjet Designed for Mach 5.00  

 

 

5.2.3. Determination of On-Design Performance for Scramjets Designed at Mach 6, 8, 

and 10 with Scramjet Start at Mach 5.00 

 

This section will use the procedure outlined in Steps 1-7 in the previous section 

to design three scramjets that are designed for operation at Mach 6, 8, and 10, 

respectively, and determine their respective on-design performance values for 

comparison against the off-design performance of the Mach 4.00 and Mach 5.00 

designed engines. Each of these engines will be designed to start at Mach 5.00, a value 

in the range of typical scramjet starting Mach numbers.  

Only the titles of each of the steps outlined in the previous section are shown 

with the corresponding results for the three engines designed in this section, as the 

method is the same as in the previous section. 
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1. Choose T3/T0 and f Values  

This process is completed for each engine to be designed: Mach 6, 8, and 10. 

Table 5.10 below displays the chosen f and T3/T0 for each freestream Mach number.  

Table 5.10: Design f and T3/T0 for Each On-Design Engine at M0= 6, 8, and 10 

 
 

2. Design Inlet Compression System 

The resulting inlet compression systems designed for each Mach number that 

also allow scramjet start at Mach 5.00 are shown below in Tables 5.11 through 5.13.  

Table 5.11: Inlet Compression System Parameters for On-Design Engine at M0=6 for Scramjet 

Start at Mach 5.00 
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Table 5.12: Inlet Compression System Parameters for On-Design Engine at M0=8, for Scramjet 

Start at Mach 5.00 

 

                     

Table 5.13: Inlet Compression System Parameters for On-Design Engine at M0=10, for Scramjet 

Start at Mach 5.00 

 

 
 

Tables 5.11 through 5.13 show a decrease in the number of oblique shock waves 

with each increasing Mach number design, which seems to be counterintuitive. 

However, it is logical as the compression efficiency also decreases with Mach number. 

Though it would have been beneficial for comparison purposes to keep the compression 

efficiency relatively constant, doing so would make the compression system 
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prohibitively long; therefore, a decrease in the number of oblique shock waves was 

employed.  

3. Design Combustion System 

The resulting combustion systems designed for each Mach number are shown 

below in Tables 5.14 through 5.16.  

Table 5.14: Combustion System Parameters for On-Design Engine at M0=6, for Scramjet Start at 

Mach 5.00 
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Table 5.15: Combustion System Parameters for On-Design Engine at M0=8, for Scramjet Start at 

Mach 5.00 

 

         
 

 

Table 5.16: Combustion System Parameters for On-Design Engine at M0=10, for Scramjet Start at 

Mach 5.00 
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4. Design Expansion System 

As an ideal nozzle assumption applied to the scramjets designed for Mach 6, 8, 

and 10 would result in prohibitively long expansion systems [1], and as the expansion 

system does not have a direct bearing on the current project being evaluated, expansion 

systems have not been designed for these scramjet engines.  

5. Calculate Height  and Length of Each Engine Component 

The height and length of each engine component for each engine designed here 

can be seen in Tables 5.17 through 5.19 below, and the corresponding engine schematic 

(containing the inlet compression system and combustion system only) are displayed in 

Figures 5.7 through 5.9, respectively.  

 

Table 5.17: Scramjet Height and Length Values for On-Design Engine at M0=6, for Scramjet Start 

at Mach 5.00 
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Figure 5.7: Two-Dimensional Schematic for Scramjet Designed at M0=6, for Scramjet Start at 

Mach 5.00 
 

 

Table 5.18: Scramjet Height and Length Values for On-Design Engine at M0=8, for Scramjet Start 

at Mach 5.00 

 

 
 

 
 

Figure 5.8: Two-Dimensional Schematic for Scramjet Designed at M0=8, for Scramjet Start at 

Mach 5.00 
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Table 5.19: Scramjet Height and Length Values for On-Design Engine at M0=10, for Scramjet Start 

at Mach 5.00 

 

 

 

Figure 5.9: Two-Dimensional Schematic for Scramjet Designed at M0=10, for Scramjet Start at 

Mach 5.00 

 

6. Input Combustor Data into Performance Spreadsheet 

The combustion system data obtained from HAP(Burner) is then entered into 

the Performance spreadsheet for each Mach number as described in Section 5.1. 

7. Obtain Performance Data for Comparison to Off-Design Performance 

of Mach 4.00 Designed Scramjet 

The overall performance of each engine is determined next. The inputs required 

that have not been discussed here are the same as is found in Table 5.1. Table 5.20 
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below displays the performance results that each of the scramjets designed for on-

design operation at freestream Mach numbers 6, 8, and 10 generate.  

Table 5.20: On-Design Performance Results for Scramjets Designed for M0=6, 8, and 10, for 

Scramjet Start at Mach 5.00 

 

 

5.2.4. Comparison of All Performance Values Obtained  

Figures 5.10 through 5.14 compare all of the performance values obtained. 

These include: the on-design performance at Mach 4.00 and the off-design performance 

at Mach 5, 6, 8, and 10 in the Mach 4.00 scramjet; the on-design performance at Mach 

5.00 and the off-design performance at Mach 6, 8, and 10 in the Mach 5.00 scramjet; 

and the on-design performance obtained for the scramjets designed for operation at each 

of the other respective Mach numbers (Mach 6, 8, and 10.)  

 

Figure 5.10: Isp Values for On- and Off-Design Performance of Mach 4 and 5 Designed Engines and 

for On-Design Performance of Mach 6, 8, and 10 Engines 
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Figure 5.11: 
0mF & Values for On- and Off-Design Performance of Mach 4 and 5 Designed Engines 

and for On-Design Performance of Mach 6, 8, and 10 Engines 

 

 

      

Figure 5.12: Overall Efficiency Values for On- and Off-Design Performance of Mach 4 and 5 

Designed Engines and for On-Design Performance of Mach 6, 8, and 10 Engines 
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Figure 5.13: Values of (K10-K0)/K10 and (H10-H0)/H10 for Mach 4 and 5 Designed Engines and for 

On-Design Performance of Mach 6, 8, and 10 Engines 

 

 

Figure 5.14: Specific Fuel Consumption for Mach 4 and 5 Designed Engines and for On-Design 

Performance of Mach 6, 8, and 10 Engines 

 

5.3 Discussion and Summary of Results  

The purpose of this chapter has been to calculate the resulting on- and off- 

design performance of the scramjet designed to start at Mach 4.00. This has been 

completed and presented.  

The off-design performance results at Mach numbers 5, 6, 8, and 10 were 

compared to the performance results for scramjets that were designed in this chapter for 

on-design operation at each respective Mach number with a starting Mach number in 
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the typical range of design at Mach 5.00. Additionally, the off-design performance was 

compared to the off-design performance of the same Mach numbers in a Mach 5.00 

designed engine, in order to have a comparison with a scramjet designed around a 

higher starting Mach number. Overall, the results in this chapter reveal consistent trends 

for on- and off-design performance. These are listed here and discussed in turn.  

On-Design Performance 

The on-design performance investigation (operation at Mach 4.00) resulted in 

performance values that are acceptable if a lowered starting Mach number is the desired 

goal. If the purpose of a scramjet to be designed is to achieve the highest efficiency and 

performance values possible, then this design is not the best choice. The specific 

impulse of the engine designed is respectable at 1440.73 s, especially when considering 

that the classical Isp versus Mach number plot estimates that the scramjet maximum Isp 

capability with hydrocarbon fuels is around 1500 s as shown below in Figure 5.15 and 

when considering that hydrocarbon scramjets have been estimated to be capable of a 

specific impulse of about 1000 seconds at Mach 6 [15, 24].  
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          Figure 5.15: Isp Versus Mach Number Plot for Various Engine Types [3] 

 

However, the high performance for Isp of the Mach 4.00 designed scramjet 

comes at a cost in specific thrust. As the fuel-to-air ratio is decreased, the specific thrust 

decreases and the specific impulse increases. As a very low fuel-to-air ratio, such as 

0.02 for the case of the Mach 4.00 engine designed in this paper, is needed to start the 

engine at a low Mach number, specific thrust suffers.  Though the specific thrust is not 

excellent, the H-K diagram generated and shown in Figure 5.1 for on-design 

performance of the Mach 4.00 engine displays that the engine still generates net thrust. 

This assures that a scramjet with a starting Mach number of 4.00 is possible.  

Off-Design Performance 

For the off-design performance generated in this chapter of the Mach 4.00 

designed engine, the results are intuitive. As the Mach number increases, that is, as the 

Mach number gets farther and farther away from the design point of Mach 4.00, the 

specific thrust and specific impulse decrease in an almost linear fashion, with the 

specific impulse dropping off much more steeply with Mach number than the specific 



 

 122 

thrust. This trend is also true for the performance comparison case of the Mach 5.00 

designed engine at the same off-design Mach numbers. However, overall the Mach 5.00 

designed engine returns higher performance values. This is primarily due to the fact that 

the engine starts at a Mach number closer to the off-design points evaluated.  

Conversely, with an increase in Mach number, the overall efficiency increases 

as well, since it is related directly to velocity; the velocity increases at a faster rate than 

the specific fuel consumption increases. If the reverse were true, the overall efficiency 

would decrease steadily with increasing Mach number.  

The specific fuel consumption increases with Mach number, as expected, due to 

the higher velocity (and thus, higher required thrust) of the flow that requires a higher 

overall quantity of fuel to keep the fuel-to-air ratio steady.  

Comparing the relative increase of H and K for each of the cases tested shows 

that as Mach number increases, the value of H also increases while the value of K 

decreases. The overall gain in percentage is the highest in H and K for the on-design 

Mach number engine cases, with the off-design performance for the Mach 5.00 engine 

consistently being in second, and the gain in H and K of the off-design performance of 

the Mach 4.00 engine being the lowest of the three trends. This is primarily due to the 

increased velocity of the two cases with the highest overall gains.  

A particularly revealing example of the opposite relationship specific thrust and 

specific impulse have in relation to the fuel-to-air ratio can be seen in Figures 5.10 and 

5.11 for the on-design performance evaluation of the Mach 5, 6, 8, and 10 scramjets. As 

the design Mach number increases, in general the selected fuel-to-air ratio increases as 
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well, due to it providing the best tradeoff between specific impulse and specific thrust. 

However, as these figures show, the overall trend of specific impulse is decreasing with 

Mach number, while the overall trend of specific thrust increases. In fact, the trends for 

specific impulse and specific thrust are relative opposites of each other; as one 

increases, the other decreases. This is a visual example of the effect that the chosen 

fuel-to-air ratio has on the design of a scramjet. This insight is especially important 

when considering the design of a scramjet with a lowered starting Mach number, which 

therefore requires a lower fuel-to-air ratio to keep the flow supersonic throughout the 

combustor.  

The performance parameters and comparisons generated in this chapter help 

provide the needed information for the determination of the impact that transitioning to 

scramjet power at a lower Mach number has on the overall performance. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions  

The purpose of this paper has been to determine whether the freestream starting 

Mach number of a scramjet can be lowered to 3.50 while performance is maintained in 

the same flowpath at the higher, off-design Mach numbers and, if so, to define how it 

could be accomplished. If the goal is not possible, it is necessary to determine what the 

constraints are that prevent it and to define the lowest possible starting Mach number.  

The purposes of this paper have been accomplished. By successively analyzing 

the driving parameters influencing the starting Mach number and applying the 

necessary theory and equations, it has been determined that obtaining a scramjet starting 

Mach number of 3.50, without fuel additives or another method of lowering the fuel 

ignition temperature, is not currently possible with any of the fuels analyzed.  

This analysis has determined that in order for a scramjet to start at a Mach 

number of 3.50, a fuel with a lower heat of reaction and a lower ignition temperature 

(naturally or with the use of additives) than those analyzed here must be used; these are 

the key constraints on the ability of the scramjet to start at Mach 3.50. In Figure 6.1 

below, obtained from applying the T0 value at Mach 3.50 for a constant q trajectory of 

47,880 N/m
2
 to Figure 3.20, for a given ignition temperature of a given fuel, the fuel’s 
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heat of reaction value must lay below the line or supersonic combustion will not be 

maintained. 

 

Figure 6.1: Maximum Heat of Reaction for Mach 3.50 Supersonic Combustion to be Maintained as 

a Function of Combustor Entrance Temperature (Same as Required Ignition Temperature) at 

f=0.02 

 

With JP-7 fuel and no additives, it has been determined that a scramjet can start 

at a freestream Mach number of approximately 3.68. However, this leaves relatively no 

margin for error. The design of a scramjet with a starting Mach number of 4.00 has been 

shown instead to be a realistic and readily applicable case, and is at least a Mach 

number below the lower end of the average range of starting Mach number scramjet 

designs. Therefore, a scramjet with a starting Mach number of 4.00 has been designed 

in this paper. Performance results have been determined and demonstrate promise, as 

net thrust is shown to be produced and an impressive specific impulse has resulted.   

As discussed previously, Fry states that a turbojet engine can provide for thrust 

from takeoff to a speed of Mach 3 or 4 [3]. Therefore, if the scramjet designed in this 

paper were applied to a hypersonic cruiser it could presumably allow for a reduction in 

total propulsion systems needed.  
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6.2 Recommendations 

At the closing of this report, it is evident that there are important areas which 

call for future research and analysis. The first of these is that of the application of a fully 

designed expansion system employing the use of method of characteristics or 

computational fluid dynamics codes. This will enable more precise calculations of 

performance, as well as provide more realistic overall engine lengths to be obtained, as 

the nozzle does not have to be fully expanded to freestream conditions to gain a 

satisfactory amount of thrust.  

Secondly, the maximum fuel-to-air ratio for JP-7 fuel of 0.03 should be applied 

to the design of a scramjet with a starting Mach number of 4.00 to determine whether 

the resulting increase in specific thrust outweighs the decrease in specific impulse. 

Additionally, the variation of the fuel-to-air ratio with freestream Mach number in the 

off-design cases can be explored if a higher specific thrust is needed, though at a cost in 

specific impulse.  

In the pursuit of lowering the starting Mach number of the scramjet further than 

the Mach 4.00 engine designed here, the use of additives should be explored. (See 

References 2, 9, 16, 18, 19, and 31.)   

As for the practical design of this scramjet, the use of cavity-based fuel injectors 

should be explored, as they have been demonstrated with JP-7 fuel [2]. (Also see 

Reference 27.) Additionally, items not addressed in this analysis that should be explored 

include: the method of fuel-air mixing [See References 1 and 26], combustion time 

required, and overall potential benefit of cooling scramjet with the JP-7 fuel.    
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For the next step in the design of this particular scramjet, higher fidelity analysis 

methods should be employed, to ensure that frictional effects, though not deemed 

significant in this analysis, are included. Additionally, the calculation of the resulting 

range and overall performance of the scramjet designed here by its application to an 

average hypersonic vehicle or missile would prove interesting and provide direction 

towards the application of this engine (References 3, 15, 25, and 28 are good resources 

towards this.)  
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APPENDIX A 

 

 

ONE-DIMENSIONAL STREAM THRUST ANALYSIS SPREADSHEET 
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Figure A.1: Display of the Setup for the One-Dimensional Stream Thrust Equation Analysis Excel 

Spreadsheet
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APPENDIX B 

 

 

DESIGN SPACE PLOTS FOR OCTANE, METHANE, AND HYDROGEN FUELS 

AT LOWERED STARTING MACH NUMBERS
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Figure B.1: Design Space Possible for Octane Ignition with Variation of Fuel-to-Air Ratio as a 

Function of Starting Mach Number  

 

 

 
 

Figure B.2: Design Space Possible for Methane Ignition with Variation of Fuel-to-Air Ratio as a 

Function of Starting Mach Number; Methane Lacks Any Design Space for Lower Starting Mach 

Numbers  
 

 

 
 

Figure B.3: Design Space Possible for Hydrogen Ignition with Variation of Fuel-to-Air Ratio as a 

Function of Starting Mach Number; Hydrogen Lacks Any Design Space for Lower Starting Mach 

Numbers  
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