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NOMENCLATURE

Dynamic viscosity coefficient
Velocity of sound

Friction coefficient
Transformed coordinate

Body diameter

Velocity functions

Parameter defined in Eq. (2.8)
Convective heat transfer coefficient
Parameters defined in Eq. (2.17)
Thermal conductivity

Mach number

Nusselt number

Pressure

Prandtl number

Heat flux

Reynolds number

Parameters defined in Eq. (2.7)
Relative enthaiyv difference
Temperature functions
Temj:erature

Tangeutial velocity
Coefficlents of velocity series
Boundary layer edge velocity
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Coordinate normal to body surtace
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Velocity parameters defined in Eqs. (2.7) and (2.9)
Specific heat ratio

Similar independent variable

Dynamic viscosity

Kinematic viscosity
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Shear stress
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1. INTRODUCTION

Aerodynamic heating of a blunt body is a result of flow of ain at
high speed about it. Direct compression and internal friction at and
near the s*~agnation regions of forward surfaces of the body comvert the
kinetic energy of motion into heat within the boundary layer of air
which surrounds the body. Consequently, aerodyaamic heating problemc
dictate the design of blunt bodies, not only for structural reasoms,
but also because of thermal problems associated with protecting vital
internal componeats, such as electrogic packages which are usually
located in the forward part of the body.

Previous investigations concerning aerodynamic heating problems
have concentrated in the area of high supersonic or hypersonic flows
at high altitude low density atmospheric flight, such as in entry or
re-entry cases.[l]* However, current interest in blunt bodies which
fly at moderate supersonic speeds, but in the dense low altitude atmos-
phere, call for further investigation in aerodynamic hcating problems
characterized by relztively lower Mach and Reynolds numbers. The
objective of this study is primarily to obtain heat transfer coefficients
and recovery factors along the forward surfaces of the body to allow
for coupling these parameters into a complete heat-transfer analysis
inside the body. This information can be obtained by solving a three-
dimensional, compressible boundary layer around 2 body with a blunt

nose, which may or may not have an additional rotating spsed complication.
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The basic nonlinear partial differential equations [2] which
govern the mot.u. of a steady, axisymmetric, compressible nonrotating
laminar boundary layer flow about a body of rwolution have beer
transformed into a more convenient form by a modified Illingworth-
Stawartson transformation [3]. A special procaduze to relate the

physical sensible external flow conditions with the transformsd ones

wvas presented. Similarity variables were found by applying the systea-
2tic one-parameter group theory. The simplified governing equatiovns
were then transformed again hy the well-known similar analysis [3).

A perturbation scheme based on the trsnsformed coordinates was con- i
structed to render a series of coupled nonlinear ordinary differential ]
equations which are readily aolved by standard numerical integration
subroutines to providc the desirable flow property distributions, in-
cluding heat transfer rates. The purposes of this report are to present
solutions te the differential squations and to examine velocity and
temperature profiles within the boundary layers as well us shear

stresses and heat transfer rates at the surface of the body.
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2. ANALYSIS

2.1 Governing equations
The basic nonlinear partial differential equations which describe

mass, momentum and energy transport for steady, axisymmetric, compress-

S e i TR et A A

ible, norrotating laminar boundary layer flow about a body of revolutioun
é : have been transformed into a series of coupled nonlinear ordiuary dif-

ferential equations. Details describing this analysis are presented

E o elsewhere [3] and are not cited here. For convenience, however, only
; the ordinary differential equations are presented. These equations are )
E given, after some modification, from those previously reported [3] f
R: 2 ]
. vy o o g1t 1€ _ - ;
fl 2 f1 1 + fl 1l So 3
3 (2.1) '
E Sg' = -~ 2£)5,
33: 4
ey o 2 t LIPS (] - 97 g
g3 £183" + 4f)83 - 4F 78y - 25,8
- 4(1 + So) -z, (2.2)
z,! = - 2fz) 4+ 2fizz - 2(233 + £,)8)]
: isz k|
ey o [N LI e - e !
B 2f135 + 6f135 6f1 8g 4f1f1
L B, : ' - ' - '
7, 21154 + 4flz4 68035 AflSO

S e S U . P SV PR P N e Canldads
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;5'
;r Y 4
3
E 2
i - L " T . e 16 _ 1
;. { h5 2f1h5 + 6f1h5 6f1 hs + 333 43333
1
- 1 - ¥ ] Yy _
E ,; I 2£1 85 2flg3 + 2f1f1 (1 + SO) |
% v
Lo
k ! ’ : - 4z, - v, (2.4)
] Pl
: o L I t e v - | . '
{ v 2flw4 + "fl"a + 23322 43322 2flz2
o — 65'h - 26! '
R 6S3hy ~ 2538, + 2f, S}
3 ; .
? 1 with corresponding boundary conditions
L
P i n = 0: ™
. b £1=0 83 = 0 g5 = 0 hg = 0
¢ . | - - L - ' - i
il fl 0 8, 0 85 0 ‘n5 0 ;
. (2.5) 4
£ i i
’ i ' = = = = b
i « S5 = 0 z) = 0 zf =0 w, =0 };
or |
S0 Sw z, 0 z, 0 Y 0 ai
- - m o
4 £] =1 gy =1 gy =1 hy = 0 :
i (2.6) !
] i
1
f S0 0 z, 0 z, - 0 W, = 0 %
! Solution of these differential equationes with associated boundary con- i
] A ditions is presented in Chapter 3 with results discussed in Chapter 4. ’
A
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2.2 Boundary layer characteristics

Once solutione to the ordinary differential equations given in
Sec. 2.1 are available, quantities such as velocity and temperature
profiles within the boundary layer as well as shear stresses and heit
transfer rates at the surface of the body can be evaluated. Tne purpose
of this section is to present expressions which may be utilized to
evaluate these quantities as well as others that are generally employed
to describe boundary layer characteristics. It is convenient to intro-
duce certain dimensionless variable which allow presentation of results
and discussion to be considerably s’mplified. Examination of definitions
and expressions for transfcrmed variables, stream function and relative
enthalpy difference as presented in Ref. [3] reveals that the following
dimensionless variables can be defined in'terms of the previousiy intro-

duced parameters.

—

}—(' = x/D ’ -é- = BD/CO , ‘j_ - jDZ = L-z'—-]; 82
d = x/bD
u,b%p2 — (2.7a-£)

; = 3 = -—(-B-——z-" 2g +3

1 u1 6

4 4 -

N T2(28g% + 725 + 45)
8 = =

2 u 120

where

3y -~1

8% 2y~ 1D (2.8)
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E : §¢ B 1s expressed as

‘ : -[1/(y-1)]
- 8{(7-1)M,2,+2] +1 YD M°2°+2

L B =M 5 1+ 1= 5

i (v + 1) M, M- (y -1

§ }é (2.9)
‘ Employing the above dimensionless variables, the distance slong the

RS
——

: \z surface measured from the tip cf the blunt body is expressed as

AT TR T T TR T AT €
———

x=d+a -133 + PP -Q-%-él

(2.10s) 3
E ', i
[ - 4
: ! For positions near the tip of the body, d is small and Eq. (2.4) reduces i
; | to %
> :
A o x=d (2.10b)

L ' ; Because of the method employed in the analysis to describe the boundary
layer edge velocity,‘z is limited to values less than about 0.611 which
corresponds to an angle o as defined in Ref. [3] of 35°. The maximum

; value of the transformed coordinate d is dependent on the limiting ]

value of x. In terms of ;; d can be written as

d =

#®1

_';3 is "';53-28 g =-1) C(2.1D)
3 10

; ‘ In expressing Eqs. (2.10) and (2.11),. up to ".e fifth order results were

| retained in the perturhation scheme [3]. Similar expressions for the

distance measured normal to the body surface can be developed but are

not presented here,

e e A . —aar N - dla iade " - - 4 4.47.“4
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In most applications, the tangential velocity component within the .

T boundary layer is of iuterest since it's gradient determines the drag

M A g e, T AT e VT TR

experienced by the body as it passes through a gas. Consequently, only

r———
[

PR

results for the tangential velocity are presented. Expreasion for rhe

. normal velocity component may be devalored using the definitions as

s e v T S ]

reported in Ref. [3]. Utilizing the definitions for the stream function ]

as well as for the houndary layer edge velocity, the normal wvelocity

f j; component is expressed as :
| |
4 , !
; ! ' 2= 1 <4 — ! =2 .,
. 3 w51+ 8 83+ d7(sy 85 + 8 BY) 2.12
: U -2._ 4... (.18)

, 1 1+d°s, +d" s

i 1 2

i ey A

where Ul represents the boundary layer edge velocity. Velocity functionms

fl’ 83» 8 and h5 are solutions to the ordinary differential equations

and are understood to be dependent on the similar independent variable ‘
n. At a sufficiently large value of n corresponding to the boundary
layer edge, the velocity ratio in Eq. (2.12a) attains a value of unity.

For small values of d, this ratio is given by

2 . g
F i fl(n) (2.12p)

which 1s a solution to Eq. (2.1). At the surface of the body where

n = 0, the velocity ratio is zero as can be observed by imposing the
boundary conditions given in Eq. (2.5).
ﬁ Temperature profile within the boundary layer is determined from

the definition of the relative enthalpy difference [3]. After some

p SO YU P DN UTGIpPOEL W IRV e e e el amsa s e
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manipuletions and recognizing the dimensionless variables, the gas
tewperature normalized with the free stream stagnation temperature is
written as

T Y -1 /=22 u 2

- =(+1) - (8x) = (2.13a)

Ty 2 ] .

1

The relative enthalpy difference S introduced in Eq. (2.13) is given
in terms of solutions to the differentisl equations as

S=5 +d%%, z, +d'(s, z, + 52 w,) ' (2.14)

0 172 2 74 174 *

where temperature functions SO’ Zyy 2, and v, are functions of n. Onm
the surface of the bzdy, Eq. (2.13) reduces to

Tw

T; = Sw +1 (2.15)

where Tw is surface temperature which may vary with X. Values of Sw
less than zero correspond to cooled surface Tw/TO <1 an& greater than
zero to a heated surface Tw/'r0 > 1. At the boundary layer edge, S = 0

by boundary conditions cited in Eq. (2.6) and the teuperature is

T » -—
N 1 - I_E_l (Bx)2

i, (2.16)

where subscript "1" refers to the boundary layer edge. Thus, the
boundary layer edge temperatura is just a function of x and free stream

Mach number. In the analysis [3], the Prandtl number was assigned a

i

et L v e Ak Sl



value of unity. Hence, the adiabatic wall boundary condition yields

S = 0 within the boundary layer which implies that the temperaturw
distribution is solely dependent on the tangential velocity distribution
for a given §'position [4]. This can be observeé by substituting a
value of zero for S in Eq. (2.13a). In addition, the wall temperature
for Pr = 1 with adiabatic boundary condition equals the free stream
stagnation temperature and the recovery factor is unity [5). For

sufficiently small values of d, Eq. (2.13) may be written as
I s m+1 | (2.13b)
T, = 0" . y

where it wat further assumed that the velocity is small. This is justi-
fiable since small values of d correspond to the stagnation region of
the blunt body where the velocities are small.

Shear stress at the body surface indicates the drag on the body

and is evaluated from the following expression
du ==
Tw T My ay)w JbuOYPOB Bx

1
1 83 5+ 8y s g

1+&2§1+&47§7

To

|8 1f]" + &5 gy + 54(32 gl + a2
. (2.17a)
Second derivatives of the velocity functions are thui relzted to the

shear stress. Equation (2.17) reduces to the following for small values

-

of d

T, -‘/buoyPOB Bx £1°00) (2.17b)
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Another quantity of interest is skin friction coefficient given by _
f’i
c - Ty ] 2 (Sw + 1) 4
£ i 2 d
2 Py U1 j
]
7
~2 — Y o -2
[£!' +d° s, g)' +d (8, gl' + 357 h!")]
. 1 1°3 2 %5 1 5° " n=290
o 5 > (2.18a)
(1--d 81+d 82) ,
For small values of d, skin friction coefficient is i
1
:
i
i
]
Ce = (2.18b) :
Finally, the Reynolds number-skin friction parameter is expressed as i
CevRe,’  [aind
2 d 1n x
e 52 = " 54 = n =2 n
. [fl +d% s, g3+d (32 g5+slh5)]n_o
3/2
%2 - 4 —
(1+d" s +d" s,)
(2.19a)
where
~ %2 - 4 2
dlnd 1+d° §g/3+d ji” gIg +3)/30 (2.20)
dIn X ~2 - *

1L+d 334-5 3'23(‘/g+3)/6
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The Reynolds number introduced in Eq. (2.19) 1is defined as
Re = U, x/v_ (2.21)

where all properties are evaluated at the body surface. Near the

stagnation region of the blunt body, this parameter assumes the form

5 n fi'(O) (2.19)

Heat flux at the body surface is evaluated from

, u ' [1;)® 1 |
= -k T — —— — s' (0) (2.223)
W w 0 vo To Sw + 1

where S'(0) is found by taking derivative of Eq. (2.14) with respect to

n and evaluatiag at n = 0. Thus, heat transfer is related to fiist

derivatives of the tomperature functions. For small d values, Eq. (2.22)

is written as

u

= - —1———_]:__ '
L kw To vo Sw +1 SO(O) (2.22b)

Positive and negative values of heat flux imply heating and cooling of
the surface, respectively. The bourdary condition with S'(0) = 0 yields
a zero heat flux which corresponds to adiabatic or insulated wall. A

convective heat transfer coefficlent can be defined as follows

q = h(T, - T,) (2.23)

s e O e
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where the free stream stagnation temperature has beer employed. Several
other definitions [4,5] employ the adiabatic wall temperature which is
the temperature acquired by an adiabatic surface. However, for the
existing analysis with Pr = 1, the adiabatic and free stream temperatures

are identicai. The local Nusselt number can then be written as

o
o
a
E
(=9

. Bx dland s'(0)
Nu k, 5. Vo= s 12 (2.248)
Qa+d 8, +d 52)

This expression reduces to the following form for small values of d

Rew'
= - m— v 1
Nu S SO(O) (2.24b)
w
The dependency of the Nusselt number on the Reynolds number as displayed
in Eq. (2.24) is similar to that observed for a flat plate, cylinder or
sphere for laminar boundary layer flow [6].
A final parameter that is useful in examining boundary layer

characteristics is the Reynolds analogy parameter which for the present

analysis acquires the form

X 2 — X L e =2
C; Re o Sw[fl + d s, 83' +d (s2 g;' + 8] h5 )] n =0
2Nu .2 — 4 - 1/2
(L+d 8 + d 82> s'(0)
(2.25a)
For small ‘raues of 3, this parameter reduces to
\B
Cf Rew Sw fl 0)
I T Y () (2.25b)

it ol i * st s,
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The Reynnlds anulogy parameter illustrates the interrelitionship
between fluid friction snd heat tranafer processes. If the Prandtl
number is included in this parameter, then thc dimeusionieea. grouping
of Nu/Rew?r is known as the Stanton number. Laminar toundary leyer om
a flat place with zero pressure gradient yields a value of one for the

Reynolds analogy parameter [7].
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3. METHOD OF SOLUTION '

=1

e B
3

e wethod employed to> obtain solutions to the ordinary differen-

tial equations as given ir Sec. 2.1 was a fourth-ordar Runge-Kutta

Py T B T

integration scheme using double precision arithmetic on IBi 360/65

e,
| o
-

digital computer system. It was found advantageous to first solve the

% 1 set of equations given in Eq. (2.1) with appropriate bourdary conditions. §
f - Using these results, solutions to Eqs. (2.2) and (2.3) were acquired.
Finally, the results for Eqs. (2.1) and (2.2) were employed to obtain
solutions to Eq. (2.4). +i1he technique for solving each set of equations %
is now outlined with additioﬁal information for solving ordinsry dif-

: ferential equations of the boundary layer type availuble elsewhere [8,9].

i o

Since the integration scheme requires knowledee of values for the func-

tions as well as their derivatives at n = 0, initial guesses for the

unknown derivatives (for example, in Eq. (2.1), fi%O) and 86(0) are

i | unknown) were made and the integration carried out to some Npax value

3 (initially 2) where boundary conditions specified in Eq. (2.6) must be
satisfied. If these buundary conditions were not met, then the guesses

- for the derivativas must be adjusted and the integratinn repeated. The
method employed to obtain new estimates for the derivatives is attri-
buted to Nachtscheim and Swigert [9]. Upon satisfaction of the boundary

conditions for the particular value of Npax® it was then necessary to

|
% establish 1if Npax corresponded to a sufficiently large value as 1
required by Eq. (2.6). Npax V88 then increased (for example, next \
value was 4) and the integration scheme as well as adjustment of values E

for the unknown derivatives repeated until the houndary conditions were |
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again satisfied. This procadure was continued until valrea for the
unknown derivatives at n = 0 did not vary. In all cazes, the maximum
value for n was & where all boundcry conditions were generally within
10'12 of the required values. An intagration step size of 0.005 was
found to give sufficiently accurate results of at least eight dacimal
digits for all initial derivatives and reasonatle computational times.
A listing of the digital computer program to obtain values of
unknown initial derivatives is given in Appendix A. Alsc, a program
which uses these results to generate the values for all functions at
different n values for listing, plotting and analysis purposes is

supplied. Results from this numerical method are presented in

Chapter 4.
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4. DISCUSSION OF RESULTS

4.1 Solutions of geverning egustions

Uci’ising the method of golution ac discussed in Chapter 3,
solutions fer the unknown values of derivatives at the budy surface
were acjuired for several values of wall enthalpy difference S' from
-1 to 6 and results preseuted in Table 4.1. Employing these values as
well as those in Eq. (2.5) 2s initia) conditions for the Runge-Kutta
integration scheme, velosity and temperature functions were evaluated
for different velu2s of the similar independent variable and are pre-
sented in Figs. 4.1, 4.2, 4.3 and 4.4 for Eqs. (2.1), (2.2), (2.3) and
(2.4), respectively. Only first and second derivative results for the
velocity functions are displayed since these correspond to velocity
and shear stress, respectively. A. .dentified in Sec. 2.2, the various
quantities used to describe boundary layer characteristics are expressed
in terms of the functions fl and so for positions near the stagnation
point. These functions are shown in Fig. 4.1. Only results are
illustrated for values of nup to 4 where it can be observed in the
graphs that the boundary conditions specified by Eq. (2.6) are adequately
satisfied. Several general comments can be madc concerning results
presented in these figures. First, ‘tangential velocities within the
boundary layer may exceed the koundary layer edge velocity. This can
be observed by recognizing the greater than unity values shown by the
first derivatives of the velocity functions. Furthermore, the second
derivatives of the velocity functions increase as wall enthalpy dif-

ference increases, and the shear stress is expected to exhibit

o e e st e B
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a similar trend. The adiabatic boundary condition yields 5§ = O
throughout the boundary layer. This implies that the total energy

(cp To) remains constant within the boundary layer and the surface

is at the free stream stagnation temperature. Finally, heating of the
surface by the gas occurs for wall enthalpy differences less than zero

and cooling for wall enthalpy differences greater than zero.

4.2 Results for boundaxy layer characteristics

Velocity and temperature profiles within the boundary layer for
several locations along the body and ror various wall enthalpy dif-
ferences are illustrated in Fig. 4.5 for a Mach number of 1.5 and
specific heat ratio of 1.4. Results for x =0 correspond to the stag-
nation region where the boundary layer edge velocity is zero. At this
location there wculd be no hydrodynamic boundary layer. Positions
slightly removed from the stagnation point have velocity profiles
represeited by those for x = 0 as 1llustrated by Eq. (2.12b). Tangeg—
tial velocities greater than the boundary layer velocities are dis-
played for the higher values of wall enthalpy difference. Velocity
ratios greater than unity are attributed to the increase in volume
imparted to the gas due to the high wall temperatures. The gas of
lower Jdensity 1s accelerated by the pressure in spite of it being
decelerated by viscous forces. A thermal boundary exists near the
stagnation region for wall temperatures different from the free stream
stagnation temperature and grows along the body. The decrease in tem-~
perature ratio along the body is a result of an lacrease in the amount

of stagnation energy being transformed into kinetic energy. The
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boundary layer edge velocity increases from the stagnation point with
a corresponding reduction in boundary layer edge temperature. Results
for nonuniform wall * :mperatures can be obtained from those presented
in Fig. 4.5 by specifying the wall temperature for each position and
selecting the corresponding curve. Boundary layer edge velocity and
temperature results are not influenced by the wall temperature.

As previously mentioned, surface shear stress is related to the
drag experienced by a body as it passes through a gas. Representative
values for shear stress normalized with respect to the factor of
/535;365 are illustrated in Fig. 4.6 as a function of distance along
the body for a free stream Mach number of 1.5 and specific heat ratio
of 1.4. The maximum distance along the body for which the analysis [3]
applies is limited by the applicabiliiy of the method to descilbe the
boundary layer edge velocity. Results for a particular value of wall
enthalpy difference correspond to an isothermal surface. Fo- noniso—
thermal surfaces, similar results can be obtained from those presented
in Fig. 4.6 provided the distribution of wall enthalpy difference along
the body is specified. Results illustrate that wall shear stress is
lower when the surface is cooled. This is attributed to wall dynamic
viscosity (uwW Tw) and second derivatives of velocity functions (see
Table 4) exhibiting smaller values on a cooled surface. Near the
stagnation region, shear stress increases almost linearly with distance
as also can be observed from Eq. (2.17b). The shear stress is found
not to be a strong function of wall temperature. For example a twofold

increase of wall enthalpy difference from 1.0 to 2.0 yields only about a

o
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20X increase in shear stress at a location of 0.4. The decrease in
shear stress with increasing distance is believed to be a result of the
boundary layer beginning to separate from the body. However, further
investigation is needed to establieh the validity of this conjecture.
Results for the Reynolds number-skin friction parameter as defined in
Eq. (2.19a) are displayed in Fig. 4.7 as a function of distance for a
Mach number of 1.5 and specific heat ratio of 1.4. Values of this
parameter for points near the stagnation region are given by values

of fi'(O) which are tabulated in Table 4.1. This parameter is observed
not to be a strong function of distance along the body.

Heat transfer and local Nusselt number results for isothermal sur-
faces are pgpsented in Fig. 4.8 for several values of wall enthalpy
differences with Mach number of 1.5 and specific heat ratio of 1.4.

The surface is cooled for values of wall erthalpy difference less than
zero and heated for values greater than zero. Results corresponding
to zero heat flux are for adiabatic surface where the wall temperature
is equal to the free stream stagnation temperature. For Sw = -1,0,
the wall temperature is at absolute zero and, thus, there would be an
infinite heat transfer rate to the surface. Near the stagnation region,
heat flux is given by the function 86(0) and is nearly independent of
distance. A twofold increase of wall enthalpy difference from 1.0 to
2.0 yields approximately 40X increase in heat flux for the stagnation
region. The decrease ¢f heat flux with distance is believed to be
attributed to boundary layer separation. Evaluation of Nusselt number

for adiabatic wall condition poses problems since both Sw and S'(0) are
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zero. However, results from some preliminary numerical experiments
iilustrate that as Sw approaches zero, the ratio of the first term for
$'(0) to §,» namely, 56(0)/8“ approaches a value of about 0.76. Thus,
it appears that the Nusselt number is defined for adisbatic wall boun-
dary condition. Additional information is needed to further define
this ratio.

The relationship between fluid friction and heat transfer is
expressed by the Reynolds analogy parameter which is shown in Fig. 4.9
as a function of distance along the body for several wall enthalpy
difference values with Mach number of 1.5 and specific heat ratio of
1l.4. Near the stagnation region, this parameter is given by Eq. (2.25b)
which includes the ratio of Swlsa(O). For the adiabatic wall condition,
this ratio appears to acquire a value of 1.3, This then results in a
value of 1.7 for the Reynolds analogy parameter. This parameter
exhibits values which are greater than unity and which increase with
wall enthalpy difference. These trends are similar to those found in

other investigations [7,10].
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5. CONCLUSIONS

An analysis has been developed which transforms the governing
transport equations for steady, axisymmetric, compressible, nonrotating
boundary layer flow about a body of revolution into a set of nonlinear
coupled ordinary differential 2quations. Solutions to the ordinary
differential equations subjected to specified boundary conditions were
obtained using a standard numerical integration technique. Results
were presented for velocity and temperature profiles within the boun-
dary iayer as well as skin friction and heat transfer rates along the
body.

several alditional studies are necessary in order to completely
establish the applicability of the present analysis. First, the
accuracy of including each successive term in the perturbation scheme
needs to be examined. Neat the stagnation region of the body, the
first term would be sufficient. However, the effect of additional terms
for points removed from this area needs to be established. Second,
additional results from this analysis for other values of the parameters
should be acquired and analyzed for trends. There is a need to better
define the ratio of S’(O)/Sw as Sw apprcaches zero. Third, comparison
of results from the analysis with experimental results would help to
establish the range of applicability of the analysis. Comparison of
present results with numerical solutions of the governing transport
equations shci1ld be considered. Finally, temperatures within the

boundary layer may attain sufficient levels where gaseous radiation
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can contribute significantly to surface heat flux. Effects of radiant

transport within the boundary layer and at the body surface need to be

defined.
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APPENDIX A

Computer programs employed to obtain solutions to the ordinary
differential equations as well as to obtain lists and plots of these
solutions are furnished. For convenience in discussing the programs,
Eqs. (2.1), (2.2), (2.3) and (2.4) are referred to by AERO, AER1, AER2
and AER3, respectively. The computer program called AER used to solve
for values of the unknown derivatives at n = 0 includes MAIN, READ,
RUNKUT, FCN and INCON routines. The purpose of each routine is briefly
noted in Table A-1. The FCN routine is different for each AER. Purther-
more, as observed by boundary condition in Eq. (2.6), the routine INCON
is slightly different for AER3. Initial values for the functions as
well as their derivates at n = 0 may be substituted into the AERL pro-
gram to generate lists or plots. Routines which make-up AERL are

briefly described in Table A-2. Listing of routines for AERL is also

supplied.
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;
s
:
]
; TABLE A-1 Computer Program AER
% Routine Description
E - MAIN Controls calling sequence for other routimes.
i‘ L.
3 READ Tuput of program parameters as well as initial
] : ~;lues for known and unknown functions at n = 0.
: RUNKUT Fourth-order Runge-Kutta integration scheme from
X n=0¢ton in steps of An.
. max
] FCN Evaluates functions at specified value of n. t
: Includes perturbation equations for adjusting ;.
guesses [9].
INCON Adjusts initial values for unknown derivatives |
and checks for convergence. ;
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MAIN

[

INTEGRATION JF DRDIYARY DIFFERENTIAL EDUATIONS
IMPLICIT REAL*B(A-H,0=-7)
DIMENSIDN FU3,15)0F0(3,415)
READ INVPUT VARIADLES
CALL READ(NNDGZNDR,H,ETAD,ETAM, EMAX,FO,NEQ)
NADJ=1
RUMGE=-RUTTA TNTEGRATION
CALL RUNKUT{IOD,NORyH o ETAO,ETAM,FNF4NEQ)
ADJUST IHlTraL COMNDITIONS
CALL INCIN(ETAM, EMAX,FOFoNADJIYNEQyNOD)
WRITE(64100) HNADJ
IF(NADJ,NEL0) GO TO «
GO 70 1
100 FIRMAT(L1O0X, *INITIAL CONDITION®,I5)
€40

OGO =0

READ

SURBROUTINE READ(NOD,NOR HETAQETAM, EMAX 9 FOy NEQ)
C INPUT PARAMETERS

IMPLICIT REAL*B(A~H,0-7)

DIMEXNSTIIN FO(3,15),TITLE(10)
CREERLAXRATXAREREAALRBRKESRELKDRREEARRECRRRKEKRRERARKKRRERRRERERRRRERD
NJD MUMBRER OF FUNCTIONS AND DERIVATIVES
NIR NUMBER JF DESIRED FUNCTIONS AND DERIVATIVES
HEQ NUMBER OJF FEQUATION SETS
H INTERVAL S1ZE FOR ETA
ETAD INITIAL VALUE FOR ETA
ETAM INITIAL VALUE FOR MAXIMUM ETA
EMAX MAX TMUM ETA
FJ INITIAL BOUNDARY CONDUTIONS AT ETA=ETAN
CEREBRANERIMURREERARAXRN KRR RN BERE R R R R KT Rk R KRRk E R k¥
C READ IN TITLE CARD

READ (5,102,%'1D=799) TITLE
C READ 1IN »30sAM PARMETERS

READ(5,100) NDyNNR,4ENyHWETADLETAM, EMAX
C READ IV INITIAL VALUES OF FUNCIONS AND THEIR DERIVATIVES

READISy 1L )ULIFN(T2d)9d=19NOD) 2 1=14NEO)

C PRINT JUT [Y42UTS

WRITE(6,103) TITLEWFO(1l,4)4H

ARTTE(6, 100 UUFO(T4d)sJ=LyNOD)41=1,MEQ)

RETURN
99 CAaLL EXIT
100 FORMAT(315,4D15.7)

10 FIRMAT(3D025,:6)

102 FIRIMAT(10A8)

103 FIRMAT (141 410A8/77/7LTX, ' SW=',D15,7/
110X, *STEP SIZE="4F6e4//10X,* INITIAL CONDITIONS®)
END

OO0

36

matil

L ke e e R b




e e o ctar v Yt e Lt TR E o A I TN AP ASHII = TR TR T

‘;_, 37
X
RUNKUT
£ 1. SUBROUTINE RUMKUT(NOD,NORyH,ETAQ, ETAM,FO,F,NEQ)
noes € RUNGE KUTTA INTESRATION SCHEME :

4 IMPLICTT EALSE(A=H,0-2)

LT DIMENSION FO(3,15)¢F(3415)4FDU3,15),FC3415),AK1(3,15),AK2(3,15),
| 1 AK3(3,15)4AK&(3,15)

C LERO ARRAYS

I DO 7 Isi,VEQ
o DD 7 Jd=1,N00
3 : i' F (1sJ)29,09

FC (14J4)=3.00
FD (1,J)20400

. 1 AK1(LyJ)=0,D0
o AK2(1yJ)=04D)
e AC3(1,J)89,D0
- 7 AKG(1,3)3D600
7 C INITIAL CONDITIONS

1 i IE=} >
- DI L J=1,NEQ =
3 03 1 I=1,NOD
. F(Je1)aFJ(J»1)
) 1 FCUII)=FOLJ, 1)
* WRITE(64171)
1 WRITE(6,150) ETAD, (FINEQ,1),121,NOR)
é CALL FCN(ETAQ.FCoFD)

INTEGRATION

boaraari 1

NO

, ETA=ETAD+(IE-1)*H
E. 00 3 J‘lo\lEO
) D0 3 I=1,N30
AKI (I 1) =H#FD(Jy 1) -
3 FCUJyII=F(Jy1)4045D0%AK1(Jy1]) .
ETA=ETA+0,500%H :
CALL FCNIETALFC,FD)
DO 4 J=1,MEQ
DD 4 l=1,430
AK2(Jy IV =AFD(J, 1)
4 FCUJeIN=F(Jy1140e5D0*AK2(Jy]) j
CALL FCNIETALFC,FD) f
D9 5 J=1,NEQ P
00 5 Ia1,430 !
AK3(Jy 1) 2H®FD(Jy 1) .
5 FCLJI1)=F (I, 1) ¢AK3 LY, 1)
ETAsZTA+),500%H i
CALL FCN(ETALFCFD) ;
DI & J=l,yNEQ g:
PN & 1=1,420 .
AKG(Jy D) ad*FD(J, 1) :
6 FUJp 1) 2F (ol ) e (ARL(JyT)+24D0%1AK2 (g 1) +AK3(Jy1))+AKS(JI91))/6400 |
IE=]i+] .
IF(ETACLT.ETAM) GO TO 2 i
WRITC(69100) ETAW(F(NEQyI)},I=1,NOR) {
RETURN ;
100 FIIMAT(FTe2,5025016) i
101  FORMAT{/3Xe ETAY g 2Ky 'FY p24XK o VF%Y 923X, VFU%D 126X, 9G4y 23X, *GH?) [
1
|

g sy

END
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FCN FOR AERO ;

SUBROUTINE FCN(ETA,F,FD)
C FUNCTIONS FOR AERD
IMPLICIT REAL*B(A-A,0-2)
DIMENSION F(3,15)FN(3,15)
C DI FFERENTIAL EQUATIONS h
FOliy2)eF(1,2) ]
1 .- FD(192)=F(1,3) -
E : l FOU193)3=2.00%F(1,1)%F(143)4F(1,2)8F(1,2)-F(1,4)=1.D0

o
€
5
3

FD(l,y4)=F(1,5%)

FO(_,5)3=24D0nF(ly1)%F(145)
; oL C X PERTURBATIIN
i : FO(Le5)xF(Ly7)
I FO(1,7)2F(1,8)
; : FOC298)3=24D0%(F(L46)%F (193} +F(1s1)RF(1,8))02.D0%F(1,2)%F(1,7)
' S 1=F(1,9) !

FO(1,9)sF(1,10) i
i. FOUL,20)2=2,00%(FULl46)%F{1,5)4F(1y1)%F(1,10)) !
C Y PERTURRATIIN 3
.. FO(2,11)5F(1,12) ;
§ FUCLgl2)eF(1,23)
.. FO(1923)2=2,N0%(F(Ly11)%F(1,3)4F(1yL)*F(1413))42,008F(1,2)%F{1,12
1)=-F(3424)

. FO(4s14)2F(1,15)
i FO(Ll,15)2~2,D0%(F(L1yil )*F{1,SI4F{1ol)}%*F(1,415))
i RETU3N
END
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FCN FOR _AER1

SUBRIUTINE FCN{ETA,F,,FOD)
IMPLIZIT REAL*B(A-H,0-2)
ODIMENSINN FU3,153+FD(3,15)
C AERO EQUATIONS
FD(l,1)=F(},2)
FD(i,e2)3F(1y 3)
FOUisd)2=2,D0%F(191)&F(143)¢F{142)8F(1,2)-F({ly4)-1,D0
FD(.9%)2F(1,5)
FO(Le5)=~24DI%F(1,1)%F(1,5)
€ AER1 KQUATIONS
C DIFFERENTIAL EQUATIONS
FOU21)3F(2,7?)
FOlZz,2)=F(2,3)
FD(293)1==2,D2%F(191)*F(293)+4.D0*F(1,2)%F(2,2)=%eDO%F(]1,3)%
1F(251)=2.D0%2F (1 1) %F (143 )=4oD0%(1LeDI*FILl6))=F(2¢4)
FOlZ244)aF(2,5)
FD(2¢5)%=2,008F(1,1)%F(2,:5)+2,D0%F(1+2)%F(294)-4eD0*F(2,1)%
2F{1,5)-2.00%F(1,1)1%F(1,5)
C X=PERTURPATIIV
FD{246)3F(2,7)
FD(2+7)=F(2,8)
FD(248)==2,D0%F(141)%F(2,8)+4+D0*F{142)¢F{2,7)-4eDO%F(]1,43)%
3F(246)-F(2,9)
FD(2,9)=F(2,20)
FO(Z910) =<2 00%F(191)*#F(2410)424D0%F({1,2)%F(2,9)=6,D0%F(1,5)%
4F(2,6)
C Y=-OERTUXKBATIOIN
FDlcyil)=sF(2,12)
FDUZ,12)3F(2,13)
FD(2413)==2,00%F (1,1 )#F(2,13)444DC%F(1,2)V2F(2,12)-44D0%F(1,3)%
S5F(2411)=F242%)
FDU2,14)=2F(2,415)
FO(2415)3=2, DURF (1l )*F(2915)¢2eNG*F{142)*F(2414)-6oD0¢F(1,51)%
6F(2,11)
REYURN
END
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F FOR_AER2

SUBRDUTINE FCN{ETA,F,FD)
IMPLICIT REAL%B(A=H,0=2)
DIMENSION F(3,15),FD(3,415)
C AERO EQUATIINS
FDU{1,1)=F(1,2)
FD(i42)=F(1,3)
FO(193)==2,D0%F(Llyl)®eF(l43)¢F(192)%F(1s2)=Flly4)=1,D0
FD{l44)=F(1,5)
FOUZ45)=-2,D0%F(1,1)*F(1,5)
C AERZ EQUAT DS,
C DIFFERENTIAL EQUATIONS
FO(241)2F(2,42)
FD(gy2)=2F(2,3)
FO(293)==24D{®F(1s1)2F(2+3)+6,D0%F(1,2)%F(242)=6.00%F(1,3)%F(2,1)
1=64DUOCF (141 )%F(143)=6eDC*(1eD04F(1y%))=Fl2,4)
FOL2,4)=F(2,5)
FD(295) =2 DCRF (14 )} %F(295)444D0%F(142)%F(294)~6eD0%RF(1,5)%F(2,1)
| 2=4eDC%F(1,y1)%F(1,5)
i C X-PERTURBATID
: FD(2y6)=F(217)
: FO(2+7)=F(2,4R)
: FDU298)==2,0C%F (1,1 )%F(248)+64D0*F(1,2)8F(2,7)=64D0%F(1,3)%F(2,6)
3 T-F(2+9)
r - FD(249)=F(2,10)
: : FDI2410)2=2,D0%F (1y1)*F(2910)44NN%F{1,2)%F(2,9)-6,D0O%F{1,5)®
‘ - AFlZy6)
; C Y-PERTURBATIOJY
X - FDULs11)=F{2,412)
. FOlZze12)3F(2413)
T FOUZy13)a=2D0%F(1,1)%7(2,13)146400%F(142)%F(2,12)=64D0%F(1y3)%
SF(2y11)=F(2y14)
- FD(2414)2F(2,415)
{ ) FOlZ9l5)==24D0%F Lyl )%F (24151444 N0%F(1,2)1%F(2,14)-6o00%F(14+5)n
: e 1F(2,11)
; RETURN
. END
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FCN FOR AERJ

SUBROUTINE FCN{ETA,.F,FD) .
IMPLIZIT REAL®B(A-H,0-2}
DIMENSION F(3,15)4FD(3,15)
€ AERO EQUATIONS
FD(l,y1)=F(1,2)
FO(i1,2)=F(1,3)
FO(L.3)"200@*F(1'1)‘F(1!3’*F(1.Z,*F(1vZ"F(loﬁ,‘loDO
FD(ly@)=F(1,5)
FD(175)"?.05*F(1'1,‘F‘1'5’
€ AER] EQUATIONS
FDUL 1 )=F(2,7)
FD(c,2)=2F (2,4 3)
g FD(2’3’I-Z.DC#F(101’”F(2'3)*4000*F(102"F(ZQZ)‘4QDO‘F(IO3)‘
R 1F(2.1)-2003‘F(1’1)*F(193"4000*(1000fF(104')'F(Zv“)

gt

=t

L

s FDUZ14)=F(2,5)
R FOUZ15)5=24NC8F(]1411%F(2,5)42.D0%F(1,2)8F(2,4)=44DO%F(2,1)%
f { 2F(L,5)=CuDI*F(1,1)%F(1,5) ;
. C AER3 EQUATIONS :
C DIFFERENTIAL EQUATIONS
i FDU3,1)2F(3,2) i
%‘ FDO(3,2)=F(3,2) }
FOU393)==2400%F(141)¥F(343)46,0C%F(1,2)#F(3,2)~64DC&F(1,3)% '
1FU391)=F(3,4)434D0%F(242)%F(292)=4eD0%F(2,1)%F(2,3)=2.D0%F(1+3) { 1
.- 2%F (291 )=24D0%F (1, 1)%F(293)=34D0%(14D5+F(194))+2.00%F(L,1)% ©
; 3F(143)=4.D0%F(244) L
ia FD(3,4)=F(3,5) .
FD(395)='2.DG“F(101’*F(3|5)*4.00*F‘112"F(3'4)*2000‘F(2’2).
. 3 1F(244)=64-NO%F(241)%F (245)=2eUN®F(191)%F(2,5)=6cDO*F(1,5)%
ok 2F13410=24D3%F (1 95)%F (241 142eDO*FLL41)2F{1,5)
R C X=PERTUREATIIN
. FO{3,6)=2F(3,7)
- FO(3,7)eF(3,4H)
3 FOU3,8)2-2,00%F{1,1)1¢F(3,8)+64D0%F(1,21%F(3,7)=6.D0%F{1,3)%
te 1F(3,6)-F(3,9)
FD(3,9)=F(3,1))
- FD(3110)%=2,00%F(141)*F(3,10)444D0%F(1,2)%F(3,9)=6,D0%F(1,5)%
% 1F(3,6) §
és C Y-PERTURRATIIN 1
FD(3,11)=F(3,12) 3
. FO(3,12)=F{3,13) ]
X FO(3413)=-24DC%F (141 )%F(3,13)464D0F{1,2)2F(3,12)=-6.00%F(1,3)% )
.- 1FU3,11)-F(3,24) 3
FD{3,14)=F(3,19) '
.- FDU3415)%=-24D0%F(1y1)%F(3,15)444DO*F(i42)%F(3,16)=-64D0%F(1+5)x% 3
1F(3,11) :
. RE TURN
END
- ¥
dw
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INCON FOR ACRO,AER1 AND AER2

SUBROUTINE INCON(GTAM,EMAXFOF 4FF ¢NADJyNEQy,NOD)

C ADJUST I4ITIAL COHDITIONS
IMPLIZIT REAL*B(A=-H,0=2}

DIMENSION FOULS)yF(15)4FOF(3,415),FF(3,15)
03 . Is1l,.NJD
FOCL)sFIOF(NERQyI)

1 FII)=FF(NEQ, 1)
Al1=F{T)*F(T)+F(FIRF(Q)+F(8)*F{8)+F(10)*F(19)
Al2=F(T)®F(12)¢F(9)*F(14)+F(3)*F(13)¢F(10)*F(15)
A21=A12 i
A222F(12)#F(12)4F(14)%F{1a)+F(13)*F (13 )}+F(15)2F(15)
Blz=((F(2)=1eDO)BF(T)I+F(&L)RF(D)+F(3)%F(B)+F(S)%F(10))
B2z~((F(2)=1eDOVERFILZ)+F(Q)*F(14)+F(3)%F(13)+F(S5)%F(15))
DEN=ALLYA22=~A12%A2]

DEX={A22%31=-A12%B2)/DEN
DEY=(A4]1)1%32-A21%R})/LEN
FOU3)=FO(3)¢DEX
FO(3)=FI(3)+DEY
FOF(EQy 3)=FI(3)
FIF(NEQ,5)aF(5)

C CONVERGENCE CHECKS
WRITL(6e130) DEX,HDEY
IF(DASSIOEX/FO(3))a0TeelD-12,0RaDABS(DEY/FO(5))aGTaelD~12) RETURN
Ex(F(2)=1a00)1%%24F (4 )%F(4)+F(3)%F(3)¢F(5)%F(5)
WRITE(6,191) E
EVAM=2 ,DO*ETAM
WRITE(G6,102) ETAM
IF(ETAM LESEMAX) RETURN
ETAM=EMAX
NADJ =)

RETURN

100 FIRMAT (12X, *CHEZK DEX AND DEY?'42D1Se7)

10} FOIMAT(L1OXy*CHECK E*y10X4D15.7)

102 FOIMAT(1IXy*CHECK ETAM! yTX4D1547)

END
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INCON FOR AER]
SUBRIUTINE TMCON(ETAMEMAX,FOF4FF,NADJ, NEQyNOD)

C ADJUST IMITIAL CONDITIONS

IMPLICIT REAL*8(A-H,0~2)

DIMENSION FO(1S)4FU15)4FOF(3415)4FF(3,15)

D3 L T=1,NID

FO(I)=FIF(NED,I)

FUIY=FFINEQ.T)
AlL1sF(T)®F(T)+F(9.%F(9'+F(B)*F(B)+F(10}#F(1D)
AL22F(T)®F(L2)+F({Q)®F (14 )+F(B)*F{13)¢F(LO)eF(15)
A21=Al12

A22aF(12)*FL12)+F(14)2F{14)+F(13)nF( 3)+F{15)0F(15)
Bla=(F(2)F(TI+F(4)*F(9)+F(3)&F(BI¢F(5)%F(1I))
Be~(F2)eF(121+F (4)*F(14)+F(3)*F(13)+F(5)%F115))
DEN2Al1%422-A12%A2)

DEXx=(A2Z#%R31-A:2%B2)/DEN

DEva{Allen2-a21#B1)/0UEN

FI(3)=F(3)+NEX

FO(5)=FJ¢{5)+DEY

FOF(MEQ3)=2F0(3)

FOF(MEQe5)=F0(5)

C COMNVERGEICE THECKS

109
101
102

WRITE(H64100) DEX,DEY
IF(OABS(IJEX/FD(2))e5TaelD~1240RaDABSINEY/FO(5) )eGTaelD-12) RETURN
E=sF(2)*F(2)+F(4)*F(4)+F(3)RF(3)¢F{S) %K (5)
WRITE(6410%) E

ETaM=2,D02ETAM

WRITE(6,122) ETAM .
IF(ETAMGLELEMAX) RETURN

ETAM=EMAL

NADJY=20

RETURYN

FOIMAT (1%, *SHECK DEX AND DEY?*,201Se7)
FOUAAT (LI *CHECK E',10X4D15.7)

FORMAT{10X, *CHECK ETAMY 3 TX4D15e7)

END
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L .' TABLE A-2 Computer Program ARRL
F‘ :
! Routine Description
x . =
t ) MAIN Input of program parameters and houndary conditions

' at n = 0 for all functions and their derivatives.
o ; Lists results and controls all routines.

4
E Tt RUNKUT Fourth-order Runge-Kutta integration scheme. F
4 ’ FCN Evaluates functiona at specified n
[
f
{ . t
4
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i .
s .- MAIN
: ii C LIST OF AER
; IMPLICIT REAL¥B(A=H,0=2)
.- COMMON/DATA/G(5,1610)
i i; DIMENSIIN F(3,5),F0(3,5),TITLE(10)
) B C READ IN INITIAL VALUES
£ 1 READ(5,180,END299) TITLE
ioe READ(54191) NOR,NEQ,4PRyHoETAQIETAM
s'!, READ(5,132) ((FO(I4d) yd=l yNOR) 4151 yNEQ)
¢ 1. C RUNGE-KUTTA INTEGRATION
! CALL UNCUT(NOR,NIR,H,ETAD,ETAMFOsFsNEQ)
ig- C PRINT OQUT RESULTS
: i NDATA= (ETAM=ETAD)/H¢+2,00100
L b 1PRsl
: WRITE(6,103) TITLE
Do D02 I=1,\DATA
- IF{1.NZ.1PR) GO TO 2
2 L. IPRa]PReNPR
ETA=ETAD¢He®([=1)
Do WRITE(5,104) ETA,(G(Js1)4J=14NOR)
{ 2 CONTINUE
<A Gd TO Y
99 CALL EXIT
: . 100  FDIMAT(1IA8)
- 101 FORVATI(315¢3N15,7)
. 102 FIRMAT(3025,16)
. 103 FIIMAT(L141410A8/3Xy 'ETA® ,B8X, *F¢ 14 Xe "F? o 11Xs  Feny 13Xy G 124X,
. 10G*¢)
o 104  FIIMAT(F742,501547)
SR END
?
: i
5 i
% b
1
: o
r
E
: “
; :
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RUNKUT

SUBRDUTINE RUNKUT(NOD,NORyH,ETAQ,ETAM,FO,FyNEQ)
C RUNGE KUTTA INTEGRATION SCHEME

IMPLICIY REAL*B(A~4,0~-2)
COMMON/DATA/G(5,1610)

DIMENSINN FO(3, ls,0F‘3'15{9F0(3!15,vFC(3’i5"AK1(3015’0“K2 3015’.

1 AK3(3,415)4AK4(3,15)

C ZERO ARRAYS

7

D0 7 1=1,NEQ
D0 7 J=1,N0D
F (14J)=06DD
FC (144)=0.00
FD (IpJ)’O.DO
AK1{l,4)=06,D0
AK2(1yJ) 20402
AK3(1yJ)=0eDD
AKG(1,J)=),00 .

C INITIAL CONDITIONS

1
8
c
2

1€=]

00 i J=1,NEQ

DO 1 I=1,%3D
F(Jel)=FI(Jy 1}
FCUJUyI)=FO(J,1)

00 8 I=1,NOR
GC(ILIE)=F(NEQ,1}
CALL FCN(ETANLFC,FD)

INTEGRATION

ETA=ETAD+(IE- 1)*H

03 3 J=1,NEQ

D) 3 I=1,NJD
AKL(Jy 1 V=HE2FD(J, 1)
FClJrI)=F(Jy1)4065D0%AK1(J,])
ETA=ETA+),5D)%H

CALL FCN(ETA,FC,FD)

DI 4 J=1,MEQ

N) 4 I=1,43D

AK2(Je IV=H®FD(J,y1)
FCUJU9I)3FUJ, 1) +045D0%AK2(JoI)
CALL FCON(ETA,FC,FD)

D3 5 J=sl,N5Q

D) 5 I=1,420
AK3(Jy I ) =H®FD(J,1)

FCUJ 1 )=F(Jy[)*AK3(J, 1)
ETA=ETA+D,4 5D =H

CALL FCVN{ZETALFC, FD)

DD 6 Jal,'4E0

DO 6 I=1,M)D
AK4(Jy 1) 2HuFN(J41)

FUIo D) =F(Jy IV +(AKL(Jy[)+2oNO*(AK2(Jy 1) +AKI(J,T))+AK4(Js1))/64D0

IEsfE+1

D0 9 [=1,40R
GlisyIEIBF(NEQ,I)
IFIETALLTL,ETAM) GO TO 2
RETURN

END

S, v,
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awanty
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)

| {3 FCN POR AERO

) C e TIRSU YR €T

i P IMPLICIT REAL#A(A-H,0=2)

; _ DIMENSION F(3,15)4FD(3,15)

| Py FOEsL)2F(1y2)

i i FO(292)2F(1,3)

% ig::,:;:;f;Dg:F(1.1)*F(1oB)OF(1.2)!F(1c2)-F(1'4)~1.DO

.- R -~ = ’ :

; . :g;éag)s-Z.DO*F(lpl)*F(I:S)

*; ae

§ . END

L "

- ;

‘E . “

: ]

% i FCN_FOR AER1

] : SURROUTINE FCN(ETA,F,FD)

i a IMPLICIT REAL*8(A~H,0-2)

§ ! DIMENSION F(3,15)4FD(3,15)

! C AE0 EQUATIONS

E FOlis1)=F(1,2)

; FN(142)=F(1,3)

E igif'i§:;53°§7“""*F‘1”’**“'2"F‘1'2"F“""‘1°°

r LR ?

| _ FO(Ll,y5)==24DC%F( *F

Lo : C AER1 EQUATIONS Br1IERL3)

i FOU241)2F(2,2)

E FD(2:2)2F(2,3)

i FDUZ2y3)2~2.D0%F(1,1)%F(2,3) 1

3 :, $3)+4,D0%FU1 421 %F(2,2) ~4,DO%F *

E 1£éf;1:;2;?3*f;1.1l*F(1y3i-4.UO*(1.00+F(1.4);—F(2:4) {13

: -t = [ 2

: FO{2451==2,DC*F(1,1)%F(2,5)424D0%F(1,2)%F - ]

E. Z:é%’{,,\:_z.ng*r“’l,ﬂ:“'s; Lo '2 (Z"O) ‘oDO‘F‘Z'l" 4

[
END

]

! f
3
i
i

; !
/
!
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PCN FOR AER2

t i SUBROUTINE FCNIETA,F,FD)

1 L W IMPLICIT REAL%8(A=H,0=7)

T DIMENSION F(3,15),FD(3,15)

: L C AERD EQUATIONS

;o ; FD(Ll,0=F(1,2)

{. FD(Ls2)3F (L4 3)
FOULs3)m=2,00%F(1o1)%F(1,314F(1,2)%F(142)-F(1,4)~14D0

L FD(is4)8F(1,5)

r i FD(1y5)==2,D0%F(1,1)%F(1,5)

' S C AER2 EQUATINNS,
FD(2,1)2F(2,?)

- FD(242)2F(2,43)

1 FO(2¢3)2-2,00%F (19 1i%F(2,3)+6,D04F(142)*¥F(242)-64D0%S(1,3)2F(2,1)

z’!. 16eD0*F(1g 1 )%F(193)-6eD0*(2eDO#F(144) ) =F(244)

; FD(2,4)2F{245)

- FD(2,5)3=200%F(241)%F(2,5)+44D0*F(142)%F(2+4)~6eD0®F(1,5)%F(2,1)
i 2-4oDCRFLLg1)5F (1,5)
i i RETURN
; END
rod
3 - FCN FOR AER3
, i SUBROUTINE FCMNIETA,F,FD)
; IMPLICIT REAL#B(A=H,0-1)
‘e . DIMENSTION F(3,15),FD(3,15) ;
! : C AERD EQUATIONS ;
3 i FDU(241)=F¢Lle:) j
FD(1,2)=F(1,43) ;
B FD(Lly3)x-2eD0%F (1, 1) ¥F(1y3)+F(Ls2)%F(142)~F(1,4)=-1,D0
1 : FO(l,4)3F(1,5) {3
¢ . FD(ilS)g"ZoDO*F‘Ivl,*F(I!5) 4
] C AER] EQUATIINS 1]
4 . FD(2,1)=F(2,2) . :
] : FD(2,2)=F(2,43) ]
3 : FDU2¢3)3=24DNiF (141 )%F(2,3)444D0%F{1,2)%F(2,2)=4sN0%F(1,3)% i
' IF(241)=2000%F (Ly1)%F(143)=44D0%(1eDI4F(Lle&))}=F(244) 4
] FD(2,4)3F(2,5) :
- FDUZ15)==24002F (1,1 )%F(245)+26D0%F (L2} #F(2,6)=4,D0%F(2,1)%
k .. ZFEL,5)=2.D0%F( 1y 1)F(1,45)
C AER3 EQUATIONS :
: , FDC3,2)=F13,2) i
3 FU(3,2)2F(3,3) ;
FDE3,3 ) m~2aD3#E (1, ) )5F(3,3)464D0°F Ly )%F(342)=boDORF(],3)% i
: IF(3,1)=Fl336)+34D0F(292)%F (2 ,2)-4eD0¥F(2,1)8F(2,3)=2,D0%5(1,3) !
] . 2HF (241 )=2400%F (11 )%F(243)=34D0%(1o0DU+FLy%))+24D08F (1,1 )% "
IFL1,3)=4eDC%F(244) :
FDI3,4)8F(3,5) i
FDE3,5)==2,D0% (1,1 )%5F13,5)444D07F(1, )%F(3,4)42,D0%F(2,2)% !
1F1204) =G o DOUBF(/ g1 2F (2,5 )=24DNAF(1 g1} 5F(2,5)=6aDO®F(145)%
2F13,i0=20D04F(1,5)%F(241)142.U0%F(Lel)sF(1,45)
_ i RE TURN
] END

et LA R s £ M R St D i At et
- RN Y . s P B
: PENTEORI. JE T
VU PR R SR




