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ABSTRACT
This thesis deals with the calculation of the flow properties and heat transfer 

around the rocket nose cone for Student Rocket Project-5 (SRP-5). Governing differential 

equations are presented for this purpose, giving the fundamental relations between the 

skin temperature and flight history. The determination of all the required parameters in 

the equations is discussed, and the Runge-Kutta numerical method of integration is used 

to obtain the solution. A model to implement the above equations to predict skin 

temperature for the given trajectory was built in SIMULINK®. Individual sub-systems of 

the SIMULINK® model are used to calculate local ffee-stream values, Reynolds number, 

heat absorption capacity and skin friction coefficient. The SIMULINK® model was used 

to predict the variation of the skin temperature for the SRP-5 flight trajectory. The 

simulation results also show comparisons of the different subsystem outputs with data 

provided by the contractor for the NASA Sounding Rocket Contract (NSROC).
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Nomenclature

Qlocal Local rate of heat transfer at the surface element AA (Btu/sec)

Va Aerodynamic heat transfer rate (Btu/sec)

qr Heat transfer rate loss due to radiation (Btu/sec)

AA Local element of the surface area (ft2)

c Specific heat of the skin material(Btu/lb °R)

t Time (sec)

t, Skin thickness (ft)
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s Emissivity of the surface

a Stefan-Boltzmann radiation constant

G Heat absorption capacity of the skin (Btu/ft2-°R)
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Specific heat at constant pressure (ft2/°R-sec2)

Ac Local ffee-stream density (slugs/ft3)

K, Local free-stream velocity (ft/sec)

J Mechanical equivalent of heat (ft-lb/Btu)

«oo Local ffee-stream speed of sound (ft/sec)

Local ffee-stream Mach number

q Heat flux (Btu/sec)

k Coefficient of thermal conductivity (ft2-lb/slug °R)

Free-stream stagnation temperature (°R)



xii

T„ Local free-stream temperature (°R)

R Recovery factor (dimensionless)

cf  Local skin friction coefficient based on local free-stream properties

Pr Prandtl number

a Speed of sound

M  Mach number, V ia

u Non-dimensional velocity along conical ray line in spherical coordinate

system, u IV,

v Non-dimensional velocity normal to conical ray line in spherical

system, v IV, 

y  Ratio of specific heats, cpjc v

6 Conical ray angle, from cone axis

s Denotes values, at cone surface
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1 Introduction

1.1 Introduction

As actual and proposed speed and altitude of flight increases, the problem of 

maintaining the temperature of the internal structure of high-speed vehicles within 

permissible values becomes increasingly difficult. Due to aerodynamic heating, the 

internal temperatures of an aircraft traveling through the atmosphere at high Mach 

number may become excessive unless a sufficient amount of cooling is supplied. As an 

example of one of the difficulties caused by aerodynamic heating, it is known that some 

German A-4 missiles experienced sufficient internal heating to cause explosion of the 

fuel tanks prior to impact.

In attempting to solve the thermal problem, it is first necessary to determine the 

rate at which heat enters the surface, and second, to provide some means which will 

prevent the heat from becoming excessive in the internal structure of the vehicle. The 

problem of determining the theoretical heat transfer characteristics dates back to the work 

of Pohlhausan [3] and Crocco [4], In 1935 and again in 1938, Von Karman treated the 

subject of heat transfer for laminar boundary layers [6], [7]. The works by Huston, 

Warfield and Stone [8], by Van Driest [2], and by Truitt [1] have all extended the 

knowledge of heat transfer characteristics for both laminar and turbulent boundary layers. 

The method presented in this thesis for determining the skin temperature is based mainly 

on the procedure given in the textbook Fundaments o f Aerodynamic Heating by Triutt

[13

In order to understand the fundamentals of aerodynamic heating, it is first 

necessary to introduce some fundamental concepts. As its name implies, aerodynamic 

heating is the heating of an object as a result of the flow of air at high speed about that
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object. Friction between the fluid filaments as they stream along the body and 

compression at and near the stagnation regions of forward surfaces convert the kinetic 

energy of motion into heat within a thin layer of air surrounding the body. The 

temperature of this layer increases with the square of the speed so that, already at a Mach 

Number of 5, the boundary layer temperature attains a value of approximately 3000° R. 

Since this temperature is concentrated in the air at the surface of the aircraft, heat will 

flow readily from the boundary layer of the aircraft, the ease with which it flows 

increasing also with the speed. Therefore, the problem of aerodynamic heating tends to 

increase in severity as the speed increases. This fact is aptly pointed out in the following 

quotation from reference [2].

“Because o f the increase o f the heat transfer with speed, it appears that a 

“thermal barrier” exists much as it appeared in the past that a “sonic barrier” existed.

The problems differ somewhat in that the sonic barrier existed over a narrow band o f  

Mach number, whereas thermal barrier does not occur over a limited range o f  Mach 

number but rather tends to increase in severity as the Mach number is increased. ”

While, as in the case of the sonic barrier, proper design can alleviate some of the 

problems arising from the thermal barrier, it is obvious that as the flight speeds become 

very large (say, of the order of Mach numbers of 15 and greater), the surface 

temperatures will become very high under any design condition. Thus, it appears that the 

surfaces of high-speed vehicles will have to be made of materials, such as ceramics, 

which can withstand the high temperatures to which they may be subjected.

Assuming that the surface temperature will be very high, the problem arises of 

keeping the temperature of the internal structure from becoming excessive. This problem 

has several possible solutions. Certainly, for flights of long duration at very high speeds, 

some form of internal cooling will be required. However, since weight is always of prime 

importance in the design of any aircraft, the weight of a cooling system, capable of
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handling the high temperatures encountered at flight speeds of Mach numbers of 15 or 

grater, may prove to be excessive.

With this in mind, it was suggested by Dr. J. F. Vandrey, Advanced Design 

Section, The Martin Company, that heat insulation should be used to prevent a portion of 

the heat from reaching the internal structure of the vehicle. It is expected that, while this 

will not eliminate the need for internal cooling, it will make possible the use of a much 

smaller, and thus lighter, cooling system [5],

1.2 Scope of Study

The goal of this thesis is to develop a model that can be used to determine the skin 

temperatures around the rocket nose cone for the SRP-5 sounding rocket. In this thesis, 

SIMULINK5 is used to model and simulate the procedure given in Truitt [1], Chapter 2 

deals with the basic concepts of aerodynamic heating. It also shows how we derive the 

governing equation for determining the skin temperature. Chapter 3 deals with 

calculation of different parameters required for the simulation. Chapter 4 deals with the 

modeling of the governing equation in SIMULINK®. Chapter 5 deals with the changes 

made in the model in order to solve the example problem. In Chapter 6 , the simulation 

results of the example problem and the SRP-5 are given. Chapter 7 provides a summary 

of the present work and suggests future research and modifications.



2 Governing Equations

2.1 Introduction

Aerodynamic heating is the heating of an object as a result of flow of air at high 

speed about that object. Friction between the fluid filaments while they stream along the 

body and compression at and near the stagnation regions of forward surfaces convert the 

kinetic energy of motion into heat within a thin layer of air which blankets the body. 

Such a region is shown in Figure 2.1 . The temperature of this layer increases with the 

square of the speed so that, at a Mach number of 3, the boundary-layer temperature 

attains a value of 600°F. Since this temperature is concentrated in the air at the surface of 

the aircraft, heat will flow readily from the boundary layer to the aircraft, the ease with 

which it flows increasing also with speed. Because of the increase of heat transfer with 

speed, it appears that a “thermal barrier” exists much as it appeared in the past that a 

“sonic barrier” existed [2],

Figure 2.1 Hot region covering body at supersonic speed [2).
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However, like the sonic (drag) barrier, which was eventually hurdled by informed 

design practices, it is believed that the thermal barrier can also be overcome by realistic 

and proper engineering design. The problems differ somewhat in that the drag barrier 

existed over a narrow band of Mach numbers, whereas the thermal barrier does not occur 

over a limited range of Mach numbers, but rather tends to increase in severity as Mach 

number increases. In attempting to solve the thermal problem, the first question that 

arises is: What is the rate at which heat enters the surface of a high-speed vehicle? 

Subsequent questions are: Where does the heat go? What happens when the heat gets 

there? How can the designer live with it?

2.2 Basic Heat Transfer Equation

For practical aerodynamic heating problems, the local rate of heat transfer into a 

skin surface element (Qiocai) is equal to the local aerodynamic heat transfer rate (qa) at the 

surface element, minus the radiative heat-transfer (qr) from the surface element 

(Neglecting the equipment heat release rate (qe) and the heat transfer rate into the surface 

element (qs), due to the solar radiation. It is given by Eq. 2.1.

The local rate of heat transfer at the surface element A , the aerodynamic heat 

transfer rate and the heat lost by radiation from the elemental surface area A/1 are given 

by Eqs. 2.2, 2.3 and 2.4.

Qlocal ~ 9, 2.1

Qlocal =AA 2.2
K dt j

9 a =AAh(TaW- TJ 2.3

9 r = &A 2.4
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Substituting Eqs. 2.2, 2.3 and 2.4 in 2.1 and rearranging the terms, we get:

d T  h ,  x s gT a— ^  = — ( r  - T  )   2.5
dt G ww G

where,

G = ctsw is the heat absorption capacity of the skin.

The aerodynamic heat transfer, in units of ft2-°R/sec per unit area is given by:

<la _ h ( T aw- T w)
 —-------------- . Z.o

G G

Using the Reynolds analogy between friction and heat transfer, we can write the 

heat transfer coefficient in terms of the Stanton number as:

h = clucpp xVx . 2.7

Substituting the value of heat transfer coefficient in Eq. 2.6 with 2.7 and replacing 

the free stream velocity with local free-stream Mach number, we get:

The action of friction in a boundary-layer is always, to a certain extent, affected 

by heat transfer between fluid layers within the boundary layer. Viscous stresses within 

the boundary layer do shear work on the fluid particles. This work due to shearing tends
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to alter the temperature of fluid particles. These variations in temperature lead to heat 

conduction and also produce changes in density and viscosity. Since the velocity 

distribution in the boundary layer depends on the shear stress distribution, as well as on 

the viscosity and density distribution, it follows that the skin friction is controlled in part 

by heat transfer within the boundary layer.

Figure 2.2 Thermal boundary-layer temperature distribution near insulated wall [1].

If we consider a high-speed boundary-layer flow next to a flat wall which is 

insulated against heat transfer, the outer layer of fluid does viscous shearing work on the 

inner layers. This causes the internal energy and temperature of the fluid in the inner 

layers to rise. If there is no heat conduction at all, the inner layers and the wall would 

become progressively hotter. On the other hand, the temperature gradient caused by the 

viscous shearing work leads to a conduction of heat away from the wall, which ultimately 

counterbalances the effect of the shearing work. The resulting steady-state temperature
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distribution is shown in Figure 2.2. The adiabatic wall temperature is greater than 

the free-steam temperature Tx. The temperature gradient is zero at the wall. The Fourier 

equation for heat conduction in the y-direction is:

. dTq = - k  . 2.9

It is important to note that the adiabatic wall temperature is always less than the 

ffee-stream stagnation temperature 7^ . This condition is in contrast to what one may

expect from the well-known temperature Mach number relation:

r, _ i + [ ( r - i ) / 2 ]M22 2 io

Now if we substitute Tx =T0 T2 =TX, M { =0 and = , then we have:

To„ = 2.11

\is the value of the temperature where the velocity is zero. On the other hand,

in continuum flow the velocity at the wall is zero, but as already stated, the adiabatic wall 

temperature is always less than the ffee-stream stagnation temperature. Therefore, for 

practical computations, it is convenient to define a quantity known as the recovery factor, 

which is the measure of the ffaction of the local free-stream dynamic-temperature rise 

recovered at the wall.
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T =Ta w  oo

f  r - i  2a 1 + ^ — m ! 2.12

Using the simple energy equation-^ -  + cpTn = cpT0 , the recovery factor can be

written as:

T - T  T - Tn  ___ a w  oo   a w  oo

f„2/2c„ r.-r. O'-!)Ml
2.13

2 J

By using the Reynolds analogy, the Stanton number is related to the local skin- 

ffiction coefficient by Eq. 2.14.

C„ = ^ P r - < ! '3» 2.14' 2

It is obvious that if the entire plate is adiabatic, energy considerations dictate that 

the mean stagnation temperature with respect to the mass flow must be equal to the free- 

stream stagnation temperature T{)̂ . Since the wall temperature is less than T0 , it follows

that the distribution of stagnation temperature within the boundary layer must be of the 

form shown in Figure 2.3, with some portion of the boundary layer having a stagnation 

temperature greater than T0 .
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/

Outer Edge of Boundary Layer

a w

\  T
\

Temperature

Figure 2.3 Distribution of temperature and stagnation temperature near insulated wall [1].

2.3 Laminar Flow

A great number of solutions of the differential equations for the laminar boundary 

layer have been worked out and are available to give information for a wide range of 

conditions, including very high Mach number and large temperature differences. In 

general, the theoretical results give satisfactory agreement with experiment, and thus in 

the laminar range reliable predications can be obtained from theoretical calculations.

For the case of laminar flow, the recovery factor varies almost exactly as the square 

root of the Prandtl number. It is also found that the Prandtl number is also almost

independent of Mach number. It has been confirmed that the rule R = a/Pt is accurate 

when the variation of viscosity through the boundary layer is accounted for.

\

/
2.15
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Multiplying equation 2.8 by unity in the form of:

[2v* / 2vj - r. )/{rm -t„). 2.16

we get:

2.17

Substituting Eqs. 2.13 and 2.14 in 2.17, we get:

2.18

The governing differential equation for the skin temperature in laminar flow may 

now be obtained by substituting Eq. 2.18 into 2.5.

2.4 Turbulent Flow

The difference between laminar and turbulent flows is the relative steadiness of the 

two types of flows. In laminar flow, the fluid properties and velocity at each point are 

actually constant with respect to time, and the fluid flows in “lamina” or in sheets. In a 

turbulent flow, which is steady in the mean, the local acceleration du/dt may be much 

larger than the convective acceleration udu/dx. In turbulent flow, an additional 

interaction is due to the transfer of momentum from layer to layer, owing to the velocity

f ^ = _ L  I Pr-(K)
dt JG 2

2.19
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fluctuations. The momentum transport in unit time and through unit area due to the 

fluctuations represents an apparent shearing stress for the mean motion. This additional 

apparent shear stress results in skin-ffiction and heat-transfer coefficients for a turbulent 

boundary layer that are several orders of magnitude larger than the corresponding values 

for a laminar boundary layer at the same Reynolds number.

For the case of turbulent flow, the governing equation for aerodynamic heat 

transfer is similar to the one for the laminar flow. By using the Reynolds analogy, the 

Stanton number in the case of turbulent flow is related to the local skin-ffiction 

coefficient by Eq. 2.20.

cK =0.6 cL 2.20

In the case of a fully turbulent boundary layer, the recovery factor varies almost 

exactly as the cube root of the Prandtl number.

Substituting Eqs. 2.20 and 2.21 into 2.5 yields:

<la_
G

0.6
JG

Pr 1/3 '̂ aw
T - T  ,V  aw  oo y

M l 2.22

The skin-temperature equation for the turbulent flow, using Eqs. 2.5, 2.6 and 2.22 is:
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^ k  = _ L  0.6 T- ~ T~
dt JG ' - T .V ®

2.23

2.5 Conclusion

Equations 2.19 and 2.23 are used to calculate the skin temperature for laminar and 

turbulent flow in the case of a flat plate. In the case of laminar flow, the same equation 

can also be used for cones. But for turbulent flow, the Reynolds number must be divided 

by 2 in order to incorporate the cone rule. (For the same cone Mach number and wall-to- 

ffee-stream temperature, the cone solution for the local skin friction is the same as the 

flat-plate solution when the cone Reynolds number is divided by 2.)
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3 Determination of Parameters

The formula for the calculation of the wall temperature involves a lot of 

parameters which vary with the altitude and wall temperature. All these parameters need 

to be calculated before integration of the governing equations can be carried out.

3.1 Atmospheric Data

In general, the time history of the flight path (velocity in ft/sec and the altitude in 

feet versus time in seconds) is known in advance. Based on this information the time 

history of the ambient (true free-stream) temperature, static pressure and density of the air 

can be determined from the standard atmospheric tables. This standard atmosphere is 

mathematically defined in six layers from sea level to 71 km, as shown in Table 3.1 S.

Table 3.1 Standard atmospheric layers [28].

Layers Name
Lower Altitude 

(km)

Upper Altitude 

(km)

Upper Altitude

(ft)
1 Troposphere 0 11 36,089

2 Stratosphere 11 20 65,618

3 Stratosphere 20 32 104,987

4 Stratosphere 32 47 154,199

5 Stratosphere 47 51 167,323

6 Mesosphere 51 71 232,940

Using the relations given in Table A.l (Appendix 1), we can obtain a reasonably 

accurate model of the standard atmosphere up to 71 km that is consistent with the results 

displayed in Figure 3.1. Values of the ambient (true free-stream) temperature, static 

pressure and density of the air above 71 km can be determined from the U.S standard 

atmospheric tables, 1976. Using the values of static temperature, the ambient speed of 

sound is calculated by:
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a0 = 49.028 xT0( 1/ 2 ) 3.1

C m m im m  P ? o $m ru m
m  m Fum tkm  of Mmmlm

A&tudkk kmmmmm

0 20 40 SO
AiNfutife thousands Of foot

ao

Figure 3.1 Standard atmospheric properties as a function of altitude [29].

Likewise, from the time history of the velocity in ft/sec and the speed of sound in 

ft/sec, the value of the free-stream Mach number with respective to time can be 

calculated.

3.2 Local Free Stream Values

Using the time history of the free-stream Mach number and the cone angle, the 

time history of the local Mach number M x , local temperature To, local density and
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the local speed of sound ax can be calculated using the supersonic tables [27], Figure 3.2 

shows the location of the local free-stream values with respect to the free-stream values.

Figure 3.2 Boundary layer notation [1 ].

The solution used in these supersonic tables is calculated by the method of 

characteristics and requires that the flow conditions along a starting line in the flow field 

be known. The results are given in an x, r cylindrical coordinate system that has its origin 

at the cone vertex. The differential equation that is the formulation of the conical flow 

problem in a spherical coordinate system is:

d u a~( cot#)
  T  +  u  =  H  7-----------d0~ v

v = du
~d6

a 2 = ^ - ( \ - u 2 - v 2).

3.2

3.3

3.4

In the forgoing equations, all the velocities are non-dimensionalized by dividing 

them by the limiting velocity attainable by adiabatic expansion into a vacuum. This 

system of computation was used, even though the results are later transposed into another
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reference system, in order to make use of the parameters as convenient guides in setting 

up the numerical calculations. Boundary conditions must be prescribed along with Eq.

3.2 to 3.4, and they are given by Eq. 3.5 at the surface of the cone.

u — ur
v = 0

3.5

The upper boundary condition is found by requiring the results obtained by the 

integration of Eq. 3.2 to satisfy the Rankine-Hugoniot equations which can be expressed 

as:

tan# =
1 \Y ~ 1 I

/  2 t \  u - 1

U + u uv\  J
3.6

When Eq. 3.6 is fulfilled by the results from Eq. 3.2, the local free-stream Mach 

number is given by:

M = f 2 1
(  2 \  U

U-iJ ^cos2 0 - u 2 j
3.7

The solutions of Eq. 3.2 presented herein were obtained using the Runge-Kutta 

integration method. Computations started at the solid surface of the cone by specifying a 

value of us and ended when the shock-wave conditions were satisfied. Integration of Eq.

3.2 yields values of u, v and a at each conical ray angle . The results are tabulated for 

each cone angle as a function of nominal free-stream Mach number in Table A. 2, Table 

A.3 and Table A.4. (Appendix 1) [27].
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Based on the value of the local free-stream temperature, the local ffee-stream 

speed of sound is calculated as:

tfoo =  J l& T .  . 3.8

In order to pick off the values of the local skin-friction coefficient at each second 

of the trajectory, it is necessary to calculate the local ffee-stream Reynolds number. It is 

calculated as:

=
p  V Ir cc 00*

3.9

where Vx = Mx

And the local ffee-stream coefficient of viscosity (using Sutherland’s law) is given by Eq. 

3.10.

Aoo = 3 .73x l0 -7
Tn y /2 T + .5 0 5 (rj5 1 9 ) '

U 19J _ 1.505
3.10

3.3 Stagnation Temperature Rise

In order to take into account the fact that varies with the temperature, it is 

necessary to integrate the simple energy equation:

0 ^
\vd V +  \ jg c  0.
Kc r„

3.11
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For constant values ofc , the above equation becomes:

1 V2
Tn - T = ----- — , 3.12

" 2 Jgcp

where J  = mechanical equivalent of heat (778 ft-lb/Btu).

For the actual case, cp varies with temperature. It has been found that a correction 

for variable cp lowers the stagnation temperature considerably at high velocity (for 

example, 20 percent lower at M 00= 8). An exact solution of the above equation for 

variable cp gives a set of stagnation temperature curves for various altitudes and Mach 

numbers. We also know that plotting the stagnation temperature rise T0 versus

free-stream velocity Vm gives a single curve for all altitudes. For all practical purposes, 

the plot between T0̂ -  Tx and Vx with Tx taken as a parameter falls onto a single curve

for all values of Tx ranging from 392° R to 630° R, corresponding to the minimum and 

maximum free-stream temperature from sea level to about 370,000 ft. The values of local 

free-steam velocity and stagnation temperature rise are tabulated in Table A .8 (Appendix 

1).

3.4 Skin Friction Coefficient

Of all the parameters discussed so far, calculation of the instantaneous skin 

friction coefficient is one of the most important parameters. It is possible in this problem, 

as well as in other similar trajectories, that most of the flight will involve predominantly 

turbulent flow. But if the altitude and the speed at the end of the trajectory are such that 

the Reynolds number is less than the transition Reynolds number, the flow can become 

laminar. So, the skin friction coefficient is calculated using two different formulas based 

on the nature of the flow.
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3.4.1 Laminar Skin Friction Coefficient

As already stated above, the transition of flow from laminar to turbulent is based 

on the local Reynolds number. In the laminar flow regime, the flow can also experience 

laminar slip flow during some parts of the flight. The laminar skin friction coefficient 

equation used below assures that either laminar continuum or laminar slip flow, 

whichever exists, will be taken care of automatically. The laminar skin friction 

coefficient for a flat plate is given by:

Where the superscript * indicates that the parameters are based on the state 

properties evaluated at the wall. In order to get the skin friction coefficient for a cone like

body, the skin friction coefficient for the flat plate is to be multiplied with V3 (Cone 

rule).

3.13

where

3.14

Tvj '«y
3.15

( t  V '5
3.16
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3.4.2 Turbulent Skin Friction Coefficient

The turbulent skin friction coefficient for a flat plate with arbitrary wall 

temperature, free-stream Reynolds number and Mach number is given by Eq. 3.17 and 

the nomograph for the coefficient of friction on a flat plate is given in Figure 3.3. Even 

though some parts of the flight are expected to be in the turbulent slip flow regime, this is 

not considered, since no knowledge exists of skin friction coefficients under turbulent 

flow outside the continuum regime. Then in order to get the skin friction coefficient for a 

cone-like body, half of the normal Reynolds number is used (cone rule for turbulent flow,

[I])-

0.242 (sin-1 a  + s iir ' /?)= 0.41 + log,, R c y .c , — logle

4 , r f - /T

r j  \

T ,<*> J
3.17

Where

2 A l - B  Q 
a  = ~.------------

B

( B 2 + 4 A 2Y2 ( 2 + 4 Y2
3.18

<2 [ ( y - l ) / 2 ] M y jf H -[( r - l) /2 ]M l ,
T ./T . ' "  “TW / oo

3.19

3.5 Material Properties

The skin material to be used may or may not be fully decided upon. For a given 

body and material, the specific weight w in lb/ ft3 and the thickness ts in feet are 

constants. The specific heat of the skin material, c, in Btu/lb-°R, is a function of the skin 

temperature. Thus, the heat-absorption capacity of the skin material, G, in Btu/ ft2-°R, 

can be expressed as:
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G = ctsw. 3.20

This is a function of the temperature. In order to calculate the instantaneous value 

of G,it is necessary to have the tabulated values of specific heat of the skin material for

a wide range of temperatures. Table A.9 (Appendix 1) contains the specific heat of the 

skin material used in the current simulations from 460° R to 2600° R.

3.6 Conclusion

Once all the parameters are calculated, Eq. 3.21, which is a nonlinear equation 

with variable coefficients of first order but the fourth degree, is solved using the Runge- 

Kutta numerical integration method.

d K
dt 3.21

To explain further, the solution of the differential equation 3.21, which reduces to 

Tw = To when t = to, is obtained, with the tabular interval being At. Then the fourth order 

Runge-Kutta method of numerical integration is carried out in the following self- 

explanatory scheme:

Table 3.2 The Runge-Kutta numerical integration method [1]

t Tw / / ♦ A t Operation

to To / qi 1/2(qi+q4)

to+At/2 To+qi/2 / 42 42+q3
to+At/2 To+q2/2 / qs Sum

to+At To+q3 / 44 q=l/3 sum

t = to+At T=T0+q /
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The process is repeated using (t’, T ) as the pair of initial values, so the skin temperature 

corresponding to t = t0+2At can be computed.
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4 Simulink Model

4.1 Introduction

SIMULINK® is a software package that enables us to model, simulate, and 

analyze systems which are time dependent. Such systems are often referred to as dynamic 

systems. It supports linear and nonlinear systems, modeled in continuous time, sampled 

time, or a hybrid of the two. SIMULINK® can be used to explore the behavior of a wide 

range of real-world dynamic systems, including mechanical systems, electrical systems, 

thermodynamic systems, biological systems, etc.

Simulating a dynamic system in SIMULINK® is a two-step process. The first step 

consists of creating a graphical model of the system to be simulated using mathematical 

blocks of the SIMULINK® model editor. The model depicts the time-dependent 

mathematical relationships among the system's inputs, states, and outputs. The second 

step includes simulating the behavior of the system over the specified time span. The 

information entered into the model is used by SIMULINK® to perform the simulation.

4.2 Defining a Model in SIMULINK®

There are two phases in order to utilize SIMULINK®, the model definition phase 

and model analysis phase. A typical session starts with either creating a new system 

model in terms of block diagrams from a library of standard components or recalling a 

previously defined model, then proceeding to analyze the model. Models are created and 

manipulated in the block diagram windows primarily by mouse driven commands. One 

can build an entire SIMULINK® model by the use of extensive block libraries provided 

in the software. Most of the commonly used linear and nonlinear control system entities 

are available as predefined blocks in SIMULINK^. Alternatively, new blocks or libraries 

of tools for analysis can be built and defined. Once the model is completely developed in 

the interface window, it can be analyzed by choosing options either from the simulation
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menu or by executing MATLAB™ commands from the command line in the main 

MATLAB™ window.

4.3 Simulink Model

The aerodynamic heating problem has been modeled in SIMULINK® and the top 

level block diagram is shown in Figure 4.1. This model consists mainly of six blocks that 

were connected together. The first block is the input block whereas the second, third, 

fourth and the fifth blocks are used to calculate 1st, 2nd, 3rd and 4th coefficients of the 

Runge-kutta numerical method along with the different parameters required for the 

simulation. Each of these blocks consists of seven subsystems. SIMULINK® has the 

flexibility to include subsystems. As the model increases in size and complexity, the 

structure can be simplified by grouping blocks into subsystems. This helps in reducing 

the number of blocks displayed in the model window and also allows us to keep the 

functionally related blocks together.

jjjj j j j ^  Constant Inputs

Constant inputs

Figure 4.1 SIMULINK® model.

Figure 4.1 shows the structure of the overall SIMULINK® model. Based on the 

parameters from all the preceding blocks, the Temperature block is used to calculate 

the wall temperature using the Runge-Kutta numerical method. After entering all the 

input vales in the respective blocks, the simulation is run by clicking the start button in 

SIMULINK®.

Coefficient

wail temperature 

Wall Temperature
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4.4 Constant Inputs Block

Figure 4.2 shown below is the Constant Inputs block. The block provides all the 

inputs to the simulation that are constant throughout the span of the simulation. The block 

consists of eight inputs that are merged into a single output using the Mux block. The 

single output from this block carries all the eight input values as one signal.

11

C one an g le

20

Length

778

J v a lu e

-C -

S te fa n -B o ltz m a n n  C onstant

.9

E m m isiv ity

530

S p e c ific  W e ig h t

Thickness

.05

T im e  in terval

C onstant Inputs

Figure 4.2 SIMULINK® model of the Constant Inputs,
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4.5 Step-One Model

Figure 4.3 shown below is the Step-One block which is explored in detail in the 

following sections. This model has 2 inputs and 1 output. The inputs are the constant 

values from the Constant Values block and the wall temperature from the previous time 

step. The output is the 1st coefficient of the Runge-kutta method multiplied by the time 

interval.

First Step

Figure 4.3 SIMULINK® model of the Step One block.

The model consists of seven different subsystems contained in blocks. The 

description of each block is outlined in the subsequent sections.

Figure 4.4 SIMULINK® model of the Step One.
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4.5.1 Free Stream Values

The details of the subsystem Free Stream Values block are shown in Figure 4.5. 

This block consists of two subsystems including the Atmospheric Data block and the 

Local Free Stream Values block. The Atmospheric Data block is shown in Figure 4.6.

Figure 4.5 SIMULINK® model of the Free Stream Values block.

IN P U T F ro m
E xcel s h e e t
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Figure 4.6 SIMULINK® model of the Atmospheric Data.

The Free Stream Values block includes two input files, which are obtained using 

the ‘from file’ functions in SIMULINK®. Altitude and Velocity are .mat files consisting 

of a matrix with two rows. The first row of the matrix is the time element and the second 

row of the matrix is the value for the altitude and the velocity, respectively. The other 

blocks in the system use these values to perform the required operations. The 

Atmospheric Data block is an s-fiinction block that calculates the time history of the 

ambient temperature, density, pressure and speed of sound. The formulas used in the s- 

function are given in Table A.l (Appendix 1). The Product block is used to divide the 

velocity by the speed of sound to obtain the free-stream Mach number.

M ac h  n u m b e r

Figure 4.7 SIMULINIC® model of the Local Free Stream Values.

The Local Free Stream Values block is shown in Figure 4.7. The inputs are the 

cone angle, ambient density, ambient temperature and the free-stream Mach number. The
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first three Look-up tables were used to calculate the ratio of local free-stream values to 

free-stream values (pressure, density and temperature) based on the cone angle and the 

free-stream Mach number, whereas the fourth Look-up table is used to calculate the local 

Mach number based on the cone angle and the free-stream Mach number. The Look-Up 

Table block evaluates a sampled representation of a function in N variables by 

interpolating between samples to give an approximate value for y = f(xi, x2... xn), even 

when the function F is known only empirically. The block generates an output value by 

comparing the block inputs with the breakpoint set parameters. The look-up table 

expands to the window shown in Figure 4.8 when selected. The cone angle data, Mach 

number data and the ratio of the quantities were entered in the first row, second row and 

table data, respectively. The input data for these tables are given in Table A. 2, Table A.3 

and Table A.4. The outputs from the tables two and three were then multiplied with the 

free-stream values of temperature and density, using the product block to give the local 

free-stream temperature and density.

In conclusion, the Free Stream Values block outputs the local free-stream values of 

temperature, density and the Mach number.

4.5.2 Local Reynolds Number

The details of the subsystem Local Reynolds Number block are shown in Figure 

4.9. The purpose of this block is to calculate the free-stream Reynolds number based on 

Eq. 3.9. The inputs to this block are local free-stream temperature, local free-stream 

Mach number, local free-stream density and the constant values. The local free-stream 

coefficient of viscosity is calculated using the Function block in SIMULINK® and is 

based on Eq. 3.10. The local free-stream speed of sound is obtained by multiplying the 

square root of the local free-stream temperature with the constant value of 49.02 

(obtained by substituting the values of the specific heat of air 1716 ft-lb/slug/°R and
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specific heat ratio, 1.402, in Eq. 3.8). It is then multiplied with the local free-stream Mach 

number to get the local free-stream velocity.

Block Parameters: Pressure

LookupNDIntefp (mask) (link)-

& x j#111 I

Perform r>-dknensional interpolated table lookup including index searches. 
The table is a sampled representation of a function in N variables. 
Breakpoint sets relate the input vafues to positions in the table. The first 
dimension corresponds to the top (or left) input port.

Parameters-'-— — — — ~ 
Number of table dimensions:

First input (row) breakpoint set:
13

(2.5.5.7.5.10.12.5,15]
Second (column) input breakpoint set:

[1.5,1.75,2,2.5,3,3.5.4.4.5.5.6.7.8.10.12,15.20]
Index search method: j Binary Search S I* rnmmm
(“  Begin index searches using dev ious index results 

V  Use one (vector) input port instead of N ports 

T able data:

1(1 01943261.02452721.0302014 1 0430054 1 05755531 1.0736800

Interpolation method: j Cubic Spline 

Extrapolation method: ( Linear ' "3
Action for out of range input: [W arn ing

OK Cancel Help Apply:

Figure 4.8 Window for the look-up table.

Using the Function block, the values of local free-stream density, local free- 

stream velocity and length are multiplied together and divided by the value of local free- 

stream coefficient of viscosity to get the local free-stream Reynolds number. Along with 

the free-stream Reynolds number as output, some of the inputs to this block are sent out 

as outputs to the next block.
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Reynolds
Number

Figure 4.9 SIMULINK® model of the Local Reynolds Number.

4.5.3 Local Skin Friction Coefficient

The details of the subsystem Local Skin Friction Coefficient block are shown in 

Figure 4.10. This block calculates the instantaneous values of the skin friction coefficient. 

The inputs Lnl, Ln2, Ln3, Ln4 to this block are the four outputs of the Reynolds Number 

block. The input Ln5 of this subsystem is the wall temperature from the previous time 

step and the constant block is used to input the specific heat of air. The laminar and the 

turbulent skin friction coefficients are calculated by using two Enable Subsystem blocks. 

Only one of the two blocks will be executed based on the output obtained from the 

Transition subsystem block, which is used to calculate the transition from the laminar to 

turbulent flow. The output from the laminar and the turbulent subsystems are added 

together using a Sum block to get the local skin friction coefficient. Along with the local 

skin-ffiction coefficient as output, some of the inputs to this block are sent out as outputs 

to the next block.
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1.4 Specific heat of Air

cx>
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Constant Gamma
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Ln1

Out4

s >
Ln5
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d >
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Ln4

Turbulent 

Local Free-stream Density

Laminar Skinfriction 
Coefficient

Turbulent Skinfriction 
Coefficient
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♦ C D
Out1

- K 2D
Out2

Figure 4.10 SIMULLNK® model of the Local Skin Friction Coefficient

4.5.3.1 Laminar to Turbulent Transition

The details of the subsystem Laminar to Turbulent Transition block are shown in 

Figure 4.11. This block enables the laminar and the turbulent skin friction block based on 

the transition Reynolds number. The input Lnl to this block is the local free-stream 

Reynolds number. The other input to the block is the transition Reynolds number. This 

block is masked so the block expands to the window shown in Figure 4.12 when selected. 

The user is required to enter the values of the transition Reynolds number used in the 

model.

Two relational operators (performs a relational operation on its two inputs and 

produces output 1 if TRUE and 0 if FALSE), Relational Operator 1 and Relational 

Operator2, are used to compare the local free-stream Reynolds number with the 

transition Reynolds number and output zero or one based on the comparison. This result 

in the execution of one of the two enable blocks {Laminar or Turbulent Skin Friction 

blocks).
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Q >
In1

Local Free-stream 
Reynolds Number

Rey
Transition Reynolds 

Number

Re

Laminar Reynolds Number •KD
Out1

ational
Operatorl 

—►

Re

Turbulent Reynolds Number
Out2

ational
Operator2

Figure 4.11 SIMULINK model of the Laminar to Turbulent Transition.

Subsystem (mask)

Par amet er s- - —~ - - ■— -—  ---------_ _ _ _ _ _ _
Transition Reynolds Number
p _  — -   ' “

OK | Cancel [ Help 

Figure 4.12 Window for the Transition Reynolds Number.

4.5.3.2 Local Laminar Skin Friction Coefficient

The details of the subsystem Local Laminar Skin Friction Coefficient block are 

shown in Figure 4.13. This block calculates the instantaneous values of the local laminar 

skin friction coefficient whenever the output Outl in the laminar to turbulent transition is 

one. The inputs Lnl, Ln2, Ln3, Ln4 and Ln5 to this block are the five outputs of the Local 

Skin Friction Coefficient block. The four inputs of Ln2, Ln3, Ln4 and Ln5 are combined 

together using the Mux in Simulink. The function blocks Fcnl and Fcn2 are used to 

calculate the wall Mach number and wall Reynolds number. The input Lnl, wall Mach 

number and wall Reynolds number are combined together by using one more Mux in 

SIMULINK®.
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Local Free-stream 
Mach Number ^

In2 Local Free-stream

*
------- ►In1 'f { but1

If Action
Subsystem

■  . f(U)H *
.H I Fcn4

Figure 4.13 SIMULINK® model of the Laminar Local Skin Fiction Coefficient

The parameter ^Roy* f  f y  M* is calculated by using function block Fcn3. The i f  

block is used to divide the output based on the value output from the Fcn3 block and one 

of the three if action subsystem blocks are used to calculate the value of . The

outputs Outl of all the three I f  Action blocks are reset to zero whenever the blocks are 

disabled. Then the outputs from the three action subsystems are added together using a 

Sum block. The output from the Sum block, specific heat of air and the output signal from 

the first Mux block, are combined together using another Mux block. The function block 

Fcn4 is used to calculate the local laminar skin-friction coefficient.

4.5.3.3 Local Turbulent Skin Friction Coefficient

The details of the subsystem Local Turbulent Skin Friction Coefficient block are 

shown in Figure 4.15. This block calculates the instantaneous values of the local 

turbulent skin friction coefficient whenever the output Out2 in the laminar to turbulent 

transition is one. The inputs Lnl, Ln2, Ln3, Ln4 and Ln5 to this block are the five outputs 

of the Local Skin Friction Coefficient block. The four inputs of Ln2, Ln3 and Ln4 

are combined together using the Mux in SIMULINK®. The values A2, B, alpha, and beta
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are calculated using Function blocks in SIMULINK® and are based on the Eqs. 3.18 and

3.19 respectively. Constants A2, alpha, beta, input Ln3 and input Ln4 are combined 

together by using one more Mux in SIMULINK®. Similarly input Ln3, Ln4, Ln5 and 

constant value n are combined together using another Mux. Then functions Fcnl and 

Fcn2 are used to calculate the values of Eqs. 4.1 and 4.2 respectively.

0.242 (sin-1 a  + sin_1 /?)/ ̂ (7^/7^)'7 2 4.1

0.41 + log,. Re -  (1 + 2„/2)log10 (T, /T . ) A,

Figure 4.14 Window for entering the initial guess.

The algebraic constraint 1 (constrains the input signal f(z) to zero and outputs an 

algebraic state z) is used to solve Eq. 3.17. The block expands to the window shown in 

Figure 4.14 when selected and the user needs to enter the initial guess. The feedback loop

is used to calculate the values of cfJ ' 2 and log10 using the blocks Fcn3 and Math

Functionl from SIMULINK®, respectively. The output from Fcn2 is added to Math 

Function and then multiplied with Fcn3 using a Product block from SIMULINK®. At the
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end, the signal from the Fcn2 block is subtracted from the signal from the Sum block and 

the output is sent to the Algebraic Constraint1 block. Once the algebraic equation is 

solved to get the value of turbulent skin-friction coefficient, it is multiplied with the 

output from the Enable block (outputs 1 whenever the block is enabled and 0 whenever it 

is not) to ensure that output resets to zero whenever the block is not disabled.

Specific heat of Air
C T >
In1
Q>
In2

Q >
in3

Local Free-stream temperature
In4

Local Free-stream Mach Number

Wall Temperature

Local Free-stream

d >
In5

Reynolds Number n value

f(z) = 0

Algebraic Constraint 
Productl

u[1 J X1/2) k -  

Fcn3

Local Turbulent 
SKin friction coefficientXX)

Out1

Product

logic
Math

Functionl

Figure 4.15 SIMULINK® model of the Turbulent Skin Friction Coefficient

4.5.4 Heat Absorption Capacity

The details of the subsystem Heat Absorption Capacity block are shown in Figure

4.16. This block calculates the total heat absorption capacity of the skin material, which 

is a function of the temperature. The two inputs Lnl and Ln2 of this subsystem are the 

constant values and the wall temperature from the previous time step. The specific weight 

and the thickness are obtained from Lnl using the function blocks Fcnl and Fcn2. In 

order to calculate the instantaneous values of heat absorption capacity, it is necessary to 

have the tabulated values of the specific heat for a wide range of temperatures. The
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lookup table consists of the values of specific heat versus temperature. All three values 

are multiplied together using a Product block to get the heat absorption capacity.

Figure 4.16 SIMULINK® model of the Heat Absorption Capacity.

4.5.5 Prandtl Number and Stagnation-Temperature Raise Lookup
Tables

An inspection of the equations show that for laminar and turbulent flow solutions, 

we require tabulated values of the Prandtl number for a wide range of temperatures. The 

values are as shown in Table A.6 (Appendix 1). The Prandtl Number lookup table is used 

to store these values. The input to this lookup table is wall temperature.

Other important parameters that need to be calculated are the values of T0 -  Tx

versus Voo. The quantity 7^ -  Tn plotted against Voo gives a single curve for all altitudes

up to 370,000 ft [1]. The values of 7^ - T m and Voo are shown tabulated in Table A.8

(Appendix 1). This data is incorporated into the model using a lookup table that gives 

stagnation temperature rise. The lookup table outputs the value of the temperature 

difference based on the local ffee-stream velocity as the input.
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4.5.6 Runge-Kutta Coefficient Block

The details of the subsystem Runge-Kutta Coefficient block are shown in Figure

4.17. This block calculates different coefficients of the Runge-Kutta numerical method.

Laminar Flow

Figure 4.17 SIMULINK® model of the Runge-Kutta Coefficients.

The input Lnl to this block consists of data of all the parameters from all the 

preceding blocks. Functions Fen and Fcnl are used to separate the Local Free Stream 

Reynolds Number and time interval from all the other inputs. Laminar , Turbulent 

Flow and Laminar to Turbulent Transition are the three subsystems in this block. The 

Laminar Flow and the Turbulent Flow are two enable blocks used to calculate the value 

of Eqs. 3.45 and 3.46, respectively. These blocks are implemented based on the output 

from the Laminar to Turbulent Transition block. The Laminar to Turbulent Transition 

block is the same as the one used in the Skin Friction Coefficient block. The outputs from 

both of the enable blocks are reset to zero whenever the blocks are disabled. The outputs 

from the two enable blocks are then added together and multiplied with the time interval 

to get the 1st coefficient of the Runge-Kutta numerical method.
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4.6 Second, Third and Fourth Time Step Block

The details of the subsystem Second Step block are shown in Figure 4.18. Each of 

these three blocks have 3 inputs and 1 output. The inputs Lnl, Ln2 and Ln3 are constant 

values from the constant values block, the output from the previous time step block, and 

the wall temperature from the previous time step. The outputs q2, q3, and q4 of these 

blocks are the 2nd, 3rd, and 4th coefficients of the Runge-Kutta method (Table 3.2) 

multiplied by the time interval. These blocks are the similar to the First Step Block with 

some small modifications which are discussed in the following sections.

Figure 4.18 SIMULINK® model of the Second Time-Step.

In the second time step, one difference is that the input Ln2 of this block is 

divided by two using a gain block and then added with the wall temperature from the 

previous time step to get the wall temperature required for this block. The other 

difference is that the two mat files Altitudel.mat and Velocity 1.mat are used as input files 

in place of the Altitude.mat and Velocity.mat in the Atmospheric Data block. The third 

time step is also the same as the second time step block other than that the Ln2 of this 

block is the output from the second time step block. In the fourth time step two mat files
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Altitude2.mat and Velocity!.mat, are used as the input files Altitude and Velocity in the 

Atmospheric Data block. In the fourth time step, the input Ln2 of this block is added with 

the wall temperature from the previous time step to get the wall temperature required for 

this block.

4.7 Wall Temperature Block

The details of the subsystem Wall Temperature block are shown in Figure 4.19. 

This block calculates the wall temperature by the Runge-Kutta numerical method.

Figure 4.19 SIMULINK® model of the Wall Temperature block

The inputs Lnl, Ln2, Ln3 and Ln4 are the 1st, 2nd, 3rd and 4th coefficients of the 

Runge-Kutta numerical method, respectively, and the input Ln5 is the wall temperature 

from the previous time step. The inputs Lnl, Ln2, Ln3, and Ln4 are multiplied with 

different gain factors to get the required fraction of the coefficients and then added with 

the input Ln5 using a Sum block to get the wall temperature of the skin material at the 

current time. The output from the Sum block is then sent to a Memory block that is used 

to input the initial condition for the wall temperature. The Memory block expands to the 

window shown in Figure 4.20 when selected and the user is required to input the initial
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condition of the wall temperature. The output from the Memory block is then directed to 

the Step One block as input Ln2.

Block Parameters: Memory

M emory-------- — — --------— — —  -.—  ---------------- — — —

Apply a one integration step delay. The output is the previous input value.

|M o N  ] State properties 

Initial condition:
1518.87
W Inherit sample time

P  Direct teedthrough ot input during linearisation

OK Cancel Help Apply

Figure 4.20 Window of the Memory block to enter the initial guess for wall temperature.
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5 Example Problem

5.1 Introduction

In order to demonstrate the calculation procedure using SIMULINK*, the solution 

of an example problem is carried out in some detail. The example missile is assumed to 

be a simple ogival body, 40 ft in length, with the proposed flight trajectory shown in 

Figure 5.1. The skin material is taken to be non-oxidized Inconel; thickness ts = 0.000417

ft; w =530 lb/ft3; and emissivity, e = 0.9. In the present problem, the skin temperature is 

predicted for a point located 20 ft. back from the nosecone tip. For simplicity it is 

assumed that this location is on the ogive, and that the local pressure coefficient is zero, 

so that the local conditions are the same as the ffee-stream values. In order to incorporate 

the inputs for the example, a few changes were made in the SIMULINK® model.

TIME (sec)

Figure 5.1 Altitude and Mach number versus time for given trajectory [1],
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5.2 Inputs for the Example Problem

For a given flight trajectory, certain parameters are either known or must be 

calculated. In general, the time history of the flight path is known in advance. Based on 

these data, the free-stream density p 0,speed of sound a0, and the Mach number M 0 for 

each second of the flight will be measured using a radiosonde at the launching area or 

calculated using atmospheric tables. For the present problem the values of , T0 and

M 0 are directly given. The values of all these parameters are given in Table A.7

(Appendix 1). The next step is to calculate the flow parameters , and

M  X/ M 0for the body station where the skin temperature is to be calculated using the

tables for supersonic flow around right circular cones at zero angle of attack [27], But as 

discussed above, the body station for the present problem is assumed to have a local 

pressure coefficient equal to zero. This results in the ratio of the local free-stream values 

to the free-stream values equal to one.

The next input to be included in the example problem is incorporation of the values 

° f  (To* ~^oo) f°r each second. As already explained in the preceding chapters, the

quantity (7^ - T x ) plotted against Vx gives a single curve for all altitudes up to 370,000

ft. For the actual case, Table A.8 (Appendix 1) needs to be used to get the values of 

( \  ~TX) for each instant of the flight based on the value of local free-stream

velocity^ . But for the example problem, the values of (T0j - T rrj) are given and are

shown tabulated in Table 5.1. The data in the table are tabulated for every 2 seconds.
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Table 5.1 Velocity and temperature parameters for the trajectory of Figure 5.1 [1].

T

sec

v*

(ft/sec)
~

0 0 0

2 800 53

4 1600 210

6 1900 300

8 1700 240

10 1500 190

12 3000 700

14 4500 1500

16 5100 1900

18 4800 1700

20 4500 1500

22 6729 3150

24 8958 5550

26 11187 8200

28 13416 11000

30 15645 13750

The next and the final input to be included in the example problem is the 

instantaneous specific heat c of the skin, which is a function of the temperature. 

Therefore, it is necessary to have the tabulated values of c for a wide range of 

temperatures. Table 5.2 contains the values of specific heat for non-oxidized Inconel 

from 460° R to 2060° R.
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Table 5.2 Specific heat for Nonoxidized Inconel [1].

T

(° R)

c

(Btu/lb-° R)

460 0.1032

560 0.1065

660 01095

760 0.1130

860 0.1161

960 0.1195

1060 0.1213

1160 0.1240

1260 0.1265

1360 0.1284

1395 0.1289

1460 0.1361

1560 0.1375

1660 0.1396

1760 0.1419

1860 0.1449

1960 0.1475

2060 0.1505

5.3 Discussion

Some small changes were made in the SIMULINK® model to include all the inputs 

discussed above. Since the ratio of the local ffee-stream values to the ffee-stream values 

is equal to one, and the local ffee-stream values are already given, the Stream 

Values blocks in all the step blocks were deleted. The local ffee-stream values /?0, T0



48

and M 0 are directly fed into the Reynolds Number block using three From file blocks in

SIMULINK®. The details of the subsystem Reynolds Number block are shown in Figure 

5.2

Free stream 
Reynolds Number

Figure 5.2 SIMULINK® model of the Reynolds Number block in the example problem.

To include the values of (7^ - T J  from Table 5.2 in the SIMULINK® model the

tabulated data of the Temperature Difference Table block were replaced by a From File 

block (Temperature difference.mat). The constant input values (thickness ts = 0.000417

ft; w= 530 lb/ft3; and emissivity, e = 0.9) and the instantaneous specific heat (c )  of the 

skin were updated in the Constant Values block and Specific Heat look-up table.

Once all the inputs are fed into the SIMULINK® model, the model is run for 30 

seconds with a time interval of 1 second.
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6 Simulation and Results

6.1 Introduction

In Chapter 4, a MATLAB™ SIMULINK* model was developed to calculate the 

surface temperature at a particular point on the nose cone. The model is first tested using 

a solved problem from Truitt [1].

6.2 Results for Example Problem

The example missile is assumed to be a simple ogival body, 40 ft in length, with 

the proposed flight trajectory shown in Figure 5.1. The skin material is taken to be 

nonoxidized Inconel; thickness, ts — 0.000417 ft; specific weight, = 530 lb/ft2; and

emissivity s  = 0.9. In the present problem, the skin temperature is to be predicted for a 

point located 20 ft back from the nose cone tip. For simplicity it is assumed that at this 

location on the ogive, the local pressure coefficient is zero, so that the local conditions 

are same as those of the free-stream. In experimental missile test programs, often the 

free-air temperature, pressures, etc., at altitude are measured by a radiosonde at the 

launching area prior to the flight. For preliminary design these detailed data are usually 

not available beforehand. However it is a simple matter to prepare these data, using 

standard atmospheric tables in conjunction with the proposed flight trajectory (Figure 

5.1).

The inputs for the example problem are not the same as the ones for the actual 

problem. The changes made to the model are discussed in detail in Chapter 3. The 

simulation is run for a time period of 30 seconds with a time step of 1 second. The inputs 

to the example problem include free-stream density , free-stream temperature T0, Mach

numberM0 and the value of (7^ - T x ) for each second. The values of the first three

parameters are given in Table A.7 (Appendix 1) and the last parameter is given in Table 

A.8 (Appendix 1).
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The first step in the simulation is to obtain the different binary data files used by 

the Input Parameters block for the various cases. These data are obtained from the “time 

vs. altitude.xls” file using the m-file “example_input file”. When the m-file is run, it 

prompts the user with the maximum time interval possible and asks for the required time 

period for the simulation. Based on the time period given, all the required parameters will 

be generated and fed into the model using the from  block.

Figure 6.1 V shows the variation of all the four inputs (ffee-stream temperature, 

ffee-stream density, ffee-stream Mach number and stagnation temperature rise) with time. 

The simulation is run by selecting the run button in the SIMULINK® model window.

V a r ia tio n  o f F r e e -S tr e a m  T e m p e ra tu r e  w ith  t im e

V a r ia tio n  o f F r e e -S tr e a m  M a c h  N u m b e r  w ith  t im e

T im e  (s e c )

V a r ia t io n  o f  S t a g n a t io n -T e m p e ra tu re  R is e  w ith  t im e

T im e  (s e c )

Figure 6.1 Variations of different inputs with time for given trajectory.
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In Figure 6.2, the Reynolds numbers obtained from the SIMULINK* model for a 

time period of 30 seconds with a time interval of 2 seconds are shown. It also shows a 

comparison of Reynolds number obtained from the SIMULINK* model with that of the 

textbook [1].

x 10® V a r ia tio n  o f  R e y n o ld s  N u m b e r  w ith  t im e

Figure 6.2 Comparison of Reynolds number for given trajectory from the SIMULINK® model and

textbook [1] .

In Figure 6.3, the variation of the skin-friction coefficient obtained from the 

SIMULINK® model for a time period of 30 seconds with a time interval of 2 seconds is 

shown. We can see that the laminar skin-friction coefficient is zero throughout the 

simulation. This is due to the fact that during the whole flight, the missile travels in the 

turbulent flow regime.



52

Variation of Skin-Friction Coefficient with timex 10

U
cuoO
c
a
uulc

C/1

a.

Figure 6.3 Variation of skin-friction coefficient with time for given trajectory.

In Figure 6.4, the variation of the skin temperature obtained from the SIMULINK® 

model for a time period of 30 seconds with a time interval of 2 seconds is shown. It also 

shows the comparison of results for skin temperature as obtained from the SIMULINK® 

model with those of the textbook [1].
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Variation of Skin Temperature with time

Figure 6.4 Variation of skin temperature with time for given trajectory.

6.3 Results for Student Rocket Project-5

The SRP-5 nose cone is assumed to be a simple ogival body, 6.5 ft in length, with

the proposed flight trajectory shown in Figure 6.5. The skin material is taken to be

fiberglass/high temperature resin composite; thickness, ts = 0.010416 ft; specific weight, 
2 • • •w = 150.3 lb/ft ; and emissivity, s  = 0.8. In the present problem, the skin temperature is 

to be predicted for a point located 5.5 ft back of the nose cone tip. The inputs to this 

problem include time, altitude and the velocity of the rocket. The simulation is run for a 

time period of 298 seconds with a time interval of 0.001 seconds. The results from the 

SIMULINK® model are then compared with the results obtained from NSROC. The 

computer program used by NSROC computes the temperature time histories of thick wall 

bodies using Van Driest, Sibulkin, and Kemp-Riddell equations for heat input. The 

general method assumes that the body can be broken into a number of individual blocks, 

and the temperature history for each block can be determined. The process was done
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assuming one dimensional heat transfer; that is, there are no appreciable effects due to the 

gradients which exist in the longitudinal direction

The first step in the simulation process is to obtain the different binary data files 

used by the Input Parameters block for the various cases. These data are obtained from a 

“time vs. altitute.xls” file using the m-file “input_file”. When the m-file is run, it prompts 

the user with the maximum time interval possible and asks for the required time period 

for the simulation. Based on the time period given, all the required parameters will be 

generated and fed into the model using the from  block.

Figure 6.5 Variation of altitude and Mach number for SRP-5 rocket trajectory.

Figure 6.6 shows the variation of the free-stream values (free-stream density, free- 

stream temperature and free-stream Mach number) obtained from the SIMULINK® 

model for a time period of 298 seconds with a time interval of 0.001 seconds.
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T im e  (s e c )
V a r ia t io n  o f F r e e -S tr e a m  M a c h  N u m b e r  w ith  t im e

T im e  (s e c )

Figure 6.6 Variation of free-stream values with time.

Figure 6.7 shows the variation of the local ffee-stream values (free-stream density, 

free-stream temperature and free-stream Mach number) obtained from the SIMULINK® 

model for a time period of 298 sec with a time interval of 0.001 sec. The supersonic 

tables used for the calculation of local free-stream values were given for a minimum 

Mach number of 1.5. To incorporate the values between 0 to 1.5 Mach numbers, an extra 

row of data is included for a Mach number of zero. The look-up tables used in the 

SIMULINK® model use cubic spline interpolation for all the data between the points.
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T im e  (s e c )
V a r ia tio n  o f  L o c a l F r e e -S tr e a m  M a c h  N u m b e r  w ith  t im e

T im e  (s e c )

Figure 6.7 Variation of local free-stream values with time.

Figure 6.8 shows the variation of the Reynolds number obtained from the 

SIMULINK® model for a time period of 200 sec with a time interval of 0.001 seconds. It 

also shows a comparison of the results of Reynolds number obtained from the 

SIMULINK® model with the data obtained from NSROC. The difference between the 

two profiles is due to the fact that the SIMULINK® model uses the formulas given in 

Table A.l to predict the atmospheric properties. So the atmospheric model included in 

the SIMULINK® model uses linear extrapolation for any data required between 232,940 

ft (71 km) and apogee which was 318,766 ft (97 km) for this trajectory (If the block input 

is less than the first or greater than the last input vector element, the block extrapolates 

using the first two or last two points.).
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Variation of Reynolds Number with time

T im e  (s e c )

Figure 6.8 Variation of Reynolds number with time.

Figure 6.9 shows the variation of the skin-friction coefficient obtained from the 

SIMULINK® model for a time period of 298 seconds with a time interval of 0.001 

seconds. In this case a transition Reynolds number of 2><106 was used. We can see that 

the laminar skin-friction coefficient is more prominent thought most of the trajectory.
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Variation of Laminar Skin-Friction Coefficient with time

V a r ia tio n  o f T u rb u le n t S k in -F r ic tio n  C o e ffic ie n t w ith  t im e

Figure 6.9 Variation of skin-friction coefficient with time.

In Figure 6.10, the variation of the frictional and radiation heat loss parts of Eqs.

2.19 and 2.23, obtained from the SIMULINK® model for a time period of 298 seconds 

with a time interval of 0.001 seconds, are shown. We can see that the frictional part 

becomes almost zero between 35 seconds to 265 seconds. This is due to the fact that the 

local free-stream density term in the Eqs. 2.19 and 2.23 (as shown in first subplot of 

Figure 6.7) becomes almost negligible during this time interval.
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Variation of Friction part with time

V a r ia tio n  o f  R a d ia t io n  part w ith  t im e

Figure 6.10 Variation of friction and radiation terms with time for given trajectory.

In Figure 6.11, the variation of adiabatic wall temperature obtained from the 

SIMULINK® model for a time period of 200 seconds with a time interval of 0.001 

seconds is shown. We can observe that there is sudden change in the profile at around 35 

seconds. This is due to the fact that Eq. 2.13 was used in the calculation of adiabatic wall
I/ O  J/ O

temperature, and that the recovery factor value changes from Pr to Pr as the flow 

regime changes from turbulent to laminar.

It also shows the comparison of results for adiabatic wall temperatures as obtained 

from the SIMULINK5 model with the adiabatic wall temperature data obtained from 

NSROC. The difference between the two profiles is due to the fact that the atmospheric 

model used in the calculation of free-stream temperature, Too, is based on formulas given 

in the Table A.I. The SIMULINK® model uses linear extrapolation for any data required 

between 232,940 ft (71 km) and apogee, which was 318766.4 ft (97.16 km) for this
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trajectory. One more term affecting the differences in the profiles is the values of the 

Prandtl number, which depend on the wall temperature from the last time step.

V a r ia tio n  o f A d ia b a t ic  W a l l  T e m p e ra tu r e  w ith  t im e  fo r  g iven  T ra je c to ry

Figure 6.11 Variation of adiabatic wail temperature with time.

In Figure 6.12, the variation of wall temperature is shown for the SRP-5 nose 

cone at different locations (6” and 66” from the nose tip), as obtained from the 

SIMULINK®1 model for a time period of 298 seconds with a time interval of 0.001. We 

can observe from the figure that the skin temperature at 6” is always greater than the skin 

temperature at 66” from the nose tip. This is due to the fact that the skin temperature 

decreases as we move away from the nose tip (stagnation point).

We can also observe that there is an increase in skin temperature for first 35 

seconds, and then a gradual decrease until 265 seconds, and then there is an additional 

increase in skin temperature. This is due to the fact that the first part (friction heat 

transfer) of the Eqs. 2.13 and 2.19 is negligible between 35 and 265 seconds. During this
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time interval, the only prominent factor in Eqs. 2.13 and 2.19 is the second part (radiation 

heat loss). So even though there is an increase in the adiabatic wall temperature after 35 

seconds, the only heat transfer is due to radiation (negative part in Eqs. 2.13 and 2.19), 

which leads to a gradual decrease in wall temperature.

V a r ia tio n  o f S k in  T e m p e ra tu r e  w ith  t im e  fo r g iven T ra je c to r y

Figure 6.12 Variation of skin temperature at different locations of nose cone with time.

In Figure 6.13, the variation of the skin temperature obtained from the 

SIMULINK® model for a time period of 200 seconds with a time interval of 0.001 

seconds is shown. As in Figure 6.12, we can observe that there is an increase in skin 

temperature for first 35 seconds and then there is a gradual decrease. Figure 6.13 also 

shows the comparison of results for skin temperature obtained from the SIMULINK® 

model with the average skin temperature data obtained from NSROC. The reasons for the 

difference between the two profiles are same as those explained in the cases of the 

Reynolds number and adiabatic wall temperature plots. One more reason is that only one
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block of skin material is considered in the SIMULINK5 model, whereas in the case of the 

NSROC data, the total thickness of the skin material is divided into 5 layers. Figure 6.13 

also shows the variation of the skin temperature of block-1 from NSROC data. We can 

observe that the temperature of this layer is very high when compared to the average skin 

temperature from NSROC data and the skin temperature from the SIMULINK® model. 

Because of the high skin temperature in the NSROC data, overall heat transfer to the skin 

is reduced during the first portion of the flight. As a consequence, the average skin 

temperature given by the NSROC data is lower than that produced by the SIMULINK 

model.

V a r ia tio n  o f S k in  T e m p e ra tu r e  w ith  t im e  fo r g iven T ra je c to ry

T im e  (s e c )

Figure 6.13 Variation of skin temperature with time.
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7 Conclusion and Future Work

7.1 Conclusions

The present thesis consists of two parts. First, a general method for determining 

the skin temperature of bodies during high-speed flight was developed. The governing 

differential equation was presented for this purpose, giving the fundamental relationship 

between the skin temperature and flight history. The determination of all the required 

parameters in the equation was discussed, and the Runge-Kutta numerical method of 

integration was used to obtain the solution.

The second part of the thesis consisted of implementing the above equations in 

SIMULINK® to predict skin temperature for the given trajectory. The mathematical 

models of these individual components (Free-stream Values, Reynolds number, laminar 

and turbulent skin friction coefficient) were compiled and tested in SIMULINK®. The 

assembly was then tested by solving one of the example problems given in reference [1]. 

The simulation results of all the subsystems for the given set of inputs show all the 

components work. The SIMULINK® model is used to predict the variation of the skin 

temperature for SRP-5 flight trajectory. The simulation results also show comparison of 

the different subsystems with the data provided by NSROC.

The selection of SIMULINK® as the computation tool, and the selection of the 

program structure currently used, is based on the user friendliness, potential for practical 

applications, and potential for further development. This program is module (subsystems) 

based and the modules are individually tested and assembled.

For the example problem, the computation time for a 30 second simulation was 

9.67 seconds. For the SRP-5 flight trajectory, the computation time for a 298 second
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simulation was 35.56 seconds. The computer used for this simulation has a 1.19 GHz 

processor and a RAM of 512 MB.

7.2 Future Work
In this study, the approximations in the blocks used in the model may cause 

accumulated errors in the computation results and the use of a large number of equations 

for system simulation may cause the computation to be inefficient. One possible method 

for improving computational efficiency and avoiding accumulated computation errors is 

to apply in-situ measurements, which measure some of the parameters listed in the 

system equations, such as local free-stream values. Some of the measured data may be 

used to adjust the computation errors and/or as the inputs of the simulation program to 

reduce the computation time.

In the present model, the time step remains constant irrespective of the variability 

in events. By using a variable time step related to variability in the events optimizes the 

computation.

The accuracy of the current SIMULINK® model could also be improved by 

implementing a multi-layer skin model similar to the one used in the NSROC 

calculations. As discussed in Chapter 6, one of the reasons for the different skin 

temperature predictions had to do with the use of a single skin layer in the current 

simulation.

Improvements could also be made by optimizing the mathematical and 

SIMULINK® model by implementing modifications in the model, using s-function 

blocks, reducing the computational time, and validating the models.
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Appendix 1: Tables

Table A.I. Standard atmospheric data calculation formulas

S.No
Altitudes 

Up to:

English Unite 

Temperature (R) 

Density (Slug/ft3) 

Pressure (lb/ft2)

Metric units 

Temperature (K) 

Density (Kg/m3) 

Pressure (N/m2)

h is measured in: Feet Meters

1 11 km T = TO (l-h/145442 ft) 

r = rO (1-h/145442 ft)4-255876 

P = P0 (l-h/145442 ft)5255876

T = TO (l-h/44329 m) 

r = rO (l-h/44329 m )4 255876 

P = P0 (l-h/44329 m )5255876

2 20 km T = TO (0.751865) 

r = rO (0.297076) e ((36089-h)/20806)

P = P0 (0.223361) e ((-36089-h)/20806)

T = TO (0.751865) 

r = rO (0.297076) e ((109"-h)/6341-4) 

P = PO (0.223361) e ((,09"-h)/6341'4)

3 32 km T = TO (0.682457 + h/945374) 

r = rO (0.978261 + h/659515)‘
35.16319

P = P0 (0.988626 + h/652600)’
34.16319)

T = TO (0.682457 + h/288136) 

r = rO (0.978261 + h/201010)'
35.16319

P = PO (0.988626 + h/198903)'
34.16319)

4 47 km T = TO (0.482561 + h/337634) 

r = rO (0.857003 + h/190115)"
13.20114

P = PO (0.898309 + h/181373)'
12.20114

T = TO (0.482561 + h/102906) 

r = rO (0.857003 + h/57944)"
13.20114

P = PO (0.898309 + h/55280)'
12.20114

5 51 km T = TO (0.939268) 

r = rO (0.00116533) e «15420°-
h)/25992)

P = PO (0.00109456) e ((154200'
h)/25992)

T = TO (0.939268) 

r = rO (0.00116533) e ((46998'h)/7922) 

P = PO (0.00109456) e (<46998"
h)/7922)



69

TableA.l. (Continued)

6 71 km T = TO (1.434843 - h/337634) T = TO (1.434843 - h/102906)

r = rO (0.79899 - h/606330) r = rO (0.79899 -h /184800) 1X20114
11.20114 P = P0 (0.838263 -h/176142)

P = PO (0.838263 - h/577922) 12.20114

12.20114
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Table A. 2. Values of Ps / Px for each cone angle as a function of nominal free-stream Mach number

\ e s
2.5 5.0 7.5 10 12.5 15

1.5 1.0194326 1.0624668 1.1218836 1.1949823 1.2805338 1.3780493

1.75 1.0245272 1.0778796 1.1509820 1.2406790 1.3455754 1.4650276

2.0 1.0302014 1.0950480 1.1836274 1.2924832 1.4202392 1.5662549

2.5 1.0430054 1.1338127 1.2579479 1.4118223 1.5943908 1.8051501

3.0 1.0575531 1.1779135 1.3434709 1.5510936 1.8002508 2.0905385

3.5 1.0736800 1.2270211 1.4399168 1.7101605 2.0377458 2.4222429

4.0 1.0912720 1.2809867 1.542920 1.8892065 2.3071757 2.8006264

4.5 1.1102609 1.3397531 1.6656866 2.0884875 2.6089172 3.2261054

5.0 1.1305848 1.4033150 1.7952468 2.3082460 2.9432816 3.6990542

6.0 1.1750571 1.5449088 2.0883718 2.8100784 3.7110158 4.7885278

7.0 1.2244683 1.7060582 2.4276150 3.3961384 4.6121063 6.0708563

8.0 1.2786974 1.8871344 2.8137638 4.0675451 5.6477433 7.5471315

10.0 1.4015141 2.3102688 3.7291669 5.6691937 8.1254669 11.084206

12.0 1.5435569 2.8164933 4.8380961 7.6189879 11.147954 15.402823

15.0 1.7934152 3.7349358 6.8688796 11.200599 16.706375 23.3487786

20.0 2.3107823 5.6980529 11.241661 18.928672 28.708667 40.511555
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Table A.3. Values of ps / p, for each cone angle as a function of nominal free-stream Mach number

\ 0 s

Moo
2.5 5.0 7.5 10 12.5 15

1.5 1.0138422 1.0442312 1.0856178 1.1356839 1.1931674 1.2573090

1.75 1.0174589 1.0550291 1.1056566 1.1665336 1.2361131 1.3133374

2.0 1.0214806 1.0670052 1.1279661 1.2011081 1.2846332 1.3771650

2.5 1.0305328 1.0938507 1.1781062 1.2792090 1.3946574 1.5220513

3.0 1.0407794 1.1240743 1.2347385 1.3677168 1.5191742 1.6849445

3.5 1.0520914 1.1573491 1.2972924 1.4654187 1.6556363 1.8612362

4.0 1.0643759 1.1934727 1.3653425 1.5711823 1.8016154 2.0467434

4.5 1.0775724 1.2323006 1.4384668 1.6838406 1.9547443 2.2376305

5.0 1.0916254 1.2737154 1.5162344 1.8021900 2.1127395 2.4304985

6.0 1.121267 1.3638529 1.6837852 2.0512090 2.4351514 2.8111096

7.0 1.1556291 1.4629538 1.8640213 2.3091981 2.7547485 3.1716000

8.0 1.1919497 1.5699958 2.0529446 2.5683901 3.0613975 3.5023937

10.0 1.2725510 1.8032648 2.4421857 3.0671848 3.6131848 4.0627948

12.0 1.3630073 2.0542275 2.8266452 3.5166850 4.0707795 4.4961167

15.0 1.5151575 2.4444097 3.3598261 4.0773330 4.5945414 4.9603730

20.0 1.8035356 3.0749176 4.0824004 4.7386323 5.1535214 5.4219261
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Table A.4. Values of 7’ / I , for each cone angle as a function of nominal free-stream Mach number

\ 0 S
2.5 5.0 7.5 10 12.5 15

1.5 1.0055140 1.0174631 1.0334056 1.0522138 1.0732222 1.0960307

1.75 1.0069473 1.0216586 1.0409941 1.0635604 1.0885536 1.1154998

2.0 1.0085375 1.0262818 1.0493466 1.0760757 1.105601 1.1373037

2.5 1.0121030 1.0365333 1.0677713 1.1036682 1.1432132 1.1859982

3.0 1.0161164 1.0478965 1.0880610 1.1340751 1.1850193 1.2407165

3.5 1.0205197 1.0601996 1.1099400 1.1670116 1.2307931 1.3014162

4.0 1.0252694 1.0733272 1.1332629 1.2024108 1.2806150 1.3683329

4.5 1.0303353 1.0871966 1.1579597 1.2403118 1.3346591 1.4417507

5.0 1.0356893 1.1017492 1.1840166 1.2808006 1.3931114 1.5219323

6.0 1.0471697 1.1327532 1.2402840 1.3699620 1.5239364 1.7034298

7.0 1.0595686 1.1661736 1.3023537 1.4707004 1.6742386 1.9141305

8.0 1.0727780 1.2019996 1.3705990 1.5836944 1.8448252 2.1548496

10.0 1.1013422 1.2811578 1.5269792 1.8483379 2.2488379 2.7282219

12.0 1.1324641 1.3710717 1.7116036 2.1665256 2.7385305 3.4258059

15.0 1.1836493 1.5279500 2.0444152 2.7470405 3.6361355 4.7070625

20.0 1.2812513 1.8530750 2.7536890 3.9945433 5.5706894 7.4718014
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Table A.5. Values of Mach number at cone surface for each cone angle as a function of nominal free-

stream Mach number.

\ e s
2.5 5.0 7.5 10 12.5 15

1.5 1.4866884 1.4579318 1.4197316 1.3748579 1.3248992 1.2707392

1.75 1.7340335 1.7004643 1.658043 1.6064462 1.5513276 1.4925484

2.0 1.9808615 1.9415254 1.8912335 1.8340453 1.7721933 1.7068837

2.5 2.4729472 2.4193976 2.3528628 2.2788768 2.2001554 2.1179422

3.0 2.9627600 2.8913832 2.8048038 2.7101402 2.6103929 2.5067511

3.5 3.4500939 3.3571597 3.2457499 3.1275136 3.0025569 2.8731152

4.0 3.9347700 3.8164543 3.6783916 3.5305680 3.3761469 3.2166972

4.5 4.4166246 4.2690580 4.0994611 3.9189007 3.7307750 3.5374323

5.0 4.8955305 4.7148078 4.5097079 4.2921847 4.0662668 3.8355932

6.0 5.8440686 5.5852474 5.2968787 4.9927832 4.6801702 4.3668118

7.0 6.7796857 6.4269172 6.0384888 5.6318010 5.2204850 4.8178049

8.0 7.7018785 7.2390804 6.7337145 6.2103924 5.6922672 5.1981506

10.0 9.5046400 8.7725147 7.9851813 7.1977580 6.4568340 5.7867581

12.0 11.250395 10.182053 9.0582962 7.9858490 7.0291308 6.2043028

15.0 13.759139 12.063489 10.368285 8.8727901 7.634201 6.6228697

20.0 17.637850 14.613515 11.91918 9.8177450 8.2281047 7.0145241



Table A.6. Prandtl number data

Temperature 

In Deg-R
Prandtl Number

400 .73

450 .72

500 0.71

550 0.70

600 0.70

650 0.69

700 0.68

750 0.68

800 0.68

900 0.67

1000 0.66

1100 0.66

1200 0.66

1300 0.66

1400 0.65



Table A.7. Tabulated flight trajectory data

t

sec
Po

slugs/ft3

«o

ft/sec

M 0 T0

°R

0 2.38 1117.089 0 519

1 2.37 1117.089 0.358305 518

2 2.34 1113.874 0.717905 516

3 2.28 1111.99 1.078938 514

4 2.21 1107.116 1.444969 510

5 2.11 1101.101 1.816009 505

6 2.02 1095.019 1.735029 499

7 1.93 1089.992 1.650964 494

8 1.84 1082.932 1.570014 489

9 1.77 1078.938 1.482917 484

10 1.70 1074.048 1.396932 480

11 1.62 1067.946 2.107006 474

12 1.52 1059.995 2.829992 467

13 1.39 1048.903 3.575007 457

14 1.24 1035.088 4.347993 442

15 1.08 1018.007 5.157005 432

16 0.94 1000.999 5.094997 417

17 0.81 984.0813 5.030006 402

18 0.69 967.986 4.958998 390

19 0.57 967.986 4.804004 390

20 0.48 967.986 4.649004 390

21 0.40 967.986 5.79998 390

22 0.31 967.986 6.951019 390

23 0.23 967.986 8.102991 390

24 0.18 970.8237 9.253999 391



Table A.7. (Continued)

25 0.12 970.8237 10.37298 391

26 0.07 970.8237 11.52225 391

27 0.05 970.8237 12.668 391

28 0.03 970.8237 13.81701 391

29 0.02 1006.952 14.42999 412

30 0.01 1043.114 15 452



Table A.8. Stagnation temperature rise with respect to velocity

K,
(ft/sec)

 ̂
S

' 
I

©

0 0

774.56 50

1095.4 100

1341.7 150

1549.5 200

1732.8 250

1898.9 300

2051.9 350

2194.8 400

2329.4 450

2457.2 500

2579.2 550

2809.1 650

3023.9 750

3226.8 850

3420.1 950

3605.1 1050

3783.3 1150

3955.3 1250

4121.9 1350

4283.6 1450

4440.9 1550

4594.1 1650

4743.4 1750



Table A.8. (Continued)

4889.2 1850

5031.7 1950

5171.1 2050

5441.3 2250

5701 2450

5951.4 2650

6193.3 2850

6427.6 3050

6654.8 3250

6875.6 3450

7090.3 3650

7299.5 3850

7503.4 4050

7702.5 4250

7897.3 4450

8087.9 4650

8274.8 4850

8458.3 5050

8638.8 5250

8816.8 5450

8992.7 5650



Table A.9. Specific heat for Nonoxidized Inconel

T

(R )

c

(Btu/lb- R )

460 0.1032

560 0.1065

660 0.1095

760 0.1130

860 0.1161

960 0.1195

1060 0.1213

1160 0.1265

1260 0.1284

1360 0.1289

1460 0.1361
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Appendix 2: M-file to Generate the Input Parameters for 
the SIMULINK® Model

% PROGRAM TO GENERATE THE INPUT DATA FOR THE SIMULINK CODE 

clc;
close all; 
clear all;

% READING THE DATA FROM THE EXCEL SHEET

A = xlsread(Altitude data-17Sheet2'); 
n = length(A(:,l));

% ASSIGNING THE DATA TO VARIABLES

time = A(:,l)';
Alt = A(:,2)';
Vel = A(:,3)';

disp( sprintf('\n The Minimum time interval is: %7.4f\n', min(diff(A(:,l)))) ) 
t = input('Enter the time step :')

aa = t/2;
n = length(time); 
time2 = [time(l)];
Alt2 = [Alt(l)];
Vel2 = [Vel(l)];

for i = l:length(time)-l

timel = (time(i):aa:time(i+l));
Altl = (linspace(Alt(i),Alt(i+l),length(timel)));
Veil = (linspace(Vel(i),Vel(i+l),length(timel))); 
time2 = [time2 timel(l,(2:length(timel)))];
Alt2 = [Alt2 Altl(l,(2:length(timel)))];
Vel2 = [Vel2 Vell(l,(2:length(timel)))];

end

% SAVING THE DATA OF ALL THE VARIABLES FOR THE 1ST TIME STEP
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H = [time2(l,(l:length(time2)-2));Alt2(l,(Hength(time2)-2))];
V = [time2(l,(l:length(time2)-2));Vel2(l,(l:length(time2)-2))]; 
save Altitude 1 H
save Velocity 1 V

% SAVING THE DATA OF ALL THE VARIABLES FOR THE 2ND AND 3RD TIME 
STEP

HI = [time2(l,(l:length(time2)-2));Alt2(l,(2:length(time2)-l))];
VI = [time2(l,(l:length(time2)-2));Vel2(l,(2:length(time2)-l))]; 
save Altitude2 HI
save Velocity2 VI

% SAVING THE DATA OF ALL THE VARIABLES FOR THE 4TH TIME STEP

H2 = [time2(l,(l:length(time2)-2));Alt2(l,(3:length(time2)))];
V2 = [time2(l,(l:length(time2)-2));Vel2(l,(3:length(time2)))]; 
save Altitude4 H2 
save Velocity4 V2

Stop = V2(l,length(time2)-2)


