
ABSTRACT 

TRENCH, BRIAN PATRICK. Laminar Convective Heating Rate Correlations for Blunted 

Sphere Cones with Equilibrium Air Chemistry. (Under the direction of Dr. Fred R. 

DeJarnette). 

 

The ability to accurately predict surface heating rates is critical to the design and safety of a 

hypersonic vehicle. The thermal protective system on these vehicles is made up of materials 

designed to withstand the extreme heating that occurs during atmospheric entry. Currently, 

Navier-Stokes (N-S) based computational fluid dynamic (CFD) computer codes are regarded 

as the most accurate means of predicting flow conditions at hypersonic speeds. With the 

accuracy of these codes comes the cost of significant amounts of computer run time. This 

precision is necessary during the latter stages of the design process, but there has been a 

desire for much more time efficient methods to be used during the preliminary design phase.  

The researcher was tasked with developing a simplified approximate method for determining 

the surface heating rates on atmospheric re-entry vehicles traveling at hypersonic speeds. The 

research presented develops a simplified approximate methodology for determining the 

laminar convective heating rates on blunted sphere cones over a range of altitudes and free 

stream velocities typically experienced during the trajectory of existing hypersonic vehicles. 

Generalized heating equations are created at cone half-angles ranging from 10° to 40° in 

increments of 5°. A new stagnation point heating relation is developed based on curve fitting 

data generated by the approximate engineering codes BLUNT2D and SABLE. In addition, 

three, fourth order polynomial equations are generated at each half angle to describe the 

heating rate distribution as a function of surface distance along the body. The correlations are 

valid with maximums of 15% error off the accepted SABLE results for free steam velocities 

ranging from 10,000 ft/s to 26,000 ft/s and altitudes between 150,000 ft and 250,000 ft. The 

equations developed during this research are considered a useful tool during the preliminary 

design of hypersonic vehicles.  
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Chapter 1 

  

Introduction 

  

Accurately predicting the heating rates on trans-atmospheric vehicles is a key focus of 

research in a branch of aerodynamics called aerothermodynamics. As vehicles pass through 

an atmosphere at extremely high speeds, kinetic energy is converted in thermal energy, 

creating an extremely high temperature environment. These high temperatures lead to high 

surface heating rates on the vehicle's body.  In order to survive these conditions, a proper 

thermal protective system (TPS) must be implemented. The TPS serves as an insulator to 

protect the vehicle and payload from the extreme aerothermodynamic environment produced 

during atmospheric entry at hypersonic flight speeds. The survival of these vehicles relies 

greatly on the accurate predictions of the maximum heating rate and total heat load. The 

demise of the Space Shuttle Columbia in February 2003 is a testament to the destructive 

power that the aerothermodynamic environment possesses during atmospheric re-entry. 

During liftoff, a piece of insulating foam from the external fuel tank struck and damaged the 

TPS material on the leading edge of the left wing
1
. The issue went unnoticed and led to the 

disintegration of the orbiter as high temperature gases penetrated the wing during 

atmospheric re-entry. This accident is a testament to the importance of having a fully 

functional TPS to protect hypersonic vehicles from the harsh aerothermodynamic 

environment experienced during trans-atmospheric flight. 

 

According to Anderson, pure experiment, pure theory, and computational fluid dynamics 

(CFD) comprise the three equal partners of modern day aerodynamics
2
. Within hypersonic 
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aerodynamics, more and more emphasis is being placed on computational methods as a 

means to predict the aerothermodynamic environment. This is due to the high expense of 

flight testing and ground based testing's inability to fully recreate all important aspects of the 

aerothermodynamic environment at one time and place. CFD codes serve their purpose by 

providing accurate solutions, but these solutions come at the cost of considerably lengthy 

computer run times. In the early stages of the design process, hundreds of geometrical 

configurations and trajectories can be considered. It therefore becomes necessary to develop 

time efficient programs to generate rapid solutions without sacrificing significant accuracy. 

Approximate engineering codes have been developed accomplish this goal. That being said, 

there is an ongoing search for methods to further reduce computational time while attempting 

to minimize losses in solution fidelity.  

 

During the preliminary phases of hypersonic vehicle design, engineers often rely on 

numerical approximations to provide "back of the envelope" type solutions.  Unfortunately, 

due to the nonlinear behavior of hypersonic flow, mathematical solutions are difficult to 

develop
2
. Several numerical approximations have been created in the past

3,4
, but there is hope 

that even simpler and more accurate numerical methods can be formulated to aid in the 

preliminary design phase of hypersonic vehicles. 

 

1.1 Research Objectives 

 

In 1956, Lester Lees
3
 published a paper in which he derived a mathematical correlation to 

define the laminar convective heating distribution over a sphere cone assuming perfect gas 

chemistry. This correlation (described fully in chapter 3) requires some mathematical 

prowess to correctly implement. The goal of this research is to create a new correlation that is 

simpler to implement than Lees' and also improve upon his model by incorporating an 

equilibrium air chemistry model rather than assuming perfect gas chemistry. In addition, this 
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research develops new stagnation point heating relations based upon updated approximate 

engineering code solutions
5
.  

 

The results of this research will provide engineers and students a simple yet accurate means 

of rapidly determining the convective heating rates on hypersonic vehicle configurations 

during early phases of design.  

 

1.2 Laminar Convective Heating Relations Using Equilibrium Air 

Chemistry 

 

This report details the development of a new approach to approximating the laminar 

convective heating rates of blunted sphere cones traveling at hypersonic velocities at varying 

angles of attack using equilibrium air chemistry. Several non-dimensionalized laminar 

convective heating rate relations are formulated based on aerothermodynamic data taken 

from the approximate engineering code SABLE
5
. A number of different sphere cone half-

angles were considered in order to simulate varying angles of attack. Each relation tested to 

be valid over a specific range of freestream velocities, altitudes, and nose radii lengths. In 

addition, several updated stagnation point convective heating relations have been developed 

based upon SABLE results.  

 

 

 

 

 

 

 

 

 



 

4 

Chapter 2 

 

Background Theory 

 
There are several specific parameters that must be considered when designing a vehicle that 

is meant to travel through an atmosphere at hypersonic speeds. The trajectory path requires 

careful consideration in order to ensure the safety of the vehicle. In addition, designers must 

account for high temperature effects, thin shock layers, and low density flow, among other 

things. The following chapter provides background information about parameters that must 

be accounted for during the design of a trans-atmospheric hypersonic vehicle. 

  

2.1 Re-entry Trajectories 

 

When a vehicle attempts to return to Earth from orbit there is a specific region of space 

called the entry corridor, where it must fly in order to return successfully. If the vehicle 

overshoots this boundary, there is not enough drag to slow it down to bring it back to Earth.  

If the vehicle undershoots the boundary, it travels through the atmosphere too rapidly. This 

leads to unmanageable maximum deceleration and heating levels that can result in vehicle 

destruction. It is therefore critical for the vehicle to fly in the entry corridor during 

atmospheric re-entry.  
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Figure 2.1
6
 - Visual Representation of Re-entry Corridor 

When returning from Low-Earth-Orbit (LEO), space vehicles typically enter the Earth's 

atmosphere at around 26,000 ft/s. Vehicles returning from further away (e.g. the Moon, 

Mars, etc.) will enter at higher speeds. For example, the Apollo vehicle entered the Earth's 

atmosphere at a velocity near 36,000 ft/s after returning from the Moon
7
. In order to safely 

return to the Earth's surface, three main types of entry paths are used.  

 

A ballistic trajectory assumes that zero lift force is produced by the vehicle. Therefore, it 

basically falls back to Earth without control. The point of impact is thus determined based on 

the conditions at which the vehicle first enters the atmosphere. Prior to the implementation of 

the Space Shuttle, almost all atmospheric re-entry vehicles used a ballistic entry to return to 

Earth. The manned U.S. Mercury spacecraft as well as the unmanned Discoverer, Pioneer 

Venus, and Galileo spacecraft are examples of vehicles that used a ballistic path during 

atmospheric re-entry
8
.  

 

A gliding entry is an option for vehicles capable of producing significant amounts of 

aerodynamic lift. The vehicle acts similarly to an airplane, using lift at high angles of attack 

for a controlled landing. This allows for expansion of the entry corridor as well as 

improvements in landing accuracy. The Space Shuttle is an example of a re-entry vehicle that 

uses a gliding entry.  
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A skip entry is used for vehicles that can produce lift to drag ratios between one and four
7
. 

The space craft acts similar to a stone skipping through water. The journey starts with a 

ballistic path above the atmosphere. When the atmosphere is reached, increases in dynamic 

pressure cause the lift force to increase, sending the vehicle back out of the atmosphere. The 

vehicle then returns back to the atmosphere and repeats the process until substantial kinetic 

energy has been depleted and full re-entry is an option. Skip entries require additional 

structural weight in order to handle the high gravity loads as well as increased maximum 

heating rates that result from this type of entry path. Unfortunately the aerodynamic heating 

levels are too high for any real practical applications, and so this method is not in use today
7
.   

 

2.2 Re-entry Temperatures 

 

During atmospheric re-entry, vehicles traveling at hypersonic speeds experience extremely 

high temperatures. A shock wave forms ahead of the body which converts much of the 

kinetic energy associated with hypersonic velocities, into thermal and chemical energy. This 

means, the higher the entry velocity, the higher the temperatures in the shock layer. As an 

example, missions from the Moon, (e.g. the Apollo capsule) which see re-entry speeds close 

to 36,000 ft/s, have recorded temperatures behind the shock wave of nearly 20,000 degrees 

Rankine
7
. This is hotter than the surface of the sun.  

 

When gases stay at temperatures below 3,600 °R, they can generally be modeled as perfect 

gases with constant specific heat values
2
. As temperatures increase past 3,600 °R, real gas 

effects start to take place. This means that the flow becomes chemically reactive and effects 

such as dissociation and ionization begin to take place.  

 

The Earth's atmosphere is made up of a combination of diatomic nitrogen (N2) and diatomic 

oxygen (O2). When temperatures increase past 3,600°R, diatomic oxygen begins to 

dissociate
2
. By the time temperatures reach 7,200°R, almost all of the diatomic oxygen will 
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be dissociated and the diatomic nitrogen will begin to dissociate
2
. When the air temperature 

reaches a value close to 16,200°R, the dissociation of diatomic nitrogen will be close to 

completion and the ionization of oxygen and nitrogen will commence
2
. These behaviors are 

known as real gas effects and must be taken into account in order to successfully define the 

aerothermodynamic environment surrounding a re-entry vehicle.  

 

The transfer of kinetic and potential energy into chemical and thermal energy is inevitable 

during atmospheric re-entry at hypersonic speeds. It thus becomes paramount to deflect as 

much of the high temperature gases away from the vehicle as possible in order to minimize 

the heating experienced by the physical vehicle body.  

 

2.3 Re-entry Geometries 

 
When considering atmospheric entry at hypersonic speeds it is critical to understand the 

effects that the vehicle's geometrical configuration has on its performance and survival. In 

1958, H. Julian Allen and A. J. Eggers, Jr. published material
9
 that showed that blunted shape 

vehicles provide the best shielding from the effects of aerodynamic heating at hypersonic 

speeds. This is because blunt bodies have high pressure drag coefficients. These high drag 

coefficients were shown to be inversely proportional to the heat load experienced by the 

body. This means that the higher the pressure drag, the lower the heat load. 

 

From a physical standpoint, blunt bodies produce strong detached bow shock waves. This is 

shown in Figure 2.2
7
 below.   
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Figure 2.2 - Blunt Shaped Body Traveling at Hypersonic Speeds 

 

As seen in the figure, a large portion of the bow shock wave is acting normal to the body 

surface close to the nose region. This minimizes skin friction drag and in turn causes the high 

temperature gases to flow around the body, reducing heating rates at the surface.  

 

2.4 Aerodynamic Heating 

 

Aerodynamic heating occurs when heat is transferred into a body due to the movement of air 

past the body. The two main kinds of aerodynamic heating of importance to the design of the 

TPS are the total heat load and the maximum heating rate. The total heat load effects the 

thickness of the TPS material whereas the maximum heating rate effects the type of material 

to be used. Gliding entries tend to reduce the maximum heating rate but yield increases in the 
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total heat load due to increased flight time. On the other hand, ballistic entries are more time 

efficient and thus have decreased total heat loads, but end up having much higher maximum 

heating rates as a result. The peak aerodynamic heating generally occurs at the stagnation 

point regions of a body (e.g. blunted nose, leading edge of a wing). These factors must be 

taken into account during the design of a hypersonic trans-atmospheric vehicle.  

 

Convective heating and radiative heating are the two primary modes of heat transfer 

associated with aerodynamic heating. Convective heating during atmospheric re-entry occurs 

when a fluid flows past the vehicle and transfers heat from the fluid to the body. Much of the 

convective heating occurring in the boundary layer surrounding the body is due to frictional 

forces that cause viscous dissipation. Viscous dissipation is the conversion of the flow's 

kinetic energy into internal energy.   Shock-wave heating must also be taken into account 

when considering the entire heating environment. This is due to the high temperature 

compressed gases that form behind the strong bow shock wave and ahead of the body surface 

of the vehicle
4
.  

 

Radiative heating involves energy transfer between two points by means of electromagnetic 

waves. When related to aerodynamic heating, thermal radiation occurs when high 

temperature gases dissociate and ionize leading to the formation of incandescent shock layer 

gases
2
.  

 

 As shown in Figure 2.3
7
, radiative heating becomes more dominant as free stream velocity 

increases. This is because increased speeds lead to increased shock layer temperatures. As an 

example, the Apollo capsule, which returned from the Moon at nearly 36,000 ft/s, was 

determined to have 30% of its total aerodynamic heating attributed to radiative heating
4
.  



 

10 

 

Figure 2.3 - Convective and Radiative Heating Rates Variation as a Function of 

Velocity 

 

Since the focus of this research is on trajectories from LEO which have typical entry 

velocities around 26,000 ft/s, only convective heating rates are modeled. The prediction of 

radiative heating rates has been deemed beyond the scope of this project.  
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Chapter 3  

 

Aerothermodynamic Analysis 

 

The four main tools used to define the continuum, hypersonic aerothermodynamic 

environment are flight tests, ground-based tests, numerical methods, and analytical methods. 

Each technique is important and has its advantages and disadvantages in terms of cost, 

efficiency and accuracy
10

. The following chapter details several specific examples of 

aerothermodynamic analysis methods in use today. Specific emphasis is placed on techniques 

used to compute the convective heating rates of hypersonic vehicles.  

 

3.1 Flight Tests  

 

Flight tests at hypersonic speeds are extremely costly, but are able to provide flight data that 

none of the other available techniques are able to provide. They are also used to verify and/or 

correlate ground test simulation results. Unfortunately, it is not simple to get high quality 

data at well-defined test conditions and they take a lot of planning and money to complete 

successfully. Due to the high cost of flight testing, it is critical to take as many useful 

measurements as possible during each test. The three main types of measurements taken 

during hypersonic flight testing are atmospheric properties measurements, off-board vehicle 

related sensor measurements, and onboard vehicle related measurements stored on tape and 

retrieved post flight
10

. As an example, readings from the thermocouples that were embedded 

in the TPS of the Space shuttle were able to provide aerothermodynamic data which led 

engineers to create a larger flight envelope for the orbiter
10

. This type of information is 

extremely valuable and that is why it is imperative that as much data as possible from each 

flight test flown.  
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3. 2 Ground Based Tests 

 

Ground based test facilities serve an important role in recreating certain flow conditions 

similar to those experienced in a continuum hypersonic aerothermodynamic environment. 

That being said, there are currently no ground based test facilities that are able to simulate all 

of these flight conditions at one time and place
11

. Tests are often made at a given Mach 

number, Reynolds number, or temperature level, but not all simultaneously. Thus, 

experimental data must be carefully patched together in order to create a valid solution.  

The flow parameters of importance in the design of a hypersonic vehicle include the heat 

transfer distribution, surface pressure distribution and aerodynamic forces and moments. In 

order to calculate these parameters, engineers test in conventional wind tunnels, shock-heated 

wind tunnels, arc-heated test facilities, shock tubes, and ballistic free flight ranges
10

.  

 

There are several benefits of ground based testing. Often times computer models are unable 

to successfully define the heat transfer distributions or aerodynamic forces and moments of 

complex flow fields. Ground based testing does not have to overcome any of these 

computational limitations. Another use of ground based testing is to obtain data which can be 

used to validate and calibrate computational models. This is because the computational 

models are only acceptable if they match up reasonably with experimental results. These 

results can also be used to develop empirical correlations related to certain phenomena that 

computational models have difficulty simulating (e.g. turbulence, boundary layer transition).  

 The major issues with ground based testing lie in its cost inefficiency and inability to 

completely simulate the entire aerothermodynamic environment at one time and place. That 

being said, it is still an important and necessary component of the design process. 
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3.3 Analytical Methods 

 

Analytical methods provide adequate benchmark values to aid in the preliminary design of 

hypersonic vehicles. The solutions are generally not as accurate as numerical solutions but 

are often simpler to utilize. Figure 3.1
10

 below shows how the space shuttle geometry can be 

broken down into several simple shapes which can be studied individually using efficient and 

approximately accurate analytical methods. In the following section, several methods are 

shown to provide reasonable approximate solutions of the convective heating rates on 

hypersonic vehicles.  

 

Figure 3.1 - Represented Flow Models of the Space Shuttle 

 

 



 

14 

3.3.1 Fay and Riddell 

 

In 1957, Fay and Riddell
3
 developed an analytical method for calculating the convective heat 

transfer at the stagnation point of hypersonic vehicles. This is valid for an equilibrium 

boundary layer  

 
   

      
 

 
 
 

        
 
 
 
 
   
  

 
 
 
 
   
  

   

  
                      

  

  
   (3.1) 

 

The index j=0 for two-dimensional flow and j=1 for axisymmetric flow. Here 
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(3.3) 

(3.4) 

 

This relation can be applied to a range of velocities from 5,800 ft/s to 22,800 ft/s as well as a 

range of wall temperatures
13

 from 540 °R to 5400 °R. To this day, this correlation is regarded 

as one of the most accurate means of calculating the stagnation point convective heating rate 

for hypersonic vehicles. That being said, the equation is fairly complicated, and requires the 

prior knowledge of a large number of parameters in order to calculate a solution. 

 

3.3.2 Lester Lees 

 

In 1956, Lester Lees
3
 developed two non-dimensional laminar convective heating relations; 

one for a hemispherical nose section and one for a spherically capped cone.  His simplified 

expressions for the convective heating rates assume perfect gas chemistry and laminar flow 
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and turn out to be functions of only three parameters (     
    . The heating rate along the 

spherical section is determined by the following correlation  

 

     

       
                        

 

    
      

    
 

    
    (3.5) 

 

where D(θ) is determined by equation 3.10 below, and θ is the angle measured along the 

sphere from the horizontal axis.   

 

This method is proposed to be valid between Mach numbers of two to infinity, but in reality 

cannot be valid for higher Mach numbers when the perfect gas assumption is no longer valid. 

A picture of Lees' defined geometrical space is shown in figure 3.2 below
14

.  

 

Figure 3.2 - Geometrical Representation of Sphere Cone Coordinate System
5 

 

In Figure 3.2, Rb indicates the radius of the equivalent sharp cone, θc is the equivalent sharp 

cone half angle, and the distance x' is a surface distance measured from the tip of the 

equivalent sharp cone. x' is related to the surface distance starting from the tip of the 

spherical nose cap, x by the relation below.  
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From this point, the ratio of convective heat transfer at any point along the sphere cone to the 

stagnation point value is correlated by the following expression.  
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This expression remains true for x’/Rb > cotθc. More detailed expressions are given in Lester 

Lees paper
3
 for the functions A(θ) and B(θ). Simplified versions assuming high Mach 

numbers are modeled by 
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(3.8) 

(3.9) 

(3.10) 

 

Lees' work provides analytical solutions that are relatively simple and serve as a great tool 

for preliminary design analysis. The limitations with his technique are that the 

approximations are only valid for laminar flow in a perfect gas over simple geometrical 

configurations (sphere, sphere cone). In addition, the actual computation of his non-

dimensional heating rates can be tedious. 
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3.3.3 Generalized Heating Equations 

 

Generalized heating equations attempt to model heating in the hypersonic environment as 

simply and accurately as possible. There have been multiple correlations developed for 

convective stagnation heating as well as for laminar and turbulent flow over a flat plate at an 

angle of attack
15

. Each of these equations takes on a similar, easy to use form. 

 

        
   

   3.11 

 

Here, C is a constant specific to the geometrical configuration and N and M are numerical 

constants dependant on the flow conditions. (Note: the values for C are based under the 

assumption that the other parameters are in SI units) These results are taken from Anderson's 

book, Hypersonic and High-Temperature Gas Dynamics. 

 

Stagnation Point Flow: 

        (3.11) 

        (3.12) 

            
        

  
  

  
(3.13) 

 

Laminar Flow over a Flat Plate: 

        
(3.14) 

        
(3.15) 

                                       
  
  

  (3.16) 

 

Turbulent Flow over a Flat Plate: 
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for        
 

 
 

       (3.17) 

                                      
     

  
   

     

        
  
  

  (3.18) 
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  (3.20) 

 

Some other stagnation point heating relations that have been derived are shown below by 

Detra et al.
16

 and Scott
17

. 

 

Scott:       
             

   
 
  

   
 
    

 

 

(3.21) 

Detra:      
      

   
 
  

   
 
   

 
  

          
 
    

 

 

(3.22) 

These correlations show slight variation to those shown in Anderson's book, but end up 

producing similar results.  

 

3.4 Numerical Solutions 

 

Hypersonic flow is a complicated and challenging flight regime to numerically model. 

Approximate engineering codes and computational fluid dynamic (CFD) codes are currently 

used to attempt to model the aerothermodynamic environment numerically. Engineering 
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codes are based on boundary layer approximations and generally supply more rapid solutions 

than CFD codes but come at the cost of lower accuracy.  

 

In modern hypersonics today, CFD codes can be broken down into three main types; 

Viscous-Shock-Layer (VSL), Parabolized Navier-Stokes (PNS) and Full Navier- Stokes
4
.  

The VSL and PNS codes are based on approximations of the full N-S equations that allow for 

simpler numerical discretization.  

 

In order to utilize these codes, the surface geometry of the vehicle must be accurately pre-

defined. In addition, a grid is generated which divides the vehicle geometry into a finite 

number of elements. Fluid mechanic algorithms are then generated and applied to each grid 

element in order to attempt to simulate the interaction with fluid and vehicle surface 

boundaries.  

 

 Some of the main problem areas with modeling hypersonic flow include thin shock layers, 

viscous/inviscid interactions, entropy layers caused by highly swept and curved shock waves, 

and real gas effects including rarefication, ionization and dissociation
10

. In general, numerical 

solutions often assume simplified conditions such as treating the fluid as if it were in a 

continuum, and only assuming forces are due to pressure, viscous effects, and body forces.  

 

Overall, computational codes are beneficial in that they provide a full detailed model of the 

aerothermodynamic environment at a relatively low cost. Unfortunately, there is still a lot of 

progression that must be made before computational methods can be considered reliable over 

the entire hypersonic flight regime
10

.   

 

The following chapter will provide a summary of several numerical codes which can be used 

to calculate convective heating rates on hypersonic vehicles.  
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3.4.1 Navier-Stokes Code Solvers  

 

When considering all types of computational methods used for defining the 

aerothermodynamic environment, full Navier-Stokes code solvers generally produce 

solutions that most closely match with flight data results. These codes are based on the 

complete solution of the Navier-Stokes equations and have only become available with the 

emergence of supercomputers and computer clusters which can handle the extreme data 

storage and run time that comes with these solutions.  

 

An example of a N-S solver is the Langley Aerothermodynamic Upwind Relaxation 

Algorithm (LAURA). LAURA is a structured, multi-block, computational 

aerothermodynamic simulation code (CAS) that implements a finite-volume discretization 

method in order to have the ability to solve the inviscid, thin-layer N-S, or full N-S flow field 

equations
18

.  

 

CFD codes such as LAURA require considerable run times and computer storage space in 

order to obtain a converged solution. These factors are functions of the complexity of the 

flow conditions under consideration as well as the complexity of the vehicle's geometric 

configuration. It is not uncommon for a full solution of a re-entry vehicle concept to take 

weeks to converge. This time commitment does lead to the most accurate solutions available, 

but since time is often an issue in an engineering project, CFD codes such as LAURA are 

best utilized in the final design phases when accuracy is most critical.  

 

3.4.2 Approximate Boundary Layer Solutions 

 

In order to cut back on computational time dilemmas, boundary layer codes have been 

developed to provide an approximate solution to the N-S equations. This is useful during 

earlier phases of the design process when considering hundreds or even thousands 
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combinations of different vehicle configurations and trajectories. The approximate boundary 

layer solution codes are based on the fundamental boundary layer equations. These equations 

define the viscous region of the flow only and so an inviscid solver must first be used in 

order to determine the flow conditions at the edge of the boundary layer. The B-L code then 

takes these B-L edge conditions as inputs and completes the solution by solving the boundary 

layer equations.  

 

SABLE is one example of an approximate boundary layer code. It was developed in 1992 by 

H. Harris Hammilton II, Daniel R. Millman, and Robert B. Greendyke
19

. SABLE solves the 

non-similar, axisymmetric boundary layer equations through the use of an implicit finite-

difference technique. It can model laminar and turbulent flow and can account for ideal 

gases, equilibrium air chemistry, or carbon tetrafluoride (CF4) chemistry. Solutions are able 

to converge within a few seconds as compared with CFD solutions which can take many 

orders of magnitude longer. It should be noted that, SABLE must be combined with a 

structured grid generated inviscid flow solver in order to provide a complete solution.   

 

An example of such a structured grid generated inviscid flow solver is BLUNT2D. This was 

developed in 1986 by H. Harris Hamilton II and John R. Spall and provides a time-dependent 

solution for axisymmetric flow over a blunt body
20

. This code takes a longer time to 

converge than SABLE but still is in the realm of seconds to convergence rather than days or 

weeks.  

 

The computer codes LATCH and UNLATCH are two more examples of approximate 

engineering codes that are able to rapidly produce convective heating rates on vehicles 

traveling at hypersonic speeds. Langley Approximate Three-Dimensional Convective 

Heating (LATCH) is a single block structured grid code that is able to compute viscous 

solutions to the boundary layer equations
21,22

. UNLATCH is a similar code but uses 

unstructured grids rather than structured
23

. Both codes require a three-dimensional inviscid 
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flow field solution from another source before they are able to compute convective heating 

rates.  

 

Both LATCH and UNLATCH were developed using principles from the axisymmetric 

analog for general three-dimensional boundary layers. The axisymmetric analog assumes that 

the three dimensional boundary layer equations reduce to an axisymmetric form by 

neglecting the viscous cross flow in the boundary layer
24

. This method allows for heating to 

be calculated along inviscid surface streamlines. This can be accomplished by introducing a 

metric coefficient that replaces the radius of the axisymmetric body. The metric coefficient is 

derived based on the convergence or divergence of the surface streamlines.  

 

CART3D is an inviscid flow solver that is often used in conjunction with LATCH or 

UNLATCH to produce the full flow field solution. CART3D uses a finite volume 

discretization method and is able to provide both laminar and turbulent inviscid solutions
21

. It 

was created primarily for use in lower velocity flight regimes, but has recently been adapted 

to effectively handle hypersonic flow. Run times for the combination of a CART3D and 

LATCH/UNLATCH solution typically take under thirty minutes, depending on the 

complexity of the grid.  

 

3.4.3 Interpolation and Extrapolation Programs 

 

Interpolation programs take existing aerothermodynamic data from a database and attempt to 

rapidly provide approximate interpolated results based on trends seen in the existing data. 

 

Automated Design Space Interpolation code (ADSI) was created by Grant Palmer and is 

capable of interpolating its way through a database of existing solutions to create a solution 

at a given point in the defined trajectory space
25

. Although the results of ADSI are relatively 
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accurate, the program requires a large amount of existing database solutions in order to 

function.  

 

Kurt Whittington developed a database tool called Extrapolate Thermal Reentry Atmosphere 

Parameters (xTRAP) in which a combination of database interpolations and extrapolations 

were implemented to predict convective heating rates rapidly and at any point throughout a 

defined trajectory space
26

. This program requires a database worth of solutions that takes 

approximately three days to populate. Once the database is populated the program finds 

relatively accurate solutions within a matter of a few seconds. This tool was developed in 

Microsoft Excel in order to provide a user friendly environment for undergraduate 

engineering students. The issue lies with the fact that the interpolations and extrapolations are 

only as accurate as the database solutions the user creates. It also takes three days to populate 

these databases, which is not ideal.  
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Chapter 4  

 

Requirements and Considerations 

 
The main goal of this research was to develop a generalized laminar convective heating 

relation using equilibrium air chemistry. Within that goal, several sub-requirements were 

outlined and defined by the user. From there, several design parameters were chosen after 

thorough analysis.  

 

4.1 Requirements  

 

The purpose of this research project was to develop a heating relation that generates the 

laminar convective heating rate profile across a simple geometric configuration in 

equilibrium air in a time efficient and relatively accurate fashion. This tool is to be used to 

aid in the preliminary design of hypersonic vehicles. In order to accomplish this goal, a table 

of requirements was created detailing the key aspects desired for a successful project.  

 

Table 4.1 User Requirements 

Number Category Requirement 

1 Function The relation computes the laminar convective heating rate 

at any point along the body 

2 Function The relation is valid assuming equilibrium air chemistry 

3 Function The relation is valid over a range of freestream velocities 

4 Function The relation is valid over a range of altitudes 

5 Function The relation is valid over a range of angles of attack 

6 Function The relation is valid over a range of nose radii lengths 
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Table 4.1 Continued 

Number Category Requirement 

7 Accuracy Results must be no more than 15% off the data computed 

by a proven engineering code 

8 Efficiency/Ease of 

Use 

Should provide a correlation that is easier to implement 

than Lester Lees' 

9 Efficiency/Ease of 

Use 

Should generate the laminar convective heating profile 

along a body using one equation 

 

4.1.1 Function 

 
The purpose of developing this numerical correlation is to rapidly compute the laminar 

convective heating rates along the surface of a vehicle traveling at hypersonic speeds. The 

relation must be valid over a range of critical freestream velocities, altitudes, angles of attack, 

and nose radii lengths, as well as model the environment using equilibrium air chemistry. 

  

4.1.2 Accuracy 

 

The results generated from this relation are to be derived based on data from a computer 

code. It is assumed that the computer code provides reliable laminar convective heating 

results within the flight range and flow conditions under consideration. The goal is to 

generate solutions within 15% accuracy of the computer code solutions. Several locations 

throughout a typical nominal space shuttle re-entry trajectory will be used to test the results 

of the correlation.  
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4.1.3 Efficiency and Ease of Use 

 

One of the driving forces behind developing this relation is that it is simple enough to 

implement in an undergraduate aerospace engineering course. The goal is to have a single 

relation that applies over a wide range of flow conditions and geometrical configurations.  

 

4.2 Design Considerations 

 

The following is a description detailing certain critical decisions that were made during the 

design process, as well as justifications for those decisions.  

 

4.2.1 Computer Code Selection 

 

In order to develop a new laminar convective heating relation, results must be modeled based 

on a proven existing method. Several factors went into the decision of choosing a computer 

based model. The model had to be reliable. It had to provide results in a short amount of time 

given the expectation of the hundreds of test cases that were to be run. It also had to have a 

way to simulate hypersonic speeds using equilibrium air chemistry. CFD codes were not 

considered because of their lengthy run times. The combination of the approximate 

engineering codes BLUNT2D and SABLE were eventually decided upon to be used based on 

reliability, availability, and efficiency. See section 3.4.2 for more detailed information about 

these codes.  
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4.2.2 Geometry 

 

A blunted sphere cone was chosen as the geometrical configuration to be modeled. A sphere 

cone is an axisymmetric shape that consists of a spherical section with an attached blunted 

cone. Figure 4.1 shows a two dimensional representation of the geometrical aspects that go 

into defining a sphere cone. The half angle (θc) is defined as  

 

          
 

 
  4.1 

 

Here, the length of    and    are equal to length R, and length    is equal to length L. The 

nose radius (Rn) is the radius of the spherical section, and the surface length (s) is defined as 

the surface distance measured along the body starting at s = 0, at point "x" on the figure.  

 

 
Figure 4.1 - Simulating Angle of Attack with Cone Angle Variation 
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One advantage of using a sphere cone for modeling re-entry vehicles is that differing angles 

of attack can be modeled just be changing the half angle of the cone
27

. This is illustrated in 

Figure 4.1.  A 15° cone half angle can be simulated to have an angle of attack of 20° degrees 

by simply increasing the cone half angle to 35°. 

 

 The blunt nose allows for a detached bow shock wave at hypersonic speeds. This 

results in decreased surface heating rates when compared to a sharp nose configuration. 

Sphere cone geometries have been extensively used in the realm of intercontinental ballistic 

missiles (ICBM)
28

 for cone half angles of approximately 10°. As advised, cone half-angles 

were varied from 10° to 40° during this research project in order to analyze the effects of 

changing angle of attack.  

 

4.2.3 Range of Altitude, Velocity, and Nose Radius 

 

When attempting to create the generalized heating relation proposed by this research, it 

became important that the correlation be valid over a range of critical freestream velocities 

and altitudes where convective heating rates would be significant. H. Harris Hamilton II
27

 of 

NASA Langley provided the researcher with aerothermodynamic flight data from a nominal 

Space Shuttle trajectory. This data included information about the stagnation point 

convective heating rates throughout the trajectory. Figure 4.2 shows a plot of the stagnation 

point heating rate against altitude. 
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Figure 4.2 - Convective Heating Rate vs. Altitude for Nominal Space Shuttle 

Trajectory  

 
The graph shows a gradual increase in heating rate as the vehicle makes its way through the 

atmosphere with a maximum heating rate occurring between 200,000 feet and 250,000 feet. 

After this point there is a gradual decrease in the heating rate as the vehicle continues its 

descent. The vertical blue lines represent the cut-off altitudes under study made by the 

researcher (to be explained later).  

 

Figure 4.3 provides a plot of the free stream velocity of the Space Shuttle throughout its 

altitude trajectory.  
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Figure 4.3 - Freestream velocity vs. Altitude for Nominal Space Shuttle 

Trajectory 

 
The vehicle enters the atmosphere at a relatively constant speed close to 25,000 ft/s and then 

begins to gradually decelerate as it makes its way to the Earth's surface.  

Figure 4.4 shows a plot of the convective heating rate against the freestream velocity of the 

Space Shuttle during a nominal trajectory.  

 

 
Figure 4.4 - Convective Heating Rate vs. Freestream Velocity for Nominal Space 

Shuttle Trajectory 
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As expected, the heating rates are lowest at low velocities (due to low kinetic energy) and 

high altitudes (due to low atmospheric density). The right hand side of the graph depicts the 

high entry velocities at high altitudes. Since the atmosphere has low density at these heights, 

the heating rates are not significant. The peak heating occurs close to 23,000 ft/s, based on 

this data. The vertical blue line represents a cut-off chosen by the researcher as to where the 

relation will be applicable. 

 

After examining the three plots generated based on the nominal Space Shuttle trajectory, a 

range of altitudes was chosen to be studied. This range includes: 

 

                            (4.2) 

 

This provides a 100,000 foot range of applicability that accounts for the regions of peak 

heating for a nominal Space Shuttle trajectory. The upper altitude limit was chosen primarily 

due to the fact that it allowed for a continuum flow to still be applicable. In order for a gas to 

be in a continuum, a non-dimensional parameter called the Knudson number must be below a 

certain value. The Knudson number is defined as  

 

   
 

 
 

(4.3) 

 

where   is a characteristic length, and   is the mean free path. When considering a blunted 

sphere cone, the nose radius is chosen as the characteristic length. The mean free path is 

defined as the average distance a molecule travels between successive collisions with another 

molecule
7
. As an example

29
, for air at sea level,   = 2.176x10

-7
 ft, whereas at an altitude of 

342,000 feet,   = 1 ft. This means that at sea level if a person waved their hand through the 

air, they would "feel" like the gas was a continuous substance, whereas if that same person 

waved their hand at 342,000 feet, they would "feel" as if they were hitting individual 
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molecules, not a continuous medium. Anderson
7
 states that as a rule of thumb, continuum 

flow conditions exist for values of   < 0.3. At higher values, the fluid cannot be modeled by 

continuum aerodynamics equations and must instead be modeled at using theories from 

kinetic theory. This type of situation is called low density, or rarefied flow.  

 

The boundary layer code SABLE is unable to take low density flow effects into account. It 

thus became critical that the altitude regime under study fall into the realm of continuum 

flow. As stated earlier, the nose radius of the blunted sphere cone was chosen as the 

characteristic length of the vehicle. In order to be sure that continuum conditions would be 

applicable, a Knudsen number of 0.01 was decided upon as the maximum allowable value to 

provide reliable results from SABLE
27

. Then, based on results regarding the altitude at peak 

heating for the nominal Space Shuttle trajectory, it was determined that 250,000 feet would 

be an appropriate upper altitude limit. Based on a table lookup from the 1972 U.S. Standard 

Atmosphere
29

, the mean free path of air at 250,000 feet is 7.353x10
-3

 feet. The corresponding 

minimum reference length that can be used in order to maintain continuum flow thus 

becomes 0.7353 feet. In order to be slightly more cautious and provide a round number, the 

researcher chose to make the minimum nose radius to be 0.75 feet. This means that when 

implementing the correlations to be presented in the next chapter, a minimum nose radius of 

0.75 feet must be used in order for the relation to provide reliable results.  

The freestream velocity variation chosen to be studied falls in the range of, 

 

      
  

 
          

  

 
 

(4.4) 

 

This provides a 16,000 ft/s range of applicability based on the velocities seen during the 

nominal Space Shuttle trajectory that produced significant convective heating rate values.  
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4.2.4 Laminar vs. Turbulent Flow 

 

Laminar flow is characterized by fluid elements moving along smooth and regular 

streamlines. On the other hand, in turbulent flow, fluid elements move in random, irregular 

motion as streamlines become discontinuous and unsmooth. When considering aerodynamic 

heating rates at the wall, the following general correlation is applicable 

 

        
  

  
 
   

 (4.5) 

 

where   is the thermal conductivity of the gas, and  
  

  
 
   

is the temperature gradient at the 

wall. When considering this equation, the turbulent temperature gradient at the wall is larger 

than the laminar. In hypersonic flow, turbulent heat transfer rates can be as large at ten times 

greater than laminar heat transfer rates
2
. This shows the importance of being able to 

determine turbulent heating rates at hypersonic speeds.  

 

 Unfortunately, turbulent flow has been and continues to be incredibly difficult to 

model due to its inherit random nature. Turbulence modeling and modeling boundary layer 

transition are two of the greatest challenges in the aerospace industry today. Laminar flow, 

on the other hand, behaves more predictably than turbulent flow, and so engineers have had 

more success with modeling it.  

 

 The researcher has chosen to attempt to develop a laminar convective heating 

correlation in order to take advantage of some of the tendencies in laminar flow that are not 

so easily modeled in turbulent flow. A future project could entail attempting to accurately 

model turbulent convective heating, but for the means of this research, only laminar flow will 

be studied.   
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4.2.5 Gas Model 

 

Both the BLUNT2D and SABLE codes offer three different types of gas models as options 

when modeling hypersonic flow conditions. The perfect gas model assumes that gases are 

chemically inert (non-reactive). Thermodynamic properties are obtained using the ideal gas 

equation of state 

 

     
 

  
   (4.6) 

 

based on constant values of the gas constant (R) and the specific heat at constant pressure 

(cp). 

 

This is useful for the design of subsonic aircraft that do not experience extreme flight 

temperatures. Perfect gas theory becomes invalid once gas temperatures extend beyond 3600 

°R. This is the point at which diatomic oxygen begins to dissociate
30

. These chemical 

reactions must be taken into account in order to model the hypersonic aerothermodynamic 

environment correctly. As an example, the trim angle of attack of the Apollo capsule was 

overestimated due to the impact of real-gas effects, resulting in a smaller re-entry corridor 

than expected on its journey back from the Moon
31

. It is therefore impractical to achieve 

reliable results using a perfect gas model while entering the atmosphere at hypersonic speeds.  

The codes also have options for a carbon tetrafluoride (CF4)
 
model and an equilibrium air 

model. CF4 has been proven to be a useful test gas for hypersonic blunt-body simulations
19

.  

The thermodynamic properties for CF4 in SABLE and BLUNT2D are derived based on curve 

fitting data generated by Sutton
32

.  

 

 Equilibrium air models assume that the gas is chemically reactive, but also assumes 

that all of the components of the gas are at the same temperature and that all of the chemical 

reactions have completed. This is called thermodynamic equilibrium, and is an 
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approximately accurate means of simulating real gas effects. The equilibrium air model in 

SABLE and BLUNT2D obtains thermodynamic properties for air at high temperatures as a 

function of temperature and pressure from Hansen
33

 along with a table look-up procedure. 

All simulations performed using BLUNT2D and SABLE were run using an equilibrium air 

model. Lester Lees
3
 has already created a correlation that is valid for perfect gas chemistry. 

The purpose of this research is to generate a correlation valid for equilibrium air chemistry 

that is easier to implement than Lees' method. This will provide engineers and students with 

a simple yet accurate way to predict surface laminar convective heating rates on blunted-

sphere cones traveling at hypersonic speeds at varying angles of attack.  
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Chapter 5  

 

Analysis and Design 

 

This chapter documents the process that led to the development of a stagnation point 

convective heating rate relation as well as a non-dimensionalized laminar convective heating 

rate relation for various half angled blunted sphere cones. In addition, a discussion 

concerning laminar versus turbulent heating rates close to the stagnation point region is 

included. The subsections within the analysis section describe where the motivation came to 

perform the research, while the subsections within the design section detail how the research 

was performed to create results.  

 

5.1 Analysis 

 

At this point, decisions have been made to use a combination of BLUNT2D and SABLE to 

produce laminar convective heating rates on blunted sphere cones varying in half angle from 

10° to 40°, at freestream velocities ranging from 10,000 ft/s to 26,000 ft/s, and altitudes 

between 150,000 feet and 250,000 feet, all using an equilibrium air gas model. The goal now 

becomes to develop some type of simple correlation that easily relates the heating rate values 

within these user defined parameters. First, a section is included which details how to utilize 

the BLUNT2D and SABLE codes in order to determine laminar convective heating rates on 

blunted sphere-cones.  
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5.1.1 Utilization of BLUNT2D and SABLE 

 

The approximate engineering code BLUNT2D is a structured grid generated inviscid flow 

solver. The results it provides are used as inputs to the approximate boundary layer code 

SABLE. Table 5.1 details a list of input parameters for BLUNT2D, along with their 

definitions and the values that were implemented during this research.  

 

Table 5.1 - BLUNT2D Inputs 

Input 

Parameter 

Definition Value(s) Implemented 

igas 0 - perfect gas 

1 - CF4 

2 - equilibrium air 

3 - equilibrium Martian atmosphere 

2 - Equilibrium air 

im Number of points around the body 101 

jm Number of points between the body and 

the shock 

21 

km Maximum number of time steps 20,000 

kout Output interval 20,000 

itsf 0 - global minimum time step 

1 - local maximum time step 

 

1 - Local max time step 

iinit 0 - initial shock input numerically 

1 - initial shock input analytically 

2 - initial shock constant, dr(i) = dr1 

3 - initial solution from restart file 

3 - initial solution 

obtained from restart file 

iplot 0 - no plot file output 

1 - plot file output 

1 - plot file output 

iidds 0 - no initial data surface for super 

1 - initial data surface for super 

0 - no initial data for 

super 

ixy 0 - no xy flowfield output file 

1 - xy flowfield output file 

0 - no xy flowfield 

output file 

vinfe Freestream velocity (ft/s) 10,000--26,000 

gam Ratio of specific heats (PG only) N/A 

rgase Gas constant (PG only) N/A 

rhoie Freestream density in slugs/ft
3
 6.4576e-8 -- 3.4558e-6 

tinfe Freestream temperature in °R 370.9 -- 479.1 

pbmin Min value of pb/p∞ for initializing soln 10.0 
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Table 5.1 Continued 

jay 0.0 - 2-D bodies 

1.0 - axisymmetric bodies 

1.0 - axisymmetric 

bodies 

dtfac Factor multiplying cfl step size (0.5-0.8) 0.8 

epsi Smoothing coefficient (epsi < 0.04, 

typically epsi = 0.02) 

0.02 

bb Body bluntness parameter 

= 0 - paraboloid 

> 0 - ellipsoid (bb = a
2
/b

2
) 

< 0 - hyperboloid 

1.0 

bb1 Stretching parameter (bb1+bb2=1) 1.0 

bb2 Stretching parameter (phi = 

bb1*xi+bb2*xi
2
) 

0.0 

dr1 Shock layer thickness at stagnation point 0.10 

bs Bluntness parameter for shock 0.0 

rsorn Value of Rs/Rn at stagnation point 

(generally rsorn >1) 

1.0 

ibod 0 - blunt nose with no after body 

1 - blunt nose with cone after body 

2 - blunt nose with biconic after body 

1 - blunt nose with cone 

after body 

bslop1 Cone half angle degrees 10 - 40 

bslop2 Not used for option 1 N/A 

phim Phi max in degrees 90 

xp Location of pole 7.0 

xc Not used for option 1 N/A 

 

 

Many of the parameter values listed were provided by H. H. Hamilton and assumed constant 

throughout each test run. The parameters written in red type font indicate inputs that were 

varied from case to case. It should be noted that the freestream density and temperature were 

determined based on values corresponding to the altitude range from 150,000 feet to 250,000 

feet from the 1972 U.S. Standard Atmosphere
29

.  

 

A test run can be initiated once the input parameters are selected for a specific case. The 

output file, blec.blu, is created after each run and contains data concerning the boundary 

layer edge conditions. This entire file must be copied and pasted into a SABLE input file 

called blec.sab. SABLE uses the boundary layer edge conditions to help fully define the 
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aerothermodynamic environment for a given case. It also takes into considerations user 

inputted parameters detailed in Table 5.2. 

 

Table 5.2 - SABLE Inputs 

Input 

Parameter 

Definition Value(s) Implemented 

nm Number of points in the boundary layer 101 

ksteps # of computational steps in streamwise 

(xi) direction 

10,000 

iprint Print frequency in streamwise (xi) 

direction 

10,000 

nprint Print frequency in normal (eta) direction 3 

itrans 0 - instantaneous transition 

1 - finite transition 

0 - instantaneous 

transition 

igas 0 - perfect gas 

1 - CF4 

2 - Equilibrium Air 

3 - Martian Equilibrium Air 

 

2 - Equilibrium Air 

iflow 0 - sharp 

1 - blunt 

1 - blunt 

ireq 0 - no rad. eq. wall 

1 - rad. eq. wall 

0 - no rad. eq. wall 

ient 0 - constant entropy 

1 - variable entropy 

0 - constant entropy 

jay 0 - 2D 

1 - axisymmetric 

1 - axisymmetric 

iplot 0 - no plot 

1 - English units 

2 - metric units 

1 - English units 

etamax Max eta value (approx. 10 for lam., 100 

for turb.) 

10.0 

ak Stretching factor (approx. 1.04 for lam., 

1.09 for turb.) 

1.04 

aks Turbulence constant k* (approx. 0.4) 0.4 

as Turbulence constant a* (approx. 26.0) 26.0 

alam Turbulence constant lambda (approx. 

0.0168) 

0.0168 
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Table 5.2 Continued 

vinf Freestream velocity in ft/s 10,000 -- 26,000 

gamma Ratio of specific heats (PG only) N/A 

cp Heat capacity at constant pressure (PG 

only) 

N/A 

rhoinf Freestream density in slugs/ft
3
 6.4576e-8 -- 3.4558e-6 

tinf Freestream temperature in °R 370.9 -- 479.1 

pref Reference pressure in slugs/ft
2
 N/A 

twc Constant wall temperature in °R 500 

rfac Recovery factor  0.0 

epsi Surface emissivity 0.9 

prc Molecular prandtl number 0.72 

suther Sutherland constant 198.6 

prt Turb. Prandtl number 0.9 

dx1 Initial step size in ft.  0.001 

dxmax Max step size in ft.  0.05 

xtrans Surface distance to transition in ft. 5000.0 (fully laminar) 

xstop Surface distance to stop solution in ft. 7.5 

Refln  Reference length in ft.  1.0 

cst Constant to convert input zt, xt... to feet 1.0 

qref Reference heating rate in BTU/(ft
2
*sec) 1.0 

 

 

As with Table 5.1, the parameters that were altered case by case are written using red font. It 

should be noted that a constant wall temperature of 500° R was used during all test cases 

rather than a radiative equilibrium wall temperature. The 500° R was chosen as a reasonable 

value based on advice from Hamilton
27

 and Sutton
34

 as seen from previous flight test 

analysis.  

 

Fully laminar flow was implemented by placing the transition point (xtrans) much further 

than the surface distance to stop the solution (xstop). The combination of a reference length 

of 1 foot and a surface distance to stop the solution of 7.5 feet was chosen in order to 

generate solutions based on s/Rn
 
values up to 7.5 feet. This allowed for uniformity within the 

data while providing enough of the important heating information necessary to define the 

distribution.  



 

41 

 

Once the boundary layer edge conditions generated by BLUNT2D and the input parameters 

were chosen for SABLE, the code was run. The file output.sab is thus generated and contains 

important aerothermodynamic data that can be analyzed by the user. This includes pressure 

(pe), velocity (ue), temperature (Te), and Mach number (Me) variations along the body as well 

as heating rates at the wall (qw) and heat transfer coefficients (CH). The convective heating 

rate at the wall as it varies with surface distance along the body is the only combination of 

parameters that was studied during this research, although the data for all the other 

parameters was saved if needed for future use.  

 

It should also be noted that an option for constant spacing between data points based on an 

interpolation of the original points was utilized in order to generate solutions for each run at 

constant intervals. The code uses smaller step sizes near the stagnation region in order to 

account for the high rate of change of heating that occurs in that region. This makes the code 

more accurate, but also makes it more difficult to compare runs from case to case since the 

step sizes are variable. Within the source code, an option of 151 points was chosen to be 

outputted in the SABLE output file. With a 7.5 max s/Rn value this means that data is 

generated at intervals of 0.05 s/Rn.  Figure 5.1 shows an example of how this works for an 

arbitrary case. 
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Figure 5.1 - Variable vs. Constant Step Size Results from SABLE 

 

As shown in the figure, the region close to the stagnation point has a much higher slope than 

anywhere else on the graph. This means that small changes in s/Rn lead to large changes in 

qw. For the purpose of this research, the loss of precision brought on by creating constant step 

sizes was deemed insignificant when 151 data points were implemented along a 7.5 s/Rn 

length. Percent errors were less than 1% when compared for several cases.   

 

5.1.2 Inspiration for Stagnation Point Heating Correlations 

 

A non-dimensionalized heating rate correlation provides the general shape of the heat 

distribution along the body, but does not provide a value for the maximum heating rate. 
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Several generalized heating rate correlations have been developed in the past (see section 

3.3.3), but the researcher decided that it would be helpful to generate unique correlations 

based on results gathered from BLUNT2D and SABLE. It quickly became apparent that the 

stagnation point heating values using perfect gas chemistry were much lower than those 

computed using equilibrium air chemistry. This is to be expected as equilibrium air chemistry 

accounts for chemical reactions, such as the dissociation of oxygen and nitrogen, taking place 

which lead to increased heating rates. Figure 5.2 shows a comparison using perfect gas 

chemistry (PG) and equilibrium air chemistry (EA) of the laminar convective heating 

distribution across a 10° blunted sphere cone with a nose radius of 1 foot at a freestream 

velocity of 16,000 ft/s and 184,000 feet of altitude. 

 

 

Figure 5.2 Heat Distribution of Equilibrium Air vs. Perfect Gas Chemistry on 

10° Blunted Sphere Cone 
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As shown, the equilibrium air solution predicts a stagnation point heating rate of 86.3 

BTU/ft
2
*sec whereas the perfect gas solution predicts a value of 75.6 BTU/ft

2
*sec. The 

general shapes are similar but the differences in stagnation point heating are significant and 

must be taken into account in order to determine a realistic solution.  

The idea will be to develop heating relations of the form  

 

          
   

   
     (5.1) 

 

The values of N and M will be determined based on heating data generated using the 

combination of BLUNT2D and SABLE. This will allow for the determination of stagnation 

point heating rates under the assumption of equilibrium air chemistry and can be used 

alongside the non-dimensionalized heating rates described in Section 5.1.3.  

 

5.1.3 Inspiration for Non-dimensional Heating Correlations 

 

One characteristic of hypersonic flow that the researcher became aware of after reading 

Lester Lees' paper
3
, was that the laminar convective heating rate, when non-dimensionalized 

by the stagnation point heating (q/q0), followed a general profile (regardless of Mach 

number) along a blunted sphere cone when perfect gas chemistry was assumed. This is 

illustrated in Figure 5.3 below.  
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Figure 5.3 Laminar Heating Rate Distribution Over Blunt Cone Assuming 

Perfect Gas Chemistry
3 

 

In this figure, the y-axis represents the laminar convective heating rate non-dimensionalized 

by the stagnation point heating. The x-axis has values of the surface distance along the 

blunted sphere cone non-dimensionalized by the nose radius of the sphere (s/Rn). The curve 

that originates furthest left represents the heating distribution along the nose section while the 

other curves represent the heating rates along the cone section of the geometry as the cone 

half angle is varied. Lees developed mathematical correlations to define these curves based 

on the free stream Mach number, free stream gamma, and cone angle. These relations are 

shown in Section 3.3.2.  

 

 One of the important things taken away for Lees' results was that the curves, for a 

given cone angle, formed the same general shape, regardless of freestream conditions. The 

idea then became to see if the heat transfer distribution behaved similarly when considering 

equilibrium air chemistry. Figure 5.4 shows an equilibrium air solution generated by SABLE 

results for varying cone angles at flight conditions of 18,000 ft/s and 200,000 feet of altitude.  
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Figure 5.4 - Laminar Heating Rate Distribution over Blunt Cone Assuming 

Equilibrium Air Chemistry 

 

When compared with the perfect gas solution, the distribution follows the same general shape 

for the spherical section of the geometry. For the equilibrium air case, the conical section 

provides a heating rate distribution that has points of inflection, whereas the perfect gas 

predictions show a smoother distribution. The inflection points, or "wiggles", in the flow can 

be attributed to the dissociation of diatomic oxygen and nitrogen as well as the ionization of 

these elements at high temperatures. These chemical reactions create changes in the heating 

environment that a perfect gas model is unable to predict. The modeling performed in this 

research must be sure to account for the changes that arise in the heating distribution along a 

blunted sphere cone when an equilibrium air model is implemented rather than a perfect gas 

model.  
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5.1.4 Laminar vs. Turbulent Heating Near Stagnation Point  

 

After determining non-dimensionalized and stagnation point heating rate correlations, a 

smaller topic was researched as advised by Dr. Fred DeJarnette. There have been instances 

shown that when using an integral method, such as Zoby, Moss, and Sutton's
35

, which 

calculates heat transfer rates by using a skin friction coefficient in the Reynolds analogy, 

there is a region near the stagnation point where the calculation of a laminar heating rate will 

produce a greater value than a turbulent heating rate at the same location. It thus became of 

interest to the researcher to investigate if this phenomenon would occur when calculating 

heating rates using a finite difference method, such as that implemented by SABLE. Section 

5.2.3 will document the process used to determine the solution to this question.  

 

5.2 Design 

 

The following section describes the methods used to develop the correlations presented in 

this paper, as well as a discussion about how turbulent heating rates near the stagnation were 

determined.  

 

5.2.1 Development of Stagnation Point Heating Correlations  

 

It has been shown that stagnation point heating rates can be approximated by equation 5.1 

listed previously in this chapter. Typical values of N and M are usually close to 0.5 and 3.0 

respectively. Part of the research performed during this project was done to generate C, N, 

and M values based on the results that SABLE produced when considering the flight 

conditions chosen to be studied. The nose radius was not altered during this process and so 

an exponent of -0.5 was assumed when creating the results.  
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 In order to develop the heating relations presented in this report, data was generated at three 

different altitudes and five different velocities throughout the range at seven different cone 

half angles. This meant that a total of 105 (3*5*7=105) distinct runs were conducted. The 

altitudes chosen were at 150,000, 200,000, and 250,000 feet. The freestream velocities 

chosen were 10,000, 14,000, 18,000, 22,000, and 26,000 ft/s. The cone half angles chosen 

were 10, 15, 20, 25, 30, 35, and 40°.  

 

In order to generate each constant, two freestream velocity ranges were examined for each 

cone angle. One varying from 10,000 ft/s to 18,000 ft/s (phase one) and one varying from 

18,000 ft/s to 26,000 ft/s (phase two). In order to determine the velocity exponent for phase 

one, heating data was gathered for 10,000, 14,000, and 18,000 ft/s all at the median altitude 

(200,00 feet).  

 

The stagnation point heating rate data was then brought to Microsoft Excel where it was 

analyzed using a function called LINEST. This function uses a least squares method to best 

curve fit the data under consideration. It has options for linear, polynomial, logarithmic, 

exponential, and power series fits. LINEST also provides an R
2
 term, called the coefficient of 

determination. This provides an indication of how well the curve fitted line matches the 

existing data. A value of 1 means the curve fits perfectly with the data whereas a value of 0 

means it is not a reliable means of describing the data. Since it has already been proven that 

the stagnation point heating varies exponentially with freestream velocity and density, an 

exponential curve fit was applied.  An example of how the velocity exponent was determined 

for phase one, at a given cone half angle, is show in Figure 5.5. 
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Figure 5.5 Exponential Curve Fit of Freestream Velocity on 20° Sphere Cone 

 

The curve fit generated by Microsoft Excel resulted in a perfect match (R
2
=1) and showed 

that the heating rate at the stagnation point was proportional to the freestream velocity raised 

to the 3.13 power. This is true only for the given velocity range and cone half angle, and so 

the process must be duplicated for phase two (18,000, 22,000, and 26,000 ft/s at 200,000 

feet) and then at all six other cone half angles.  

 

A similar process is used to determine the free stream density exponent. Instead of examining 

the heating rates at the median altitude, they are examined at the median freestream velocity 

for a given phase. For example at phase one, data was gathered for densities corresponding to 

150,000, 200,000, and 250,000 feet all at freestream velocities of 14,000 ft/s. The LINEST 

function was then applied to these data points in order to determine how the stagnation point 

heating rates varied with changes in density. Figure 5.6 provides an example of how the 

density exponent was determined for faze one of the 20° half angle cases.  
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Figure 5.6 Exponential Curve Fit of Freestream Density on 20° Sphere Cone 

 

The curve fit generated by Microsoft Excel resulted in a perfect match (R
2
=1) and showed 

that the heating rate at the stagnation point was proportional to the freestream density raised 

to the 0.502 power. This is true only for the given velocity range and cone half angle, and so 

the process must be duplicated for phase two (150,000, 200,000, and 250,000 feet at 22,000 

ft/s) and then at all six other cone half angles.  

 

In order to determine the constant "C", equation 5.1 is rearranged to look like  

 

   
    

  
   

   
     (5.2) 

 

In this case, qw,0 is the stagnation point heating at the mid-range freestream velocity and mid 

-range altitude. For example, for phase two, the mid-range velocity is 22,000 ft/s and the 

mid-range altitude is 200,000 feet. The values of N and M are the values obtained by the 
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method described in the previous paragraphs. The values of "C" are generally on the order of 

10
-9

. 

 

The process of determining the constants C, N, and M is repeated for phase one and two at all 

seven cone half-angles. This provides 14 different values which are shown in Table 5.3. 

 

Table 5.3 - Derived Constants for Stagnation Point Heating Correlation 

Half-angle 

(°) 

Phase One (10,000 - 18,000 ft/s) Phase Two (18,000 - 22,000 ft/s) 

N M C N M C 

10 3.14 0.502 5.73e-9 3.15 0.504 5.53e-9 

15 3.14 0.502 5.84e-9 3.14 0.504 5.89e-9 

20 3.14 0.502 5.87e-9 3.14 0.504 5.99e-9 

25 3.14 0.502 5.73e-9 3.14 0.504 5.68e-9 

30 3.14 0.502 5.79e-9 3.14 0.504 5.79e-9 

35 3.14 0.502 5.64e-9 3.15 0.504 5.52e-9 

40 3.14 0.502 5.66e-9 3.15 0.504 5.65e-9 

 

As seen in Table 5.3, there is little variation in the N and M exponents, and even the variation 

in the C constant is small when considering the fluctuations are on the 10
-9 

scale. Therefore, 

an arithmetic average was taken for all three values to produce the final constants to be used 

to determine the stagnation point heating on blunted sphere cones. These final values are M = 

3.14, N = 0.50, and C = 5.74e-9. This leads to the development of a new stagnation point 

heating relation: 

 

                
      

      
      (5.3) 
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This equation assumes freestream density is given in slugs/ft
3
, freestream velocity in ft/s, 

nose radius of curvature in feet, and stagnation point heating in BTU/ft
2
*sec. The following 

chapter will comment on the reliability of this correlation.  

 

5.2.2 Development of Non-dimensionalized Laminar Convective Heating 

Correlations 

 

In order to simply model the non-dimensional heating rates along blunted sphere cones, it 

was first necessary to see the variation of results within the given limits of applicability as 

defined by the researcher. In Figure 5.7, the non-dimensional heating rates are shown for a 

25° sphere cone at the upper and lower limits of the flight regime considered. These are listed 

below. 

         
  

 
                            

     

   
               

         
  

 
                            

     

   
               

 

 

Figure 5.7 - Comparison of Upper and Lower Limit Heating Rate Distributions 

Along a 25° Blunted Sphere Cone 
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The two distributions are very similar during the sphere section of the geometry and then 

slight variations begin to show up. The idea then became to define a way to describe this 

general shape and provide results within 15% accuracy of the SABLE produced results. This 

was accomplished by splitting up the graph into three sections. 

 

The first section is defined from s/Rn = 0 to s/Rn = 
 

 
    , where θc is in radians. This is the 

surface location where the sphere section intersects with the cone section on the geometry as 

noted by Lees
3
. This is also the region where the highest heating rates occur and so accuracy 

is most critical. The second section is defined as one s/Rn value beyond the first section. This 

is the portion of the graph where much of the variation exists from case to case within the 

range of freestream velocities and altitudes under consideration. Accuracy is not as critical in 

this region as it is in the first region. The third and final region is that starting from the 

ending point of region two and spanning the rest of the body up to the final point of s/Rn = 

7.5. This is the region where heating rates are lowest. Figure 5.8 shows a breakdown of these 

three regions in a graphical form.  

 

 

Figure 5.8 - Breakdown of Regions to be Modeled for 10° Sphere Cone 
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This particular example shows the non-dimensional laminar convective heating rate along the 

surface of a 10° blunted sphere cone at an altitude of 200,000 feet traveling at a freestream 

velocity of 14,000 ft/s. Table 5.4 gives the complete breakdown of regions for each cone half 

angle. 

 

Table 5.4 - Division of Regions to be Modeled at Each Cone Angle 

Θc (°) Region I Region II Region III 

10 0.0 ≤ s/Rn ≤ 1.40 1.40 < s/Rn ≤ 2.40 2.40 < s/Rn ≤ 7.50 

15 0.0 ≤ s/Rn ≤ 1.30 1.30 < s/Rn ≤ 2.30 2.30 < s/Rn ≤ 7.50 

20 0.0 ≤ s/Rn ≤ 1.20 1.20 < s/Rn ≤ 2.22 2.20 < s/Rn ≤ 7.50 

25 0.0 ≤ s/Rn ≤ 1.15 1.13 < s/Rn ≤ 2.15 2.15 < s/Rn ≤ 7.50 

30 0.0 ≤ s/Rn ≤ 1.05 1.05 < s/Rn ≤ 2.05 2.05 < s/Rn ≤ 7.50 

35 0.0 ≤ s/Rn ≤ 0.95 0.95 < s/Rn ≤ 1.95 1.95 < s/Rn ≤ 7.50 

40 0.0 ≤ s/Rn ≤ 0.85 0.85 < s/Rn ≤ 1.85 1.85 < s/Rn ≤ 7.50 

 

It should be noted that the upper limit of region one was rounded off to the nearest 0.05 in 

order to match up most closely with a data point generated by the SABLE results. This round 

off proved to be insignificant as will be shown in the results section in the next chapter.  

Once these regions were clearly defined it became necessary to try to find the best way to 

model the heating rate in each section. The "best way" must attempt to maximize accuracy 

while minimizing complexity. After testing several curve fit models from Microsoft Excel, it 

was determined that a polynomial fit provided the highest rated coefficient of determination 

value (R
2
). Microsoft Excel allows for the degree of the polynomial fit to go from a first 

order (linear) fit to a sixth order fit. In general, as the degree increased, so did the accuracy. It 

was determined that a fourth order polynomial fit provided the best combination of accuracy 

and simplicity. Lower than fourth order provided R
2
 values that gave greater than 30% 

inaccuracies, and higher than fourth order did not show significant improvement for the 
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added term. Thus it was decided to model regions one, two, and three with fourth order 

polynomial curve fits of the form  

 

  
    

    
 

  
       

 

  
      

 

  
     

 

  
   (5.4) 

 

Once a fourth order polynomial fit was chosen as the best way to describe the heating rates in 

the three defined regions, it was necessary to figure out the way to most accurately generate 

an equation that minimized from the SABLE data. This was accomplished by curve fitting 

the data based on three different freestream conditions at each cone half angle. This meant 

that  a fourth order polynomial curve fit was applied to heating data at 14,000, 18,000, and 

22,000 ft/s all at an altitude of 200,000 feet. This meant that three curves were generated to 

define each region, with there being three total regions, and so nine total curve fits for each 

cone angle. Once the curves were created, percent error calculations were applied based on 

the equation 

 

          
                                     

            
       (5.5) 

 

A chart was then used to determine which combination of curves fit the SABLE data with the 

minimum percent error. An example of this chart can be seen in Figure 5.9.  
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Figure 5.9 - Chart Used to Determine Most Accurate Combination of Curve Fit 

4th Order Polynomials for 30° Sphere Cone 

 

The numbers highlighted in either red, yellow, or green are absolute values of percent errors 

calculated when comparing different fourth order polynomial curve fits with existing SABLE 

data. The top row includes the 15 different freestream velocity and altitudes combinations 

that were tested. The terms, "max", "avg", and "median" signify the maximum error value 

within a range, the arithmetic average of the error within that range, and the median value of 

the error within that range. The three different curves that make up each heating distribution 

are represented on the left column by 1st, 2nd, and 3rd. The gray italic 14,000, 18,000, and 

22,000 on the left column mean that the curve fit was based upon data taken from those 

corresponding velocities at 200,000 feet altitude. When comparing between the data, a cell 

was highlighted green if it provided the lowest error, red for the highest error, and yellow for 

an error in between the highest and lowest. The goal was to choose the combination of 

equations that led to the lowest overall maximum, average, and median errors.  
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The outcome from all of this analysis led to two different approaches. One result defines 

three single curves at each cone half angle. The other result gives higher accuracy, but splits 

the flight regime into three different sections. One set of three equations is used for 

freestream velocities between 10,000 ft/s and 16,000 ft/s; one between 16,000 and 20,000 

ft/s; and one between 20,000 and 26,000 ft/s. Appendix A provides the final coefficients 

where the three regions along the heating distribution are described at three different velocity 

ranges for all seven cone half angles.  A discussion of the accuracy of these equations is fully 

described in Chapter 6.  

 

5.2.3 Examination of Turbulent Convective Heating Rates Near the Stagnation 

Point 

 

In order to test if the laminar heating rate ever exceeded the turbulent heating rate at a given 

location close to the stagnation point using a finite difference code such as SABLE, several 

test cases were carried out. The transition point (xtrans in SABLE) was set to values of 0.0 

and 0.1 for 10, 20, 30, and 40° half-angle cones. Three freestream velocity values (10,000, 

18,000, and 26,000 ft/s) were tested at three altitudes (150,000, 200,000, and 250,000 feet) 

for each cone angle. These 36 results were then compared with their corresponding fully 

laminar cases. A discussion of these results can be read in the next chapter.  
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Chapter 6  

 

Validation and Results  

 

This chapter details how well the results from heating correlations developed during this 

research compared with accepted heating results. In addition, the requirements for the 

project, as defined by the user in Table 4.1, are re-examined to determine the success of the 

research.     

 

6.1 Validation 

 

After developing the stagnation point heating relations and non-dimensionalized heating 

relations, the design was compared with the user stated requirements detailed in chapter 4.  

 

Table 6.1 Verification of Requirements 

# Requirement Was the requirement met? 

Comments 

1 The relation computes the laminar convective 

heating rate at any point along the body 

The relation is valid for values 

of s/Rn up to 7.5  

2 The relation is valid assuming equilibrium air 

chemistry 

Yes, the results compare well 

with computed SABLE results. 

The results generated from 

SABLE use equilibrium air 

chemistry 

3 The relation is valid over a range of freestream 

velocities, altitudes, and angles of attack 

Yes it is valid between  

10,000 ft/s ≤ V∞ ≤ 26,000ft/s, 

4 The relation is valid over a range of altitudes 150,000 ft ≤ h ≤ 250,000ft 

5 The relation is valid over a range of angles of 

attack 

10° ≤ θc ≤ 40° in increments of 

5° 
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Table 6.1 Continued 

# Requirement Was the requirement met? 

Comments 

6 The relation is valid over a range of nose radii 

lengths 

The relation is valid for Rn˃0.75 

ft 

7 Results must be no more than 15% off the 

data computed by SABLE 

For the first region where heating 

rates are of highest concern, yes 

8 Should provide a correlation that is easier to 

implement than Lester Lees' method 

Yes, the stagnation point heating 

rate can be calculated using one 

simple equation, and the heat 

distribution can be calculated 

using three, easy to implement 

4th order polynomial equations 

9 Should generate the laminar convective 

heating profile along a body using one 

equation 

Three 4th order polynomial 

equations define the profile at 

each cone half angle 

 

6.2 Results 

 

The results from the heating correlations developed were tested against SABLE generated 

results. The percent error was calculated based on accepting SABLE results as accepted 

values. The equation used to determine the percent error is 

 

          
                                          

            
       (6.1) 

 

6.2.1 Stagnation Point Heating Rate Accuracy  

 

A summary of the accuracy of the stagnation point heating correlation developed in this 

research is detailed in table form below. This table shows results when considering a 20° half 

angle sphere cone. As expected, the stagnation point heating rate results did not vary 
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significantly when cone half angle was changed, and so only results from one angle are 

presented in this report.  

 

Table 6.2 - 20° Cone Half-Angle Stagnation Point Heating Results 

No. Rn 

(ft) 

V∞ 

(ft/s) 

alt (ft) ρ∞ 

(slugs/ft
3
) 

T∞ 

(°R) 

Percent 

Error 

(%) 

1 1.0 10,000 150,000 3.4558e-6 479.1 -1.7 

2 1.0 10,000 158,000 2.448e-6 487.2 -2.0 

3 1.0 10,000 200,000 5.3279e-7 439.9 -1.4 

4 0.75 10,000 250,000 6.4576e-8 370.9 -0.5 

5 1.0 13,000 173,905 1.392e-6 479.3 -1.6 

6 2.0 13,000 173,905 1.392e-6 479.3 -1.6 

7 1.0 14,000 150,000 3.4558e-6 479.1 -2.1 

9 5.0 14,000 150,000 3.4558e-6 479.1 -2.1 

10 3.0 14,000 200,000 5.3279e-7 439.9 -2.5 

11 1.0 14,000 250,000 6.4576e-8 370.9 -2.3 

12 4.0 16,000 184,623 9.473e-7 463.1 -1.7 

13 1.0 18,000 250,000 6.4576e-8 370.9 -1.1 

14 6.0 18,000 200,000 5.3279e-7 439.9 -1.1 

15 1.0 18,000 150,000 3.4558e-6 479.1 -1.3 

16 6.0 18,000 150,000 3.4558e-6 479.1 -1.3 

17 1.0 19,000 204,361 4.501e-7 433.3 -1.2 

18 8.0 22,000 150,000 3.4558e-6 479.1 -1.4 

19 5.0 22,000 200,000 5.3279e-7 439.9 -1.2 

20 3.0 22,000 222,964 2.130e-7 405.3 -1.0 

21 1.0 22,000 250,000 6.4576e-8 370.9 -0.9 

22 1.0 26,000 250,000 6.4576e-8 370.9 -0.6 

23 6.0 26,000 200,000 5.3279e-7 439.9 -1.2 

24 10.0 26,000 150,000 3.4558e-6 479.1 -1.6 

 

6.2.2 Observations and Discussion of Stagnation Point Heating Correlation 

 

Based on the error analysis shown in Table 6.1, every point tested gave back results within 

3% accuracy of the SABLE generated data. This is much better than the goal for a maximum 
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of 15% error.  When the nose radius was changed, the percent error stayed constant, whereas 

changes in freestream velocity and altitude slightly changed the error, but no major trends 

could be noticed. It should be noted that each case provided a negative value of error, 

signifying that the calculated value was lower than the SABLE result. This is not ideal, as 

typically it is desired to over predict a solution in order to provide a type of safety factor, but 

since the errors are so low in magnitude it was not seen as a major issue.  

Overall, the development of this correlation can be considered a success. It must be noted 

that it is only guaranteed this type of accuracy when considering blunted nose vehicles under 

the following conditions: 

 

1) Rn > 0.75 ft  

2) 10,000 ft/s ≤ V∞ ≤ 26,000 ft/s 

3) 150,000 ft ≤ alt ≤ 250,000 ft 

4) Equilibrium Air Chemistry 

 

That being said, the conditions shown are typical when considering re-entry trajectories and 

so this type of relation will serve to be extremely useful in the preliminary design of 

hypersonic vehicles.  

 

6.2.3 Accuracy of Non-dimensionalized Heating Rate Correlations  

 

A summary of the tested scenarios are listed in the following tables (Tables 6.3 - 6.9) 

showing maximum, minimum and average percent error values. Test cases were ran over the 

complete range of altitude and free stream velocity ranges considered in this research. The 

runs at 158,605 ft, 173,905 ft, 184,623 ft, 204,361 ft, and 222,964 ft of altitude were chosen 

based on data taken from the nominal Space Shuttle trajectory (Figure 4.3).  
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Table 6.3 - Non-dimensional Heating Correlation, 10° Cone Half Angle Results 

 

Region I Region II Region III 

Percent Error Percent Error Percent Error 

V (ft/s) alt (ft) Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. 

10,000 150,000 0.7 -11.2 -2.8 0.8 -11.2 -7.6 -5.0 -12.8 -8.4 

10,000 158,605 0.7 -11.4 -2.9 0.4 -11.5 -7.9 -5.1 -12.2 -8.5 

10,000 200,000 0.7 -11.7 -3.0 -0.3 -12.2 -8.7 -4.2 -12.8 -7.7 

10000 250,000 0.7 -11.7 -3.0 -1.1 -12.7 -9.2 -2.8 -11.4 -6.2 

13,000 173,905 0.7 -6.2 -0.7 4.5 -4.7 -1.7 -2.2 -7.6 -4.2 

14,000 250,000 8.5 0.0 2.0 13.6 4.7 8.0 2.5 -1.2 -0.2 

14,000 200,000 5.4 -1.9 1.3 10.7 1.5 4.8 0.3 -3.0 -1.4 

14,000 150,000 2.9 -3.7 0.5 8.4 -1.0 2.3 -1.0 -3.9 -2.2 

           18,000 150,000 5.1 -3.2 0.2 2.1 -12.5 -4.3 -0.7 -3.0 -1.4 

18,000 200,000 4.7 -3.4 0.1 1.8 -11.2 -4.0 0.8 -2.6 -0.5 

18,000 250,000 4.7 -3.3 0.1 1.7 -10.4 -3.8 2.7 -1.7 0.8 

19,000 204,361 4.6 -3.3 0.2 1.2 -11.9 -4.9 4.0 -2.3 1.2 

           22,000 222,964 4.9 -3.1 -0.2 4.9 -10.9 -2.7 1.6 -0.3 0.5 

22,000 250,000 5.6 -2.5 0.0 5.1 -10.0 -1.7 3.0 -0.8 1.4 

22,000 200,000 4.2 -3.5 -0.4 3.5 -11.6 -3.5 0.9 -2.0 -0.1 

22,000 150,000 3.4 -4.1 -0.6 2.7 -12.6 -4.6 0.0 -2.8 -1.5 

26,000 150,000 8.5 -1.4 0.8 8.6 -8.2 1.1 5.5 0.6 3.9 

26,000 200,000 10.1 -1.3 1.2 10.2 -6.2 3.2 7.3 2.3 5.4 

26,000 250,000 11.1 -1.4 1.4 11.8 -4.3 5.0 9.9 2.0 7.3 
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Table 6.4 - Non-dimensional Heating Correlation, 15° Cone Half Angle Results 

 

Region I Region II Region III 

Percent Error Percent Error Percent Error 

V 

(ft/s) 
alt (ft) Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. 

26,000 250,000 6.9 -0.4 1.3 13.6 7.7 11.9 8.1 1.0 4.6 

26,000 200,000 6.2 -0.2 1.2 11.9 6.8 10.3 6.8 3.0 4.6 

26,000 150,000 5.2 -0.1 0.9 10.2 5.6 8.6 5.7 2.6 4.5 

22,000 150,000 1.5 -1.4 -0.1 6.7 1.4 4.1 6.7 0.1 2.6 

22,000 200,000 2.0 -1.1 0.0 7.6 2.0 4.9 5.2 1.4 2.7 

22,000 250,000 2.9 -0.4 0.2 9.0 3.0 6.2 4.4 2.7 3.2 

           18,000 250,000 2.2 2.0 2.0 7.7 0.4 4.5 2.3 -0.4 0.7 

18,000 200,000 -0.8 -0.9 -0.9 6.4 0.3 3.8 0.3 -0.6 -0.1 

18,000 150,000 0.1 0.0 0.1 5.2 0.3 3.3 0.3 -1.9 -0.6 

           
14,000 150,000 0.4 -2.5 -0.6 -1.5 -5.3 -4.2 -0.2 -2.4 -1.1 

14,000 200,000 2.2 -0.6 0.1 0.9 -3.2 -2.0 0.4 -2.8 -0.6 

14,000 250,000 4.7 -0.5 0.7 3.7 -1.5 0.3 2.0 -2.9 -0.2 

10,000 250,000 0.3 -9.9 -3.3 -10.1 -14.0 -12.7 -2.0 -7.7 -3.2 

10,000 200,000 0.3 -10.0 -3.3 -10.1 -13.8 -12.6 -3.4 -7.5 -4.6 

10,000 150,000 0.3 -9.7 -3.3 -10.4 -13.1 -11.9 -4.1 -6.9 -5.5 
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Table 6.5 - Non-dimensional Heating Correlation, 20° Cone Half Angle Results 

 

Region I Region II Region III 

Percent Error Percent Error Percent Error 

V (ft/s) alt (ft) Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. 

           26,000 250,000 5.3 -0.2 1.0 2.2 -4.1 0.3 1.8 -6.0 -3.3 

26,000 200,000 4.8 -0.1 1.0 1.1 -4.7 -0.7 1.1 -4.6 -2.6 

26,000 150,000 4.0 0.0 0.8 -0.3 -5.5 -2.0 0.7 -4.7 -2.4 

22,000 150,000 1.2 -0.7 0.0 -3.9 -8.4 -4.9 -0.5 -4.9 -1.9 

22,000 200,000 1.4 -0.6 0.0 -3.4 -8.1 -4.4 -0.6 -5.0 -2.7 

22,000 222,964 1.7 -0.4 0.1 -3.0 -7.8 -4.0 -0.2 -4.9 -2.8 

22,000 250,000 2.2 -0.2 0.2 -2.3 -7.3 -3.4 0.3 -4.6 -2.8 

           19,000 204,361 1.3 -0.8 0.1 -4.5 -9.6 -5.5 2.3 -1.8 0.2 

18,000 250,000 1.2 -0.9 0.0 -3.8 -9.6 -5.1 1.9 -2.0 -0.5 

18,000 200,000 1.0 -1.0 0.0 -4.4 -9.7 -5.7 0.3 -2.0 -0.5 

18,000 150,000 1.2 -0.8 0.0 -4.9 -9.6 -6.2 1.1 -1.7 -0.1 

16,000 184,623 2.9 -0.2 0.4 -3.3 -10.0 -6.2 0.4 -4.4 -0.9 

           14,000 150,000 0.2 -2.8 -0.6 10.2 -9.8 0.1 1.5 -0.8 0.6 

14,000 200,000 1.0 -1.1 -0.1 11.6 -8.1 1.8 1.2 -0.3 0.5 

14,000 250,000 3.2 -0.3 0.4 13.1 -6.0 3.9 2.5 -0.9 0.0 

13,000 173,905 0.2 -4.9 -1.5 8.4 -12.0 -2.1 2.0 -1.9 0.7 

10,000 250,000 0.2 -9.9 -3.1 5.0 -16.9 -7.2 3.9 -4.4 1.3 

10,000 200,000 0.2 -10.0 -3.1 4.9 -17.0 -7.3 2.8 -4.5 0.3 

10,000 158,605 0.2 -10.1 -3.0 5.0 -16.8 -7.1 2.1 -4.5 -0.4 

10,000 150,000 0.2 -9.9 -3.0 5.3 -16.7 -6.9 2.4 -4.2 -0.1 
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Table 6.6 - Non-dimensional Heating Correlation, 25° Cone Half Angle Results 

 

Region I Region II Region III 

Percent Error Percent Error Percent Error 

V (ft/s) alt (ft) Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. 

10,000 150,000 0.2 -9.3 -2.6 -9.0 -10.2 -9.6 2.0 -6.0 -1.5 

10,000 200,000 0.2 -9.3 -2.6 -1.5 -6.8 -3.9 2.4 -5.5 -1.0 

10,000 250,000 0.2 -9.0 -2.6 0.0 -6.3 -2.6 3.3 -4.7 -0.2 

14,000 150,000 0.5 -2.1 -0.2 2.3 -5.6 -1.0 1.3 -2.5 -0.5 

14,000 200,000 0.8 -0.7 0.3 1.3 -3.5 -0.3 0.7 -1.7 -0.4 

14,000 250,000 2.0 0.0 0.7 2.1 -2.5 0.4 0.2 -2.8 -1.0 

           18,000 150,000 0.1 -0.8 -0.1 1.3 -3.5 -0.3 1.8 -2.3 0.4 

18,000 200,000 0.2 -0.8 -0.1 2.1 -2.5 0.4 2.7 -1.2 0.6 

18,000 250,000 0.4 -0.6 0.0 2.9 -1.6 1.1 3.8 -0.8 1.1 

           22,000 150,000 0.2 -1.2 -0.2 2.7 -0.2 1.5 1.9 -2.9 0.3 

22,000 200,000 0.4 -0.7 0.0 3.5 0.4 2.3 2.3 -2.3 0.6 

22,000 250,000 1.2 -0.2 0.2 4.5 1.2 3.2 2.7 -1.7 1.0 

26,000 150,000 2.6 -0.1 0.6 5.3 0.5 3.8 2.6 -2.4 1.0 

26,000 200,000 3.5 -0.1 0.9 6.6 1.0 4.9 3.8 -2.0 1.4 

26,000 250,000 4.4 -0.2 1.0 7.9 1.3 5.9 5.2 -2.9 1.6 
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Table 6.7 - Non-dimensional Heating Correlation, 30° Cone Half Angle Results 

 

Region I Region II Region III 

Percent Error Percent Error Percent Error 

V (ft/s) alt (ft) Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. 

26,000 250,000 4.0 -0.3 0.8 13.9 5.5 8.8 2.3 -2.5 0.1 

26,000 200,000 3.6 -0.3 0.7 9.4 5.8 3.6 1.2 -1.8 -0.2 

26,000 150,000 3.0 -0.3 0.5 8.3 5.9 3.2 0.2 -2.0 -0.6 

22,000 150,000 1.0 -1.5 -0.1 8.4 4.6 2.3 0.3 -3.1 -1.4 

22,000 200,000 1.4 -0.9 0.0 8.4 5.3 2.7 0.2 -3.0 -1.0 

22,000 222,964 1.6 -0.8 -0.2 10.3 5.8 7.1 0.2 -2.4 -0.8 

22,000 250,000 2.1 -0.3 0.2 8.5 6.2 3.3 0.4 -2.4 -0.5 

 

          19,000 204,361 1.5 -1.0 0.1 8.8 2.0 4.9 1.5 -0.9 1.0 

18,000 250,000 1.5 -0.9 0.0 5.9 1.7 -1.5 1.6 -0.9 0.9 

18,000 200,000 1.3 -1.3 0.0 5.3 1.1 -1.9 0.9 -1.5 0.4 

18,000 150,000 1.1 -1.4 -0.1 4.9 0.5 -2.3 0.7 -1.8 0.0 

16,000 184,623 1.9 -0.5 0.1 9.0 -1.4 3.3 0.6 -2.2 -0.3 

           14,000 150,000 1.9 -1.1 0.5 2.9 -0.7 -1.8 0.8 -2.1 -1.1 

14,000 200,000 3.3 -0.2 1.0 4.5 -0.5 -1.5 -0.1 -1.9 -0.9 

14,000 250,000 4.5 -0.3 1.2 6.0 -0.8 -1.4 -0.4 -1.7 -0.9 

13,000 173,905 0.6 -2.7 -0.1 5.8 -0.5 1.7 1.5 -2.6 -1.1 

10,000 250,000 0.2 -6.4 -1.4 4.6 -3.6 -2.6 4.0 -4.7 -1.6 

10,000 200,000 0.2 -6.7 -1.4 3.8 -4.1 -3.3 3.1 -5.5 -2.4 

10,000 158,605 0.1 -6.9 -1.5 4.5 -5.1 -2.1 2.5 -6.0 -3.0 

10,000 150,000 0.2 -6.9 -1.4 3.1 -4.3 -3.9 2.5 -6.1 -3.0 
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Table 6.8 - Non-dimensional Heating Correlation, 35° Cone Half Angle Results 

 

1st 2nd 3rd 

Percent Error Percent Error Percent Error 

V (ft/s) alt (ft) Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. 

26,000 250,000 2.9 -0.2 0.7 4.5 -1.5 1.8 3.7 -0.2 2.0 

26,000 200,000 2.1 -0.2 0.6 3.4 -1.5 1.3 2.8 -1.0 1.2 

26,000 150,000 1.4 -0.2 0.4 2.4 -1.5 0.8 1.9 -1.4 0.5 

22,000 150,000 0.1 -1.0 -0.2 0.6 -1.2 -0.1 1.4 -1.2 -0.5 

22,000 200,000 0.3 -0.4 0.0 1.2 -0.5 0.4 1.6 -0.6 0.2 

22,000 250,000 0.8 -0.2 0.2 1.9 -0.4 1.0 2.1 -1.0 0.9 

  
         18,000 250,000 0.6 -0.3 0.1 1.7 1.0 1.3 1.8 -0.4 0.7 

18,000 200,000 0.3 -0.4 0.0 1.1 0.5 0.7 1.5 -0.8 0.1 

18,000 150,000 0.1 -0.6 -0.1 0.8 0.1 0.2 1.1 -1.2 -0.5 

  
         14,000 150,000 1.1 -0.2 0.5 1.2 -1.2 -0.2 1.3 -0.7 -0.2 

14,000 200,000 2.0 -0.2 0.9 2.6 -0.9 0.3 1.0 -0.5 0.2 

14,000 250,000 3.1 -0.2 1.0 3.8 -0.7 0.8 1.2 -0.9 0.4 

10,000 250,000 0.0 -4.5 -1.2 2.2 -5.5 -2.7 2.6 -2.6 -1.5 

10,000 200,000 0.0 -5.0 -1.3 1.6 -6.3 -3.4 2.0 -3.4 -2.3 

10,000 150,000 0.0 -5.2 -1.3 1.2 -6.7 -3.7 1.7 -4.1 -2.8 
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Table 6.9 - Non-dimensional Heating Correlation, 40° Cone Half Angle Results 

 

Region I Region II Region III 

Percent Error Percent Error Percent Error 

V (ft/s) alt (ft) Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. 

10,000 250,000 0.1 -3.8 -0.9 -4.2 -7.5 -5.2 0.8 -3.0 -1.5 

10,000 200,000 0.0 -4.7 -1.1 -5.0 -8.1 -5.9 0.2 -3.4 -2.2 

10,000 150,000 0.0 -5.0 -1.2 -5.6 -8.8 -6.5 -0.5 -3.7 -2.7 

13,000 173,905 0.5 -1.3 0.0 -1.7 -7.6 -3.9 0.8 -1.6 -0.2 

14,000 150,000 1.3 -0.3 0.3 -0.3 -8.0 -3.7 0.7 -0.9 -0.1 

14,000 200,000 2.2 -0.3 0.6 0.8 -8.0 -3.3 1.1 -0.4 0.3 

14,000 250,000 2.9 -0.3 0.7 1.7 -8.1 -3.0 1.3 0.1 0.7 

           16,000 184,623 0.5 -1.1 -0.2 -1.5 -4.1 -3.3 0.0 -2.0 -1.1 

18,000 250,000 0.9 0.5 0.2 0.2 -3.8 -2.0 1.4 -0.7 0.4 

18,000 200,000 -0.8 -1.1 -1.5 -0.4 -4.2 -2.5 1.0 -1.2 -0.2 

18,000 150,000 0.1 -0.1 -0.2 -0.8 -4.6 -3.0 0.4 -1.8 -0.8 

19,000 204,361 1.1 -0.6 0.1 0.4 -3.7 -1.9 1.3 -0.5 0.4 

           22,000 150,000 0.3 -1.3 -0.2 0.9 -2.6 -1.3 0.4 -1.1 -0.5 

22,000 200,000 0.8 -0.7 0.0 1.4 -1.8 -0.8 0.7 -0.5 0.1 

22,000 222,964 1.2 -0.5 0.1 1.6 -1.3 -0.4 1.1 -0.2 0.5 

22,000 250,000 1.4 -0.3 0.2 1.9 -0.9 -0.1 1.5 -0.1 0.7 

26,000 250,000 3.1 -0.3 0.7 2.4 0.2 1.0 3.1 0.5 2.1 

26,000 200,000 2.5 -0.3 0.6 1.9 -0.2 0.4 3.5 0.2 1.7 

26,000 150,000 1.8 -0.3 0.3 1.3 -0.9 -0.3 2.8 -0.4 0.8 

 

 

6.2.4 Observations and Discussion of Non-dimensionalized Heating Rate 

Correlations 

 

The following trends were observed when analyzing the results: 

 

1) Results from regions I and III were generally more accurate than those from region II. 

2) Accuracy generally improved at velocity increased. 
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3) Changes in altitude provided no general trend in error.  

4) Higher cone half angles generally produced more accurate results.  

5) Results from higher velocity runs typically over predicted SABLE solutions whereas 

results from lower velocity runs typically under predicted SABLE solutions. 

 

Based on preliminary analysis as shown in Figure 5.7, it was expected that region I would be 

most easily modeled, while regions II and III would see more variation as flight conditions 

changed. Region I was defined as the region where accuracy should be most critical, as this 

was where the highest heating rates occurred. The small variations from case to case in 

region I shows that the non-dimensionalized heating rate distribution along the surface of a 

sphere is not highly dependent on variations in freestream velocity and altitude for the range 

of conditions under consideration. Region II represented the region where the sphere and 

cone first coincide. This saw the greatest variation from case to case of the three defined 

regions. Maximum errors exceeded 15% in this region for only four total cases out of the 

entire span. Region II was seen as the place where errors could exceed the 15% limit as it did 

not describe a region of high heating rates or high total heat loads. Region III was expected to 

have similar error results as region II, but ended up providing comparable results to region I. 

The heating rates in region III are the lowest, but the length of the region is the longest, 

resulting in higher total heat loads than region II. Thus, if there is going to be a region where 

error cannot be avoided, it is beneficial to have the most accurate regions be the first and 

third.  

 

When all other parameters were held constant and velocity was increased from case to case, 

the accuracy of the correlations increased across all three regions. The highest error cases 

consistently occurred at 10,000 ft/s, and then results gradually became more accurate as 

velocity increased up to 26,000 ft/s. In theory, the results should be most accurate when 

considering velocities near the velocity at which the curve fit was implemented. This, 

however, was not the case, as some times a curve fit based on the 22,000 ft/s data, provided 

higher accuracy results for the 10,000 ft/s case than a curve fit based on 14,000 ft/s data. This 
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is counter-intuitive, but at times the error calculations suggested a solution of this type. That 

being said, the higher errors occurring at 10,000 ft/s still fell within the necessary bound of 

within 15% of SABLE results, and so the correlation is deemed valid for this free stream 

velocity bound.  

 

Three main altitudes were tested throughout the flight regime, with the curve fit solution 

always being based on a 200,000 foot altitude case. It would be expected that results at 

200,00 feet would be most accurate with less accurate solutions occurring as the altitude 

changed. This was not the case in general. The 200,000 foot altitude cases were not 

significantly more accurate than any of the others, and were even sometimes less accurate 

than when considering other altitudes. Often results showed that there were differences 

within less than 1% error between the varying cases. This shows that changes in altitude 

(from 150,000 ft to 250,000 ft) do not greatly affect the laminar convective heating rate 

distribution along blunted sphere cones. 

 

In general, as cone half angle was increased from 10° to 40°, the maximum errors decreased. 

This was most true when considering region I and III, where accuracy was most critical. 

Errors in region II did not change in any general pattern as cone half angle was changed. The 

highest errors occurred at the 20° case for region II.  The higher errors at lower cone angles 

means that there was more variation in the heating distribution as freestream velocity and 

altitude were changed at these angles. The maximum errors typically occurred at the junction 

of two regions. One explanation for the higher errors at lower cone angles could have to do 

with the fact that lower angled results produced lower valued heating rates at the end of 

region I and for the duration of regions II and III. Since the values are lower there, a small 

difference in a result produces a larger percent error than that same difference would provide 

at a higher value. For example, if the SABLE result was 0.99 and the correlation result was 

0.98, the percent error was less than if the SABLE result were 0.08 and the correlation result 

was 0.07. This is a possible explanation for why results at lower cone half angles tended to 

see maximum errors higher than at higher cone half angles.  
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A variation of positive and negative percent errors were calculated throughout the flight 

regime under consideration. In general, the higher velocity results tended to produce positive 

percent errors, while the lower velocity results tended to produce negative percent errors. 

When predicting a parameter such as a convective heating rate, it is most beneficial to over 

predict the solution in order to provide a type of safety factor. Over predictions at higher 

velocities is a not a bad problem, as the highest heating rates occur at the higher velocities. 

An under prediction means that the heating rate SABLE produces will be higher than the 

heating rate calculated by the correlation. It thus becomes important to know not only the 

magnitude of the error, but also if it is positive or negative.  

 

6.2.5 Accuracy and Plots for Combination of Stagnation Point and Non-

dimensionalized Heating Correlations 

 

A summary of the tested scenarios are listed in the following tables (Table 6.10 - 6.16) 

showing maximum, minimum, and average percent error values. These results are based on a 

combination of the non-dimensional and stagnation point heating rate correlations developed 

in this research. Each scenario is also plotted in Appendix C. Plots compare Trench and 

SABLE laminar convective heating results from the stagnation point, 0 (s/Rn), to 7.5 (s/Rn) 

along the surface of the blunted sphere cone.  

 

Table 6.10 - Stagnation and Non-Dimensional Results for 10°Cone Half Angle 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

1.1 10,000 150,000 -0.5 -13.9 -8.4 

2.1 10,000 200,000 -0.3 -13.7 -7.8 

3.1 10,000 158,605 0.5 -12.9 -6.2 

4.1 10,000 250,000 11.4 -3.2 -0.6 

5.1 13,000 173,905 8.4 -5.0 -2.1 
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Table 6.10 Continued 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

6.1 14,000 250,000 6.6 -5.5 -2.7 

7.1 14,000 200,000 4.1 -13.3 -2.4 

8.1 14,000 150,000 3.8 -12.0 -1.8 

10.1 18,000 150,000 3.9 -11.1 -0.8 

11.1 18,000 200,000 4.8 -10.6 -0.1 

12.1 18,000 250,000 3.2 -12.4 -1.6 

13.1 19,000 204,361 2.3 -13.6 -2.8 

14.1 22,000 250,000 7.1 -9.5 1.5 

15.1 22,000 222,964 8.9 -7.2 3.1 

16.1 22,000 200,000 11.1 -4.9 5.2 

17.1 22,000 150,000 -0.7 -13.4 -8.7 

18.1 26,000 150,000 3.3 -8.7 -4.3 

19.1 26,000 200,000 3.7 -12.7 -0.7 

20.1 26,000 250,000 4.0 -11.6 -1.0 

 

 
Table 6.11 - Stagnation and Non-Dimensional Results for 15°Cone Half Angle 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

20.2 26,000 250,000 13.2 -0.8 4.6 

19.2 26,000 200,000 10.8 -1.2 3.8 

18.2 26,000 150,000 8.7 -1.5 3.0 

17.2 22,000 150,000 5.5 -2.5 1.2 

16.2 22,000 200,000 6.6 -2.0 1.6 

14.2 22,000 250,000 8.3 -1.1 2.4 

12.2 18,000 250,000 6.8 -1.6 0.3 

11.2 18,000 200,000 5.3 -1.9 -0.5 

10.2 18,000 150,000 4.1 -2.9 -0.9 

8.2 14,000 150,000 -1.5 -7.0 -3.3 

7.2 14,000 200,000 -0.1 -5.3 -2.8 

6.2 14,000 250,000 2.5 -4.9 -2.1 

4.2 10,000 250,000 -0.1 -14.3 -4.9 

2.2 10,000 200,000 -0.9 -14.8 -6.6 

1.2 10,000 150,000 -1.2 -14.4 -7.4 
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Table 6.12 - Stagnation and Non-Dimensional Results for 20°Cone Half Angle 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

20.3 26,000 250,000 4.7 -6.5 -2.6 

19.3 26,000 200,000 3.5 -5.8 -2.9 

18.3 26,000 150,000 2.4 -7.0 -3.3 

17.3 22,000 150,000 -0.2 -9.6 -3.3 

16.3 22,000 200,000 0.3 -9.2 -3.6 

15.2 22,000 222,964 0.6 -8.8 -3.5 

14.3 22,000 250,000 1.3 -8.1 -3.2 

13.2 19,000 204,361 1.1 -10.6 -1.8 

12.3 18,000 250,000 0.8 -10.6 -2.1 

11.3 18,000 200,000 -0.3 -10.9 -2.4 

10.3 18,000 150,000 -0.1 -10.8 -2.2 

9.1 16,000 184,623 1.3 -11.4 -3.0 

8.3 14,000 150,000 8.0 -11.7 -1.7 

7.3 14,000 200,000 8.9 -10.3 -1.8 

6.3 14,000 250,000 10.5 -8.2 -1.7 

5.2 13,000 173,905 6.7 -13.4 -1.6 

1.3 10,000 150,000 3.5 -18.1 -3.2 

3.2 10,000 158,605 3.1 -18.4 -3.6 

2.3 10,000 200,000 3.5 -18.2 -2.7 

4.3 10,000 250,000 4.3 -17.4 -1.2 

 

 
Table 6.13 - Stagnation and Non-Dimensional Results for 25°Cone Half Angle 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

1.4 10,000 150,000 0.1 -12.0 -4.5 

2.4 10,000 200,000 0.9 -11.9 -3.9 

4.4 10,000 250,000 2.4 -10.9 -2.6 

8.4 14,000 150,000 -1.0 -8.9 -3.0 

7.4 14,000 200,000 -0.5 -8.7 -3.0 

6.4 14,000 250,000 1.2 -8.1 -3.1 

10.4 18,000 150,000 0.2 -5.0 -1.3 

11.4 18,000 200,000 1.2 -4.0 -1.1 
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Table 6.13 Continued 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

12.4 18,000 250,000 2.3 -3.0 -0.5 

17.4 22,000 150,000 3.9 -6.2 -1.7 

16.4 22,000 200,000 4.6 -6.3 -1.2 

14.4 22,000 250,000 5.5 -6.7 -0.5 

18.4 26,000 150,000 4.2 -7.4 -1.0 

19.4 26,000 200,000 4.9 -7.6 -0.3 

20.4 26,000 250,000 6.7 -7.8 0.7 

 
Table 6.14 - Stagnation and Non-Dimensional Results for 30°Cone Half Angle 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

20.5 26,000 250,000 12.4 -3.8 0.0 

19.5 26,000 200,000 10.9 -3.6 -0.9 

18.5 26,000 150,000 9.7 -4.1 -1.6 

17.5 22,000 150,000 6.9 -5.0 -2.2 

16.5 22,000 200,000 7.7 -4.7 -1.7 

15.3 22,000 222,964 8.4 -4.1 -1.3 

14.5 22,000 250,000 9.0 -3.9 -1.0 

13.3 19,000 204,361 6.8 -2.8 -0.4 

12.5 18,000 250,000 7.2 -2.6 -0.4 

11.5 18,000 200,000 6.6 -3.2 -0.9 

10.5 18,000 150,000 6.4 -3.6 -1.3 

9.2 16,000 184,623 6.7 -4.3 -1.9 

8.5 14,000 150,000 4.3 -4.6 -2.9 

7.5 14,000 200,000 5.7 -4.7 -2.9 

6.5 14,000 250,000 7.5 -4.5 -2.7 

5.3 13,000 173,905 3.6 -4.8 -2.7 

4.5 10,000 250,000 4.5 -7.5 -2.6 

2.5 10,000 200,000 3.1 -8.5 -4.0 

3.3 10,000 158,605 2.1 -9.1 -4.9 

1.5 10,000 150,000 2.3 -8.9 -4.8 
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Table 6.15 - Stagnation and Non-Dimensional Results for 35°Cone Half Angle 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

20.6 26,000 250,000 2.1 -3.8 -0.6 

19.6 26,000 200,000 0.5 -4.2 -1.7 

18.6 26,000 150,000 -0.7 -4.5 -2.6 

17.6 22,000 150,000 -1.4 -3.9 -3.1 

16.6 22,000 200,000 -1.1 -3.2 -2.5 

14.6 22,000 250,000 -0.5 -3.5 -1.7 

12.6 18,000 250,000 -0.7 -2.8 -1.8 

11.6 18,000 200,000 -1.1 -3.3 -2.4 

10.6 18,000 150,000 -1.4 -3.7 -2.8 

8.6 14,000 150,000 -1.9 -4.3 -3.2 

7.6 14,000 200,000 -1.0 -4.3 -3.1 

6.6 14,000 250,000 0.2 -4.3 -2.9 

4.6 10,000 250,000 0.9 -7.1 -3.3 

2.6 10,000 200,000 -0.4 -8.5 -4.6 

1.6 10,000 150,000 -1.0 -9.1 -5.3 

 

 
Table 6.16 - Stagnation and Non-Dimensional Results for 40°Cone Half Angle 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

4.7 10,000 250,000 -1.5 -9.7 -4.2 

2.7 10,000 200,000 -2.8 -10.8 -5.4 

1.7 10,000 150,000 -3.2 -11.7 -6.2 

5.4 13,000 173,905 -2.4 -10.6 -3.9 

8.7 14,000 150,000 -2.4 -11.4 -4.2 

7.7 14,000 200,000 -1.8 -11.6 -4.1 

6.7 14,000 250,000 -1.2 -11.7 -3.8 

9.3 16,000 184,623 -2.0 -12.2 -4.1 

12.7 18,000 250,000 -1.7 -6.7 -3.0 

11.7 18,000 200,000 -2.1 -7.2 -3.6 

10.7 18,000 150,000 -2.7 -7.5 -4.0 

13.4 19,000 204,361 -1.9 -6.7 -3.0 

17.7 22,000 150,000 -2.4 -5.8 -3.9 



 

76 

Table 6.16 Continued 

 Percent Error 

No. V (ft/s) alt (ft) Max. Min. Avg. 

16.7 22,000 200,000 -1.9 -4.9 -3.3 

15.4 22,000 222,964 -1.5 -4.4 -2.8 

14.7 22,000 250,000 -1.2 -3.8 -2.5 

20.7 26,000 250,000 0.2 -3.1 -1.1 

19.7 26,000 200,000 0.1 -3.6 -2.0 

18.7 26,000 150,000 -0.8 -4.5 -3.0 

 

6.2.6 Observations and Discussion for Combination of Stagnation Point and 

Non-dimensional Heating Correlations  

 

The observations detailed in section 6.2.4 generally held true when the non-dimensionalized 

heating rate correlations were combined with the stagnation point heating rate relation. The 

majority of the maximum and minimum values listed in tables 6.10 - 6.16, are from locations 

in region II. The plots in Appendix C provide a visual representation of how the laminar 

convective heating rate distribution changes with cone angle at a particular free stream 

velocity and altitude within the flight regime under consideration. A total of 20 flight 

conditions were plotted against SABLE results. Only 4 tests (10,000 ft/s and 20° cone half 

angle) produced results greater than 15% error, and these were all in region II and under 19% 

error. In many cases maximum errors were within 5% of SABLE results and in all cases 

average errors were less than 10% when considering locations along the entire surface. It can 

thus be concluded that the combination of using the stagnation point and non-

dimensionalized heating correlations provide a relatively accurate representation of the heat 

distribution along a blunted sphere cone within the previously defined flight conditions.  
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6.2.7 Results and Discussion of Laminar vs. Turbulent Heating Near Stagnation 

Point Using SABLE 

 
Laminar and turbulent heating rates were calculated along blunted sphere cones throughout 

the conditions under study in this research. The goal was to determine if a code, such as 

SABLE, which uses a finite difference technique to determine heating rates, would ever 

predict a laminar heating rate to be higher than a turbulent heating rate at a given location 

along the surface of the body. 36 total tests were ran for a fully laminar, fully turbulent, and 

turbulent after s/Rn = 0.1 case. The step size was reduced near the stagnation point in order 

to allow for a higher accuracy solution near this region. All 36 results showed that the 

turbulent heating rate was always higher than the laminar heating rate at a given location. 

Figures 6.1 and 6.2 provide a visual for the type of changes to the heating rate a turbulent 

solution provides.  

 

 
Figure 6.1 - Laminar vs. Turbulent SABLE Results for 10° Half Angle Sphere 

Cone 
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Figure 6.2 - Laminar vs. Turbulent SABLE Results for 20° Half Angle Sphere 

Cone 

 
The case when a transition point to turbulent flow was selected as 0.1 s/Rn followed the 

laminar curve up to the transition point and then almost instantaneously increased to the 

corresponding turbulent value. In reality, transition does not occur instantaneously but it can 

be modeled this way to provide an approximate solution.  The fact that all 36 test cases ran 

showed that turbulent heating rates were higher than laminar heating rates at a given location 

confirms the idea that finite difference heating codes such as SABLE do not see laminar 

heating values higher than turbulent ones.  
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Chapter 7 

 

Conclusions and Recommendations 

 

Several mathematical correlations have been developed to rapidly predict the convective 

heating rates along blunted sphere cones by curve fitting data generated by a tested and 

proven approximate engineering code (SABLE). The correlations have been proven to be 

successful over various ranges of altitudes, free stream velocities, and cone half angles. The 

following conclusions and recommendations have been written to summarize the success of 

these correlations and to make suggestions for future research related to this topic. 

 

7.1 Conclusions 

 

A stagnation point convective heating correlation and several non-dimensionalized laminar 

convective heating rate correlations have been developed based on results generated by the 

approximate engineering code SABLE. The stagnation point equation is  

 

                
      

      
     (7.1) 

 

where freestream density is given in slugs/ft
3
, freestream velocity in ft/s, nose radius of 

curvature in feet, and stagnation point heating in BTU/ft
2
*sec. 

Nine, non-dimensionalized heating rate correlation were created at cone half angles of 10, 15, 

20, 25, 30, 35, and 40 degrees. 63 total non-dimensionalized heating rate correlations were 

developed in the form 
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   (7.2) 

 

The values of the coefficients (A, B, C, D, and E) are tabulated in Appendix A. 

The results generated by the correlations are valid under the following conditions 

 

1) Rn > 0.75 ft  

2) 10,000 ft/s ≤ V∞ ≤ 26,000 ft/s 

3) 150,000 ft ≤ alt ≤ 250,000 ft 

4) Equilibrium Air Chemistry 

 

The mathematical correlations developed in this research greatly reduce computational time 

and have proven to be a beneficial tool during the preliminary design of hypersonic vehicles.  

 

7.2 Recommendations 

 
The following recommendations are listed to improve the accuracy of the correlations and to 

provide insight into possible future research: 

 

1) Generate heating data from a higher fidelity computer model 

2) Validate results against a higher fidelity computer model 

3) Develop correlations for different geometrical configurations 

4) Develop correlations assuming turbulent flow 

5) Develop radiative heating rate correlations 

 

The results provided by the correlations developed in this research are only as accurate as the 

SABLE generated results. A similar methodology could be implemented for a higher fidelity 

CFD code such as LAURA. The simple geometry would reduce run times, and a script could 



 

81 

be written to generate and save heating data over the same variation of parameters. One of 

the benefits of using the combination of BLUNT2D and SABLE to generate heating rates 

was the availability. There was an issue with the availability of higher fidelity CFD codes, 

and so BLUNT2D and SABLE provided reasonable enough results to proceed as the code of 

choice for this project. Testing was performed on LINUX computers in the NCSU computer 

labs and saw average run times on the order of a few seconds. Much of the time taken 

between runs was accumulated by having to change inputs and copy and paste certain 

BLUNT2D outputs as SABLE inputs. A script could be written to do this all for the 

researcher in order to reduce time. It would also be advantageous to test the results of the 

correlations developed in this research against a different source other than SABLE. Access 

to higher fidelity codes limited the accuracy of the results generated.  

 

The correlations developed during this research are valid for a specific set of parameters. One 

option for future research is to develop similar correlations for the heating rate distribution 

along a different geometrical configuration. Possible options include a sphere, a sharp cone, a 

bi-conic shape, or a non-axial symmetric configuration. A sphere would most likely be the 

simplest to model with non-axial symmetric shapes being the most difficult. One of the long 

term goals of Dr. Fred DeJarnette of North Carolina State University is to develop a 

correlation that can predict heating rates for an arbitrary geometrical configuration. 

Hopefully, the development of the correlations in this research can provide some insight into 

any future research of that type.  

 

Accurately modeling turbulent heating rates is another option for future research in this area. 

Laminar heating rates are more easily predictable and thus more simple to model than 

turbulent heating rates. It would be extremely helpful to produce a way to model turbulent 

heating , as these rates are higher than laminar rates and also physically occur more often in 

actual hypersonic flight. The intrinsic random nature of turbulence makes the feat of 

attempting to model it a daunting one.  
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When considering vehicles entering the atmosphere from low earth orbit (LEO), convective 

heating rates are dominant. As engineers and scientists continue to send spacecraft further 

and further away from Earth, it becomes important to take radiative heating effects into 

account. For example, vehicles returning from Mars see much higher radiative heating rates 

than vehicles returning from LEO. The comparison of convective and radiative heating is 

somewhat similar to that of laminar and turbulent flow in the sense that convective heating is 

simpler to model than radiative heating, like laminar flow is simpler to model than turbulent 

flow. That being said, it would be advantageous to be able to generate correlations for 

radiative heating when considering trajectories from outside LEO.  
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Appendix A - Non-dimensionalized Heating Correlation Coefficients 
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Table A.1 Non-dimensionalized Correlation Coefficients for 10,000 - 16,000 ft/s 

 

 

 10,000 ft/s - 

16,000 ft/s 

Coefficients 

Cone Half 

Angle (°) 

Region A B C D E 

 

10 

I 1.24E-1 -1.90E-1 -9.84E-1 6.03E-1 1.00E0 

II 7.76E-2 -7.02E-1 2.41E0 -3.73E0 2.28E0 

III -4.22E-5 1.04E-3 -8.97E-3 2.70E-2 3.50E-2 

 

15 

I 1.94E-1 6.17E-2 -8.94E-1 1.83E-2 1.00E0 

II 9.42E-2 -8.05E-1 2.60E0 -3.79E0 2.22E0 

III -9.03E-5 1.68E-3 -9.46E-3 7.68E-3 1.16E-1 

 

20 

I 2.63E-1 -8.28E-2 -8.01E-1 -4.16E-3 1.00E0 

II 2.40E-1 1.78E0 4.97E0 -6.22E0 3.11E0 

III 4.84E-5 -1.74E-3 1.99E-2 -9.28E-2 2.64E-1 

 

25 

I 3.95E-1 -3.99E-1 -5.93E-1 -2.66E-2 1.00E0 

II 1.60E-1 -1.19E0 3.33E0 -4.21E0 2.23E0 

III 3.10E-4 -6.00E-3 4.05E-2 -1.20E-1 2.96E-1 

 

30 

I 6.60E-1 -8.57E-1 -3.62E-1 -6.55E-2 1.00E0 

II 2.52E-1 -1.78E0 4.79E0 -5.85E0 2.98E0 

III -3.26E-4 7.09E-3 -5.38E-2 1.49E-1 8.59E-2 

 

35 

I 6.94E-1 -9.03E-1 -3.75E-1 -5.87E-2 1.00E0 

II 7.01E-2 -5.97E-1 1.88E0 -2.61E0 1.63E0 

III -1.33E-4 2.22E-3 -8.90E-3 -2.89E-2 3.55E-1 

 

40 

I 1.10E0 -1.45E0 -2.08E-1 -7.68E-2 1.00E0 

II 3.35E-1 -2.15E0 5.14E0 -5.51E0 2.58E0 

III 5.66E-5 -1.71E-3 2.12E-2 -1.30E-1 4.93E-1 
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Table A.2 Non-dimensionalized Correlation Coefficients for 16,001 - 20,000 ft/s  

 16,001 ft/s - 

20,000 ft/s 

Coefficients 

Cone Half 

Angle (°) 

Region A B C D E 

 

10 

I 1.24E-1 -1.90E-1 -9.84E-1 6.03E-1 1.00E0 

II 7.81E-2 -7.06E-1 2.42E0 -3.76E0 2.31E0 

III -1.32E-4 2.82E-3 -2.09E-2 5.59E-2 2.25E-2 

 

15 

I 2.51E-1 -9.80E-2 -7.74E-1 7.90E-2 1.00E0 

II 9.42E-2 -8.05E-1 2.60E0 -3.79E0 2.22E0 

III -8.07E-6 -7.17E-5 8.47E-4 -1.20E-2 1.15E-1 

 

20 

I 3.10E-1 -2.21E-2 -6.93E-1 -1.30E-3 1.00E0 

II 2.26E-1 1.69E0 4.67E0 -6.04E0 3.07E0 

III 7.37E-6 -7.92E-4 1.09E-2 -5.21E-2 1.97E-1 

 

25 

I 3.95E-1 -3.99E-1 -5.93E-1 -2.66E-2 1.00E0 

II 1.60E-1 -1.19E0 3.33E0 -4.21E0 2.23E0 

III 2.40E-4 -3.92E-3 1.93E-2 -3.22E-3 1.77E-1 

 

30 

I 6.60E-1 -8.57E-1 -3.62E-1 -6.55E-2 1.00E0 

II 2.84E-1 -2.00E0 5.32E0 -6.39E0 3.18E0 

III -5.92E-4 1.25E-2 -9.34E-2 2.71E-1 -4.14E-2 

 

35 

I 7.37E-1 -9.42E-1 -3.90E-1 -5.61E-2 1.00E0 

II 7.01E-2 -5.97E-1 1.88E0 -2.61E0 1.63E0 

III -1.45E-4 2.42E-3 -1.01E-2 -2.65E-2 3.56E-1 

 

40 

I 1.10E0 -1.45E0 -2.08E-1 -7.68E-2 1.00E0 

II 3.55E-1 -2.29E0 5.52E0 -5.93E0 2.73E0 

III 1.67-5 -1.06E-3 1.77E-2 -1.23E-1 4.87E-1 
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Table A.3 Non-dimensionalized Correlation Coefficients for 20,001- 26,000 ft/s 

 20,001 ft/s - 

26,000 ft/s 

Coefficients 

Cone Half 

Angle (°) 

Region A B C D E 

 

10 

I -4.22E-5 1.04E-3 -8.97E-3 2.70E-2 3.50E-2 

II 7.81E-2 -7.06E-1 2.42E0 -3.76E0 2.31E0 

III -5.47E-5 9.26E-4 -4.49E-3 -1.10E-3 8.07E-2 

 

15 

I 2.48E-1 -7.81E-2 -8.01E-1 1.34E-2 1.00E0 

II 9.42E-2 -8.05E-1 2.60E0 -3.79E0 2.22E0 

III 1.09E-4 -2.56E-3 2.29E-2 -9.27E-2 2.14E-1 

 

20 

I 3.09E-1 -2.01E-1 -7.22E-1 -7.89E-3 1.00E0 

II 2.26E-1 1.69E0 4.67E0 -6.04E0 3.07E0 

III 2.52E-4 -5.87E-3 4.82E-2 -1.65E-1 3.1E-1 

 

25 

I 4.00E-1 -3.85E-1 -6.24E-1 -2.14E-2 1.00E0 

II 1.60E-1 -1.19E0 3.33E0 -4.21E0 2.23E0 

III 2.19E-4 -3.20E-3 1.13E-2 2.40E-3 1.25E-1 

 

30 

I 6.10E-1 -7.15E-1 -4.68E-1 -5.75E-2 1.00E0 

II 2.52E-1 -1.78E0 4.79E0 -5.85E0 2.98E0 

III -7.10E-4 1.48E-2 -1.09E-1 3.14E-1 -8.74E-2 

 

35 

I 7.37E-1 -9.42E- -3.90E-1 -5.61E-2 1.00E0 

II 1.21E-1 -9.01E-1 2.52E0 -3.16E0 1.78E0 

III -1.14E-4 1.77E-3 -5.34E-3 4.05E-2 3.65E-1 

 

40 

I 1.17E0 -1.51E0 -2.20E-1 -7.5E-2 1.00E0 

II 3.55E-1 -2.29E0 5.52E0 -5.93E0 2.73E0 

III 1.49E-5 -9.35E-4 1.65E-2 -1.19E-1 4.79E-1 
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Appendix B - Trench vs. SABLE Plotted Results 
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Figure B.1 - Trench vs. SABLE Comparison for V = 10,000 ft/s, alt = 150,000 ft 
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Figure B.2 - Trench vs. SABLE Comparison for V = 10,000 ft/s, alt = 200,000 ft 
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Figure B.3 - Trench vs. SABLE Comparison for V = 10,000 ft/s, alt = 158,605 ft 
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Figure B.4 - Trench vs. SABLE Comparison for V = 10,000 ft/s, alt = 250,000 ft 
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Figure B.5 - Trench vs. SABLE Comparison for V = 13,000 ft/s, alt = 173,905 ft 
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Figure B.6 - Trench vs. SABLE Comparison for V = 14,000 ft/s, alt = 250,000 ft 
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Figure B.7 - Trench vs. SABLE Comparison for V = 14,000 ft/s, alt = 200,000 ft 
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Figure B.8 - Trench vs. SABLE Comparison for V = 14,000 ft/s, alt = 150,000 ft 
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Figure B.10 - Trench vs. SABLE Comparison for V = 16,000 ft/s, alt = 184,623 ft 
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Figure B.10 - Trench vs. SABLE Comparison for V = 18,000 ft/s, alt = 150,000 ft 
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Figure B.11 - Trench vs. SABLE Comparison for V = 18,000 ft/s, alt = 200,000 ft 

 



 

103 

 
Figure B.12 - Trench vs. SABLE Comparison for V = 18,000 ft/s, alt = 250,000 ft 
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Figure B.14 - Trench vs. SABLE Comparison for V = 19,000 ft/s, alt = 204,361 ft 
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Figure B.14 - Trench vs. SABLE Comparison for V = 22,000 ft/s, alt = 250,000 ft 
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Figure B.15 - Trench vs. SABLE Comparison for V = 22,000 ft/s, alt = 222,964 ft 
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Figure B.16 - Trench vs. SABLE Comparison for V = 22,000 ft/s, alt = 200,000 ft 
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Figure B.17 - Trench vs. SABLE Comparison for V = 22,000 ft/s, alt = 150,000 ft 
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Figure B.18 - Trench vs. SABLE Comparison for V = 26,000 ft/s, alt = 150,000 ft 
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Figure B.19 - Trench vs. SABLE Comparison for V = 26,000 ft/s, alt = 200,000 ft 
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Figure B.20 - Trench vs. SABLE Comparison for V = 26,000 ft/s, alt = 250,000 ft 

 

 
 

 

 

 


