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ABSTRACT

The effects of combined radiative and convective heat transfer from
arrays of longitudinal fins of arbitrary profile are analyzed subject to
non-uniform surface emissivity and non-uniform surface film coeffi-
cients. Consideration is given to radiative interactions between adja-
cent fins and between fins and the base surface. Solution of the defining
differential equation for fin temperature distribution is obtained through
an iterative application of the B. G. Galerkin variational technique.
Application of the method of solution is made to fins of parabolic, tri-
angular, and inverse parabolic profile subject solely to the radiative
mode of heat transfer. Effects in variations of the dimensionless
radiation number, NR, fin spacing, S, and fin surface emissivity, €,
are investigated. Findings of the study reveal that for the pure radia-
tive mode, fins can enhance the heat transfer between the base and the
surroundings only for the case of low fin and base surface emissivity.
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NOMENCLATURE

Area

Galerkin coefficients defined by Equation 21

Radiosity

Shape factor

Mathematical function defined by Equation 16

Mathematical function defined by Equations 26
and 30.

Mathematical function defined by Equation 16

Incident radiation

Surface convective film coefficient (dimensional)

Surface convective film coefficient (dimensionless)

Mathematical function defined by Equations 26
and 30

Mathematical function defined by Equations 26
and 30

Thermal conductivity (dimensional)

Thermal conductivity (dimensionless)

Fin length

Radiation number, oT°4L/Kc(To - Tgm)

Biot's number, th/Kc

The number of terms appearing in the Galerkin
solution

Dimensionless heat flux

viii
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q Dimensional heat flux

Dimensionless fin spacing

s Dimensional fin spacing

T Temperature

X Non-dimensional distance measured along the fin

X Dimensional distance measured along the fin

Y Fin surface height

2(k,1i) Matrix element defined by Equations 28 and 32

ZH(i) Column matrix element defined by Equations 2§
and 32

o Absorptivity

B* Boundary condition parameter, hcﬁ*(l)/KcK(l)

Xij Matrix element defined by Equation 9

i Kronecker delta

€ Emissivity

€a Apparent emittance

n Fin efficiency

Qij Matrix element defined by Equation 8

Aij Matrix element defined by Equation 12

¢i Galerkin function defined by Equation 21

¥ Transformed non-dimensional temperature

p Reflectivity

o Stefan-Boltzmann constant = 1.7l x 10™°
Btu/Hr-Ft2-°R

e Non-dimensional temperature defined by Equation 13

ix



AEDC.TR.69-88

Subscripts

c Indicates convection heat transfer related
expression

c Characteristic reference value

R Indicates radiation heat transfer related
expression

g Property of ambient fluid

g, Characteristic reference value of fluid in which
the fin cluster is- immersed

o Value at fin base

1 Value on upper fin surface (Y > 0)

2 Value on lower fin surface (Y < 0)

k,1 Index of finite set of Galerkin functions

i,j Index of surface elements in enclosure radiation
analysis

Superscripts

* Indicates value at fin tip
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CHAPTER I
INTRODUCTION

Heat transfer phenomena associated with convection
from arrays of longitudinal.fins has been the subject of
many theoretical and experimental investigations since early
in this century. Most early investigators (1, 2, 3)1
limited their interest to single fins of simplified geometry
and employed certain classical assumptions such as uniform
convective film coefficients and negligible influence of the
fin surface slope. In all cases the influence of radiation
to the environment and to surrounding surfaces was neglected.

In 1951, Ghai (4) experimentally demonstrated that
for certain fin configurations the convective film coeffi-
cients were larger near the tip than near the fin base.

Ghai concluded that the classical assumption of uniform film
coefficients was not, in general, valid.

Eraslan and Frost (5) have solved the problem of the
longitudinal convection fin subject to non-uniform £ilm
coefficients. Their study indicates that fins previously
considered as being optimum when analyzed assuming uniform

film coefficients, did not necessarily remain so when the

1Numbers in parentheses refer to similarly numbered
references in the bibliography.
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effects of non-uniform film coefficients were considered.
Eraslan and Frost applied a variational method due to B. G.
Galerkin in their solution.

With the advent of the space age, the pure radiation
fin became of significance. Several authors (6, 7) consid-
ered a single fin radiating to an isothermal environment
where interactions were neglected. Eckert, Irvine, and
Sparrow (8, 9), in 1960, published a series of papers which
formulated the basic equations defining radiative inter-
action in arrays of longitudinal fins. Their problem
considered radiative interactions of the fins with adjacent
fins and with base surfaces. These authors, however,
limited the application of their analysis to fairly simpli-
fied shapes in which radiative interaction from base
surfaces could be ignored. Herring (10) extended the same
problem to include specular reflecting surfaces.

In a later paper (1l1) Sparrow and Eckert applied the
generalized equations to a configuration consisting of a
longitudinal fin connecting two, isothermal cylindrical
surfaces. They treated the surfaces as black and included
all radiative interaction effects. An iterative Runga-Kutta
technique was used to solve the governing integral differ-
ential equations. Sarabia (12), by application of an
iterative finite difference technique, extended the work of
S;arrow and Eckert to include grey surfaces.

Recently Frost and Eraslan (13) published a study of
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radiation from arrays of longitudinal, rectangular profile
fins in. which the effects of mutual irradiation were
considered. They solved the defining non-linear integro-
differential equation through an iterative technique using
tﬁe variational method of Galerkin. Their study indicated
that interaction effects did indeed have an important
influence on the equilibrium temperature distribution along
the fin. Frost and Eraslan also concluded that the Galerkin
method of solving the differential equations had a distinct
computational advantage over the heretofore employed
numerical methods.

The study of the combined effects of convection and
radiation from single fins has also been the éubject of
recent investigations (14, 15). Frost and Eraslan (16) have
extended the theory to arrays of longitudinal rectangular
fins in which the effects of radiative interactions under
the combined modes of radiation and convection heat transfer
are considered. Their study indicated that the efficiency
of fins under the combined modes of heat transfer was less
than for the pure convection case.

The present analysis extends the work of Frost and
Eraslan to cover longitudinal fins of arbitrary cross-
section subject to the combined modes of heat transfer. The
method of solution is formulated to include the effects of
non-uniform surface film coefficients and surface emissiv-

ities and the effects of mutual irradiation. However,
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because of the vast amount of data generated by an exhaus-
tive study of this type of fin heat transfer phenomena, the
results generated by the method of solution are reported
only for a selected group of fin configurations subject

solely to radiative heat transfer.
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CHAPTER 11
FORMULATION OF THE GENERAL PROBLEM
I. GEOMETRICAL CONSIDERATIONS AND ASSUMPTIONS

A typical array of longitudinal fins of arbitrary
cross-section projecting from a plane base surface is shown
in Figure 1. The x-axis is chosen to run parallel to the
axis of the fin and perpendicular to the base surface.

The analysis is predicated on the following assump-
tiong:

l. Heat conduction along the fin is one-dimensional
and occurs in the x-direction.

2. Each fin, while of arbitrary cross-section,
possesses a geometry that is similar to all other fins in
the array.

3. The fins are immersed in a non-participating
radiation medium and have grey surfaces.

4. Fin surface geometry is defined as a function of
the x-coordinate.

5. The gas medium temperatures are known functions
of the x-coordinate.

6. Surface film coefficients, thermal conductivity,
and surface emissivity of the fin are prescribed functions

of the x-coordinate.
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7. The heat transfer process occurs at a steady

rate,

8. The base surface exists at a constant tempera-
ture, T

o .

9. The problem is formulated for a fin of unit
depth.

II. DERIVATION OF THE BASIC

DIFFERENTIAL EQUATION

The differential equation of the phenomenon is formed
in the classical manner by making an energy balance on a
typical differential volume element as shown in Figure 1,
The various modes of energy transport considered are
internal conduction and radiative and convective transfer
from the fin surface. Performing the energy balance pro-

duces the following form of the general equation:

d[K(x)A(x)dj?l- d%
dT(x) . X

~K(x)Aa(x) dx dx

+{ K(x)A(x)

dT (x)
ax
= hl (x)Al(x) [T(x) - Tgl(x)] + h2 (x)A2 (x) [T(x) - ng(x)]

+ qu(x)Al(x) + qu(x)Az(x) (1)

where K(x), hl(x), and hz(x) represent the fin thermal con-

ductivity and surface film coefficients of the corresponding
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surfaces respectively. Expressing the area terms as func-
tions of the fin geometry, simplifying, and collecting

terms, leads to Equation 2. It should be noted that fin

surface slopes, /l + (dY/dxfz} are included in Equation 2.

2 dy. (x) dy, (x)
K(x) [¥) (x) - ¥, () 120X {%(x)[ e - —a ]
dx

dx dx

dX(x)\ dT(x)

I ) =Y, (0155 dx
[ ay, (x))? \/ ay, (x))*
- hl(X) 1 + \TJ + h2 (X) 1l + T T(X)

s

i Jl ay, (x))? ay, (x))*
= hl (x) + T Tgl (x) + h2 (x) {1 + —ax

. /

—

| dy, (x))*
. ng (X) + qu (x’ 1 + —-ax—

2
ay, (x)
2 ] (2)

+ qu (X) Jl <+ [T

Associated with Equation 2 are boundary conditions

as follows:

l. At x=0; T(0) = To.
2. At x =1 -K@IEEL = ¢ * + n* T - T (1)1, (3)

III. CALCULATION OF THE SURFACE RADIATION TERMS

A closer look will now be taken at the surface
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radiation terms qutx) and qu(x) which appear in Equations
1l and 2. The radiative energy flux emanating from the fin
surfaces can be computed by treating the volume between the
fins as a cavity and applying a method described by Sparrow
and Cess (17) for analyzing radiation within enclosures.

The method of Sparrow and Cess assumes that the walls
of the enclosure can be broken up into (k) isothermal grey,
opaque, diffuse surfaces. The radiosity (B), defined as the
rate of energy per unit surface area streaming away from a
given surface, is composed of two components; the emitted
energy (soT4), and the reflected portion of the incident
energy. The energy incident on unit area of surface (i) is
denoted as Hi' Figure 2 illustrates the radiosity concept.

Working with total radiation properties, it can be
shown that the reflectivity of any grey surface can be
represented as p = (1 - €), where p is the reflectivity and
€ is the emissivity. Hence, for a surface denoted with the
subscript (i) the expression for radiosity becomes as indi-
cated by Equation 4.

_ 4 -
Bi = sicTi + (1 ai) Hi (4)

Figure 3 illustrates a typical surface configuration
in the enclosure formed by adjacent longitudinal fins. The
i'th surface element is shown receiving radiation from other

surface elements, from the base region, and from the gas
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Radiosity

Surface i

Figure 2. The radiosity concept.
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outside the cavity. The term Hi in Equation 4 is seen to be
the sum of all radiant energy arriving at the i'th surface
element. Denoting any other surface element as (j) and
noting that the radiant energy which leaves (3) is in fact
the radiosity of surface (j) leads to the conclusion that
the radiosity of any surface element is dependent upon the
radiosity of all other surface elements.

The radiation energy which leaves surface element (3)

and which impinges on element (i) is given by Equation 5.

Q) = By (5)

Fji is the shape factor which relates the per cent of
energy leaving surface (j) that strikes surface (i). Summing
the radiative contribution of all surface elements to the

irradiation of surface (i) leads to Equation-6.

1 k k
H. =5 B.,F..,A, = B.F.. 6
1 Ai Jg._l J J1 ] ]=-z'l J 1] (6)

Substitution of Equation 6 into Equation 4 and solving

for the temperature term produces Equation 7.

* €1 €1 j=1 3 13 4=1 €.

The term aij is the Kronecker delta which takes on the value

12
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of one when j = i and which becomes zero when j # i.
Equation 7 now describes a system of (k) linear

algebraic equations relating the element temperatures and

element radiosities. Expressed in matrix notation, the

system of equations is represented by Equation 8.

4, _
The coefficient matrix elements Qij are given by
Q.. = [8,. - (1 - €,)F,.] / €.. Inversion of the coefficient
ij i'71ij3 i

1j
matrix gives [nij]_l = [xij]. By employing the inverse
matrix a new set of linear algebraic equations can be formed

as represented by Equation 9.

4

(81 = [x;4] [omy) (9)

J

Equation 9 now determines the radiosity of each sur-
face element as a function of the temperatures of all the
surface elements. It should be noted that the open end of
the fin enclosure is considered a hypothetical surface of
unit absorptivity which exists at the effective temperature
of the gas.

The radiation energy flux leaving surface element (i)

is given by Equation 10.

— 4—
(qR)i = €,0T,; o H, (10)

13
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Substitution into Equation 10 for the value of the
incident radiation as implied by Equation 4 gives Equation

11.

4 B, - ei°Ti4
(ag) = €307y -~ &3 T, (11)

Replacing the B; term in Equation ll with Equation 9
and recalling that for grey surfaces a = ¢ gives Equation 12,

the final form of the heat flux relationship.

k
=] Ay 5074 (12)

(qR -Z [—1——][6 - Xj410T :| sby Mo

The term Aij in Equation 12 is seen to be a function only of
the particular geometry of the enclosure and the surface
properties of the walls. The significant aspect of Equation
12 is that the heat flux from a surface element can be
expressed in terms of the discrete distribution of tempera-
ture among the elements which make up the fin and base

surfaces.

IV. NON-DIMENSIONALIZATION OF THE
BASIC DIFFERENTIAL EQUATION

It now becomes convenient to non-dimensionalize the
basic differential equation (Equation 2) and its associated
boundary conditions (Equation 3). Letting the parameters
K., and hc represent characteristic values of thermal

c

14
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conductivity and heat transfer coefficient respectively, and
taking L as the fin length, the system is non-dimensionalized

with the following dimensionless variables:

X =z ¥, (X) = YlIix) v, () = sz(.X)
R - 52 Reo - T 0 - 20
P ;gzl::fgg SgrX) = - %;:)—_r:°
Og2¥) = Tg;:xi ;OT° h* (1) = h*(z’

Qpq (X) = chgi (J_c)T:m) 0, (X) = Kce;%: (:-{)T:w)
S=f 1 7(13)

Substitution of Equation 13 into Equations 2 and 3

gives the following form of the basic differential equation:

o) 829 4 ¢ x) & - £ (x)8(X) = -[g_(X) + g (X)]
2 o2 1'% 3x o'¥ - 9c Ir

dx (14)

The associated boundary conditions upon non-

dimensionalization become as shown in Equations 15.

15



AEDC.TR-69-88

Boundary conditions:

l. 6(0) = 0.

Q* (1)

2. de(l) - )

The functions £,(X), £1(X), fo(X)' gc(X), and g (X)

are defined by the following equations:

£, (X) = R(X)[¥ (X) - ¥,(X)]
- ay. (X) dy, (X) =
- 17 T2 B} aR (%)’
af, (X)
= Tx—

- J ay, ()% _ v ay, (x))
£ (X) =NCE11(x) 1+ || R0 B+ |25 ]

- ’/ (dy, (x))
g (X) =NC|E11(X) 1+ —Fx—| 8q )

- J (dy, (x) ]
+ h2 (X) 1l + —TX——J egz (Xﬂ

ay, (x))
ax
(16)

J ay, (x))?

The parameters Nc and B* are defined as follows:

16
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h L h_h*L
N. = L B* = c
C Kc KcKil5

The details of transforming Equations 2 and 3 into
dimensionless form are given in Appendix A.
Two dimensionless parameters, the radiation number
(NR), and the temperature ratio Tgm/To are now introduced by
consideration of Equation 12. Putting Equation 12 into
dimensionless form gives:
4

T
Aij [—92 - 1] B(X) + 1 (17)
1

Il e~1%°

(Qp) =Ny

. . T
i )

o

C s . . _ 4 _
The radiation number is defined by NR = cTo L/ Kc(T° Tga).

V. TRANSFORMATION OF THE NON-DIMENSIONAL SYSTEM

Inspection of the second dimensionless boundary
condition (Equation 15) indicates that this boundary condi-
tion has a non-zero right-hand side and hence is inhomoge-
neous. Application of the B. G. Galerkin technique requires
that this boundary condition be homogeneous. Hence, it
becomes necessary to transform the dimensionless system.

Let the transformation variable [y (X)] be defined by

Equation 18.

Q *
PIX) = 0(x) - |g*8_(1) - =R
g K (1)

x2 - x) (18)

Substitution of Equation 18 into Equations 14 and 15

17
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yields the following transformed system:

2
dy“ (X) dy (X) _
B2 g+ 5,055 - S, (KIvx)
- op* 2
= [B*ﬁg(l) - m‘—]{(x "x)fo(x) - (2X-1)fl(x) - 2f2(x9
- [g (%) + g (X)] (19)

The associated transformed boundary conditions are given by

Equation 20.

1. ¢(0) = 0.

2. W) 4 gey1) = 0. (20)
Equations 19 and 20 now define the mathematical

system which will be solved through an iterative application

of the B. G. Galerkin method.

18



AEDC.TR.69-.88

CHAPTER III

SOLUTION OF THE DEFINING EQUATION BY

THE B. G. GALERKIN METHOD
I. INTRODUCTION OF THE GALERKIN METHOD

The solution of the mathematical system is initiated
by assuming that Equation 19 has a solution of the form

indicated by Equation 21.
n
Y (X) = a;9, (X) +i£2ai¢i(x) (21)
where ¢1, and ¢i are assumed functions of X.
Equation 21 must satisfy the boundary conditions of

the problem (Equation 19). Hence, Equations 22 must be

satisfied.

n
Y(0) = a1¢(0) +i£2ai¢i(0) =0

a n
Ef[al¢(l) +i£2ai¢i(l)]

n
+ B*[a; 9, (X) +_22ai¢i(1)]
1=

=0 (22)

19
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A form for the functions ¢1(x) and ¢i(x) is chosen as

indicated by Equation 23:

2

$1(X) = (X - y*) X

6, (%) = (1 - x)% xt71 (23)
where y* = (3 + B*) / (2 + B*).
Appendix B demonstrates that the assumed functions
¢1 and ¢i do indeed satisfy the boundary conditions of the
problem. The problem remains of evaluating the unknown
coefficients a; and ai(i = 2,n) appearing in. the solution.
Substitution of the assumed solution into Equation 19

vields Equation 24.

al{%z(x)(ﬁx - 2y%) + £,.%) (3x% - 2y*x)

n .
£ (X) x3 - Y*xz)}+ iz-zal{[i(i + 1xi-l

2801 - 12 4 4 - 1 - 2)xi‘3]f2(x)

+ 0+ xt - ikl b o - 1)xi'2]f1(x)

- [xi"'1 - 2t o+ xi'l]fo (x)}

Q *
= R 2
{B*eg(l) - K—(TT [(x - X)fo(X) - (2X - l)fl(X)

2£,(X)] - [q (X) + qq(X)] (24)

20
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Equation 24 is now a functional relationship in terms
of the unknown constants a, and a . Following the method
detailed in Kantorovich and Krylov (18), the a's can be
solved for as the dependent variables of a linearly inde-
pendent system of algebraic equations. The linear system is
formed by multiplying Equation 24 through, in turn, by each
function in the set ¢i(i = 1,n) and integrating the result-

ing equations between the limits of zero to one.

II. FORMULATION OF THE ALGEBRAIC SYSTEM

OF LINEAR EQUATIONS

Multiplying Equation 24 through by ¢1(x) and inte-

grating between the limits of zero to one gives Equation 25.
a1[12(l,1) + Il(l,l) - Io(l,l)]
n ]
+ .z a;[I,(1,1) + Il(l,l) - Io(lyl)]
i=2
K(1l

Q *
—1 a8 — R - -— -—
= Gs*egm J_(1) - 3,(1) - 3, (1] - G(1)  (25)

The terms of the integrals I, J, and G are defined as

follows:
1
g 3 2.2
Io(l,l) = fo(X)(X - y*¥X%)® dX
Zo
1
( 2 3 2
I (1,1 =] £,0006x% - 2y%) (x° - y*x?) ax
“o
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Iz(l,l) =J£l fz(X)(GX - ZY*)(X3 - y*xz) dx

1
I (1,i) =f £, (X) k1L - axd 4 x171y (&3 - y*x2) ax
(o]

1
I (L,4) = | £, 0+ xt - 20x¥ 4 1 - 1yxit2

o~

x3 - y*x?) ax

1
I,(1,1) =j £,00 011 + DxP™L - 251 - 1)xi-2
(o]

(-1 - 2)xt73 @3 - y*x?) ax

iy 2 _ 3 42

Jo(l)-Jj-(x X) £_(x) (x> - y*x?) ax

I, (1) =.[f-(zx - 1) £,00 x3 - y#x?) ax

3, (1) =J[l 2, (x) (x* - y*x?) ax

o
1
G (1) =J[l gp (%) (x3 - y*x?) ax +J( go(x) (X3 - y*x?) ax
(o] (o)

(26)
Lxpressing Equation 25 in a shorthand notation leads

to Equation 27:

n J ']
a,[2(1,1)) + i£2 a;[2(1,i)] = 2H(1) (27)
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The elements of Equation 27 are defined as follows:

z(1,1)

[1,(1,1) + I,(1,1) - I_(1,1)]

z2(1l,i) [Iz(l,i) + Il(l,i) - Io(l,i)]

*
ZH(1) = {?*Eg(l) - g%Té}[Jo(l) = J,(1) - 3, (1] - 6(1)
(28)
In a similar manner multiplying Equation 24 through,
in turn, by each of the functions ¢i(i = 2,n) and integrat-
ing between the limits of zero to one produces a system of

algebraic equations represented by Equation 29.
al[IZ(k,l) + I,(k,1) - Io(k,l)]
n
+ i£2 a,; [I,(k,i) + I,(k,i) - I_(k,i)]

Q_*
—3 a -— R - - -
= {B*eg(l) K_(I)_}[Jo(k)- Jz(k) Jqi (k)1 G(k) (299
29

The elements of Equation 29 are defined as follows:

I (k,1) =‘[l £_(x) (x> - y*x?) (x**1 - x4 %571 ax
(o

I, (k,1) =J[l £, (3x% - 2y*x) (L - axk 4 xK7L) ax
°

I,(k,1) =J[l £,0X) (6% - 2y%) (x°*1 - 2x% + ¥*71) ax
(o]
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I_(k,i) =f £ ) xitl - 2xl 4 xiTh
(o] (o}
XXt ooxk 4 xRy ax
I, (ki) =‘[l £,00 [(1 + nxd - 2ixi 4oL - 1)xit?
(o]
- oxRtL D ooxk 4 oxkTYy ax
I, (k,i) =‘[1 £, (X)[1(1 + 1xi~l - 25 - 1)xi2
i-3, . k+l k k-1

+ (i - 1)(i - 2)X 1(X - 2X" + X ) dXx

3 (k) =f x2 - X) £ (X) xK*tL _ oxk 4 xKly ax
3, (k) =r £,(X) (2% - 1) Kt - oaxk 4 xkly ax

(o}
3, (k) =f 2£, (X) (xK*L - ax® 4 xkly ax

(o]
G (k) =‘[l gg (x) (xF*L - 2k 4 x*7h) ax

1
+J’ go(x) (XL - axK 4 xk71l) ax (30)
A o -

Expressing Equation 29 in a shorthand notation leads
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to Equation 31:
n
a,[z2(k,1)] + ] a,(z(k,i)] = [2H(k)] (31)
i=2
The elements of Equation 31 are defined as follows:

z(k,1) = [I,(k,1) + I,(k,1) - I (k,1)]

z2(k,1)

[T, (k) + I (ki) - I_(k,i)]

*
ZH (k) = {}*69(1) - ;%Ii}tao(k) - J,(k) - 3, (k)] - G(k)
(32)
Equations 27 and 31 now represent a system of n
linear algebraic equations containing the n unknown ai's.
Expressed in matrix notation the system is represented by

Equation 33.

n
z Zz,m qn = ZHL with & = 1,n (33)

ZH (34)
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IITI. SOLUTION OF THE ALGEBRAIC SYSTEM

OF LINEAR EQUATIONS

The Zﬂ”m matrix elements of Equation 33 are functions
of fin geometry and the assumed form of the ¢i(x) functions.
Hence, once the fin geometry is fixed, the zz,m elements can
be evaluated and the inverse computed.

Equations 16, 26, 28, and 32 indicate that the [ZH]m
elements depend upon the radiative heat transfer from the
fin which is in turn dictated by the temperature distribu-
tion along the fin. Hence, the solution of the linear
system of equations for the a's requires an iterative
process.

A simplified outline of the computation steps
necessary to achieve a solution based upon a selected set
of fin parameters are enumerated as follows:

l. Evaluate the 2

the inverse matrix z;lm
[4

2m matrix elements and compute
for the selected fin geometry.

2. Assume the radiative heat transfer from the fin
is zero and calculate an initial temperature distribution in
the fin based on convective interactions only.

3. Using the temperature distribution computed in
step 2, evaluate the radiative heat transfer from Equations
8 through 12 and Equation 17.

4. Using the calculated radiation heat transfer,

evaluate the ZH elements and calculate a new temperature

distribution in the fin.
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5. Recalculate radiative heat transfer using the
temperature distribution from step 4.

6. Repeat steps 4 and 5 until the solution converges.

The method of solution presented in Chapters II and
III has been programmed in G level Forxrtran on the IBM 360/50
computer. Appendix C is a Fortran listing of the computer

program.
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CHAPTER 1V

APPLICATION OF THE SOLUTION TECHNIQUE

TO FINS OF SELECTED SHAPE

I. DESCRIPTION OF SELECTED FIN SHAPES

AND CONDITIONS OF ANALYSIS

The foregoing method of solution was applied to fins
of parabolic, triangular, and inverse parabolic profile. The
dimensionless area of each profile was held constant at 0.2
which assures the same volume per unit depth of fin. Thus a
comparison of the reported fin performance can be made on an
equivalent weight per fin basis.

The selected fins were analyzed for the case of con-
stant thermal conductivity, negligible convective heat
transfer, and a ratio of gas temperature to base temperature,
Tgw/To' equal to zero. These latter conditions correspond
closely to those encountered in space. Other geometrical,
environmental, and surface property parameters varied, as are
enumerated below:

l. Non-dimensional fin spacing, S, was assigned
values of 0.5, 1.0, 2.0, 4.0, and 6.0.

2. The radiation number, NR, was assigned values of
0.1, 0.5, 1.0, and 5.0.

3. Fin surface emissivity and base emissivity were

set equal and were assigned the values of 0.2, 0.5, and 0.8.
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The total number of cases analyzed was 180.

II. DESCRIPTION OF SELECTED

MATHEMATICAL PARAMETERS

For the radiative heat transfer calculations the fin
surfaces were divided into forty elements and the base area
between fins into five elements. The number, n, of approxi-
mating functions, ¢, used in the Galerkin solution was ten.
Values of n larger than ten were found to give no improvement
to the first four significant digits in the solution for the
temperature distribution. PFigure 4 illustrates the effect
of variations in n on the solution for temperature at
specific locations along the fin.

To facilitate convergence of the iterative method, 6
was bounded between +2.0 and -1.0. The physical bounds on °
8, +1.0 and zero, were exceeded in the solution in order to
stabilize the convergence; since as the solution progressed,
values assigned to 8 were the accumulated average of all
preceding iterations.

The convergence criterion employed required that the
value of heat flux for each fin element should change by no
more than 0.1 per cent during successive iterations. The
computer was programmed to run for thirty iterations or
until the solution converged. Each iteration required
approximately three seconds, and the average number of

iterations required per solution was twenty.
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Figure 4. Effects of n on the solution for temperature

distribution.
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Cases involving high values of surface emissivity,
high NR, and fin spacing greater than 4.0 did not always
converge in thirty iterations. These cases were rerun with
fifty iterations and in all cases converged to an acceptable
solution. Figure 5 shows the convergence of the-temperature
distribution for a typical fin configuration. Bounding of
the temperature distribution at the upper bound is indicated

for the second iteration in Figure 5.
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Figure 5. Convergence of successive iterations.
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CHAPTER V
PRESENTATION AND DISCUSSION OF RESUi.TS
I. TEMPERATURE DISTRIBUTION

The non-dimensional temperature distribution, T/To,
for each combination of §, N;, and € are shown in Figures 6,
7. and 8 for the parabolic, triangular, and inverse para-
bolic fins, respectively.

The effect of fin spacing on temperature distribution
is seen to depend upon surface emissivity. For low surface
emissivity, € = 0.2, heating of the fin by radiation from
the base is appreciably reduced because of the high reflec-
tivity of the surface. As surface emissivity increases,
fin spacing is seen to have a greater influence on temper-
ature distribution. Physically, this effect is attributable
to increased absorption of base radiation by the fin. As
spacing increases, the fin can see larger areas of the base,
and hence, absorbs more of the radiation from the base. The
overall temperature drob along the fin becomes less as
spacing increases; since as radiation energy input increases,
the conduction of energy along the fin must decrease.

Because of the much larger shape factor between the
base and the inverse parabolic fin, a greater influence of

fin spacing is observed. It is interesting to note that for
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Figure 6. Dimensionless temperature distribution in a
parabolic fin.
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Figure 6 (continued)
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high values of S, NR' and ¢ the temperature gradient
actually reverses near the two-thirds point on the fin.
This indicates that the tip region is heated by radiation
from the base at a rate faster than it is cooled by reemis-
sion to the gas, and thus heat is conducted in the negative
direction along the fin to a region where the cooling rate
is higher.

Two types of heat transfer phenomena, conduction and
radiation, occur in the radiation fin. The radiation number,
Ne» being a ratio of radiation to conduction effects, is a
measure of the dominating mode of heat transfer. For Np
approaching zero, the heat transfer process becomes radia-
tion limited since the fin can conduct more heat internally
along the fin than can be radiated away. Conversely for
N, greater than one, the process becomes conduction limited.
These limits are clearly demonstrated by Figures 6, 7, and 8
whére temperature distributions for low NR are not appre-
ciably affected by either surface emissivity or fin spacing;
while for large NR’ a strong influence on temperature
distribution is exerted by both surface emissivity and fin

spacing.
II. FIN EFFICIENCY

So that the performance of arrays of different fin
configurations might be studied and compared, it becomes

necessary to define certain fin performance parameters.
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One such parameter is the fin efficiency, n, defined
as the ratio of the combined convective and radiative heat
transfer from a single fin to the hypothetical combined
convective and radiative heat transfer from a fin of similar
geometry with black surfaces and with infinite thermal
conductivity. Expressed in terms of the dimensionless

variables, the fin efficiency becomes

1 2
le(X)

{Qpy (X) + NLI1 - 6, (X)]) %.+-[-a§_- ax

/

3
]

(¢}

1 ‘[ ay
+Jr {an(X) + N1 - 6,(X)1} P+ —I—
o

+ ¥ (X) = ¥, () 1{Qp* + N,[1 - 6(1)]}

1 . \/ ay, (x))?
. NR[l - (To/Tgm) + Nc] 1 + —%—
(o]
~1
J dyz(x) 2
+ \1 + T— dX (35)

7

Fin efficiencies are calculated for each fin config-
uration and presented in Figures 9, 10, and 11 for selected

values of S, NR, and €. The fin efficiency is seen to vary

44



n

Fin Efficiency,

0.

.2

.1

€ Symbol N¢ = 0.0
0. L X N ___ ] Tgm

—— — = 0.0
0. T, 0

AEDC.TR-69.88

Figure 9.

Parabolic fin

efficiency.

w



AEDC.TR-69-88

€ Symbol NC = 0.0
0.2 Tg°° C oo
0.3~ 0.5 =—=——-— T, - O
0.8 -——— e G
NR = 0.1
a—
/.

/ ——
_——‘_
-

|
\

Fin Efficiency, 1

0 1 I | 1
0 1 2 3 4
s

Figure 10. Triangular fin efficiency.



n

Fin Efficiency,

AEDC-TR-69.88

€ Symbol Ne = 0.0
0.2 Tg°° - 0.0
0'3 _ 0.5 —— . e T To
0.8 arne—— ¢ ca———
.’
/./
0.1 ’//”
—— G
”—_——
2 -
0.2 | _
Np = 0.5
.-’_.—
.-—"'. ‘j{
’—--— —
_—-—- \L—-—_—-
0.1 = S
’ J ams G SIS GIED (N GEND CIUED Su—
—
0 | 1 | |
0 1 2 3 4
S
Figure ll. Inverse parabolic fin efficiency.

41



AEDC.TR-69-88

directly with surface emissivity, inversely with NR' and to
increase with S, asymptotically approaching some maximum and
limiting value. The limiting value corresponds to the
efficiency of a single fin situated on a base of infinite
dimensions, and free of interactions with adjacent fins.

Limiting values of fin efficiency occur at a spacing
of about 2.0 for a NR of 5.0, and at a spacing of about 4.0
for a Ny of 0.1. An explanation for the maximum and limit-
ing values of fin efficiency is found by considering that as
spacing increases, the fins interact less with adjacent fins
and more with the warmer base region. Increased inter-
actions with the base cause the overall fin temperature to
rise because of higher rates of radiation energy input from
the base. Further spacing cannot influence the fin tempera-
ture once the point is reached where adjacent fins no longer
interact, since the fin is now fully interacting with the
base. At this point, the fin has a maximum temperature and
is emitting energy at the highest possible rate and, hence,
has the highest possible efficiency.

Fin efficiency can lead to serious misinterpretation
of fin performance since it assumes that all energy leaving
the fin also leaves the enclosure formed by the adjacent
fins and the base. When interactions are present, this
assumption is false and can lead to contradicting conclu-

sions regarding optimum fin configurations.

A more valid parameter for measuring the performance

48



AEDC-TR-69.88

of arrays of longitudinal fins is the apparent emittance.
III. APPARENT EMITTANCE

A measure of the performance of a fin cluster is the
apparent emittance, €,+ Apparent emittance is defined as
the ratio of the actual rate of radiation energy efflux from
the mouth of the cavity between two adjacent fins, to the
rate of radiation energy efflux from a black surface at the
uniform temperature condition of the wall, Tyt and having an
area equal to that of the mouth of the cavity. Expressed in
terms of the dimensionless variables, the apparent emittance

becomes:

\/ 4y, (X) 2
2T || (%™ Ve

(o]
N
av, (x) 2
dX X + QR—BasedABase

+ QRZ(X) \L +
Base
].-l

4
c 91 - @g/m)h s - @) - vy

(36)

Apparent emittances were calculated for each fin
configuration and presented in Figures 12, 13, and 14 for
selected values of S, NR, and €.

As would be expected, the apparent emittance, Ep v is
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Figure 12. The apparent emittance of a parabolic fin
cluster.
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Figure 13. The apparent emittance of a triangular fin
cluster.
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strongly influenced by surface emissivity. Higher values of
surface emissivity are seen to generally yield the highest
value of apparent emittance for any particular value of S
and NR' However, a reversal of the cavity effect, i.e.,

Ep > € for high emissivities, also noted by Reference (13)
for rectangular fins, exists for the fin configurations
investigated in this study. For € = 0.2, €a is generally
greater than 0.2. However, as € increases to 0.5 and 0.8,
€pr in most cases, becomes less than €. The explanation for
this trend lies in the fact that for low values of e, the
base radiation is reflected from the fins and augments the
radiation to the external environment, while for high values
of e, the base radiation is absorbed by the fin surfaces and
is reemitted at a lower temperature resulting from the
conduction loss along the fin, thus, limiting the base
contribution to the overall heat transfer rate.

The influence of N_ upon €p for a fixed value of fin

R
spacing is also apparent in Figures 12, 13, and 14. The
apparent emittance is seen to decrease as NR increases
because either the amount of base radiation absorbed by the
fins becomes'increasingly larger or internal conduction
along the fin is decreased.

A comparison of e, for the various fin configurations

A
is presented in Figure 15. Curves of €, are presented for
NR values of 0.1 and 5.0, and for ¢ values of 0.2, 0.5, and

0.8. Data from Reference (13), for a rectangular fin of
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equal non-dimensional volume per unit length and fin depth,
are presented for comparison purposes. Surprisingly little
difference is observed between the parabolic, triangular,
and inverse paraﬁolic profiles. The rectangular fin is seen

to have the highest value of ¢, for any selected set of S,

A
L and €. The data from Reference (13) for the rectangular
fin have not been verified using the computer program

developed for this study.
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CHAPTER VI
CONCLUSIONS

The application, by Reference (13), of an iterative
technique to the B. G. Galerkin method of treating the
defining integro-differential equation constitutes a highly
successful approach to the solution of this class of
problems. The current extension of the method to include
fins of arbitrary profile was equally successful.

Application of the method of solution shows that
radiative interactions can strongly influence the temperature
distribution and heat transfer characteristics of clusters
of longitudinal fins.

Analysis of results indicates that only under certain
circumstances can fins enhance the radiation heat transfer
from the base region. For € 2 0.8 no advantage can be
gained by using fins. Similarly, for € = 0.5 and NR 2 0.5
no advantages accrue from using fins, however, for NR = 0.1
an improvement in heat transfer characteristics occur when
fins are used. 1In the case of surfaces with € < 0.2, fins
will improve the heat transfer from the base region for all
values of NR < 1.0.

When conditions indicate that fins will improve the
heat transfer from the base region, investigation reveals

that for maximum benefit the fin spacing should be as close
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as possible. This conclusion contradicts the conclusion one
might draw from inspection of the fin efficiency curves,
thus, illustrating why fin efficiency is not a valid
parameter for fin comparisons when radiative interactions
are present.

The rectangular fin profile examined by Reference (13)
appears to be superior to either the parabolic, triangular
of the inverse parabolic profile when compared on the basis

of equal volume per unit non-dimensional depth of fin.
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APPENDIX A

NON-DIMENSIONALIZATION OF THE BASIC

DIFFERENTIAL EQUATION

Frequently it becomes advantageous to express the
solution of a differential equation in dimensionless form.
There are at least two reasons for non-dimensionalizing an
analysis as enumerated:

l. A study conducted under a particular set of
parametric conditions can be generalized to apply
to many sets of parameters by non-dimensionalizing
the solution.

2. The effects on the solution of particular
parametric groups can be isolated and more easily
studied if the system is non-dimensionalized.

Equations 2 and 3, representing the dimensional
differential equation and its associated boundary conditions
respectively, are rewritten from the text and presented as

Equations A-1 and A-2

dY (x) ay., (x)
R(x) ¥ (%) - ¥, (0] ddﬂ @(x,[ - ]
X

ay, (x)
+ 1Y () - ¥, (0] dg,“"’} dfx) [h (x)\[l + —]
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J {dyz(x)‘2~ i~ \[ [dyl(x)‘z
+ hz(x) 1+ t?ﬁ?_—ﬂ JT(x) =-w?l(x) 1 +L—3§_—7
_ \/ ay, (x)? -
Tg, (x) + h,(x) 1 + —ax | T9,(x)
J ay, (x)} J ay, (x) ]2
+ qu(x) 1l + - * qu(x) 1 +L-_dx (A-1)
X = 0 when ,T(x) = T(o) = To
_ 4aT (L) _ %* * _ _
K(L) dx -9 *t h™ [T (L) Tg (L) ] (A-2)
The dimensional variables of Equation A-l are non-
dimensionalized by introducing the following set of
dimensionless variables:
Y. (x) Y, (x)
_ X _ 1 _ 2
X =F Yl(X) = YZ(X) = =
- h, (x) - h, (x)
K (x) 1 2
K(X) = h, (X) = h_(x) =
K, 1 hc 2 h,
T(x) - T, Tgl(x) - T,
e(X) = T p— 6 l(x) = T - T
g= " "o g g» ~ o
fgz(X) - T, * _n*w)
geo o c
0 dgy L 0 dgp
RL ~ K (T =T ) R2 ~ K (T =T (a~3)
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Performing some initial manipulation of variables in

the differential terms gives the following results:

T(X) = (Tg, = Ty) 6(X) + T

00

d[('rg - T,) 8(X) + TO]

dT (x)
dx

dx
dx

AaAX

but

dT(x) _ ‘‘ge = ‘o de (x)
dx L dax

(T _ - T)
g o’ 46 (x) -
a%r(x) _ d[ T X ] ax _ Tge = To) a2 (x

ax* ax dx 1.2 dax?

Substitution of the non-dimensionalized differential
terms together with the terms of Equation A-3 into Equation
A-1 yields:

RK(X)K_[Yy (x) - Y (X)]L
c1l 2 L2 dX2
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dy, (X)  dv, (X) =
+ {(X)[ - gx ]+ L[Yl(X) - YZ(X)] d_ﬁ.’;—‘}

L d

V2

- T) ay, (X)
gw o dB(X) _ = 1
- ne [y 0 b [

+

-’

- J de (X) = -
hy(x) 1+ |—2 ETg" - T )8(X) + T,
y2
le(X)

by b o [ (50 500 + 2,

- V ay, (x) 2
+ hh,y(x) |1 + {(Tgw - T8, (X) + -ro}]

_ Qpy (IR (T, - ‘/1 . [dY (x)]
L
Qpg (KK, (T, - V o)
- T 1+ (A-4)

Factoring out the constant terms that were introduced
in the non-dimensionalization process gives the following
equation:

K (T - T)) dze(X)

c g [} [%(x)[yl(x) - Yz(X)] -d 5
X

L

v ko

N

dX dXx dx dx

J

ay. (x) 4y, (X)
1 _ 2 } + [Yl(x) - Yz(x)]dK(X) (da (X)]
J
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_ J ay, (X) 2
- b (Tge __To)[hl(x) L+ |l

\/ av, (x)) 2 3 J
1+ ax ]G(X) = c[hl(X) l +

/

+ 52 (X)
_ \/ @y, (X)) 2]
*hy @) Y1+ | g [Ty = ho(Tge = Ty)

ay, (x) 2

dx

2

2 , dy, (X)
= 1l + [ 2
8g, (X} + h,(X) —dx

o J le (X)
E‘l X) 11+ |—3x

- ay, (x) 2
y egz(x;_] - th‘l‘X) 1+ |\—3x—

2
ay. (X) K (T - T )
= 2 c o o
+ b, (x) \/1 + [_dT{_ ]To - T

L
ay, (x))? \/ 2
QRl 1 + _dX_ + QR2 l + (A‘S)

Next by dividing Equation A-5 through by the factored

de(X)
dX

constant group Kc(T - To)/L, the following transformed

g&
equation is derived:

2 dy. (X) day., (X)
= d“e (X) = 1 2 |
K(X) [Y1 (x) - Y, (X)] =, + {K(x)[ T - —=x%

+ 1Y) (X) = ¥, (x)] dg}g’”} d8{x)
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Lhc _ ay, (x) ‘< av,, (x) 2

h L ’dyl (X)
x| x| P9 X

]

2
ay. (x)
Jl + |—2

J av, (x) 2
Q2 11 * |—3x

Equation A-6 is the non-dimensional form of the

ay, (x) 2
Bg (X + 0y Y+ |

’

+

(A-6)

general differential equation and is written in the text as
Equation 15.

The first boundary condition is non-dimensionalized
by a simple substitution of the dimensionless variables into
Equation A-2, Equation A-7 is the non-dimensional expres-

sion for the first boundary .condition.
At X =10,0(0) = m——n2=2——72 =0 (a-7)

Upon substitution of the dimensionless variables into
the second boundary condition, the following relationship

is produced:

dL(T. - T.)e(l) + T] R (T -7 )
- 00 (o) O dx_ C
- K1)k, —2 ax ax = T Q0
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‘g ]
+ h_h (1)[{<Tg - T, )e(l) + To}

- {('1'goo - To)eg(l) + T}

- - de(l) _ “c'"gw )
I Tge = To) —ax = T Qr

—* - --
+ h_h (1)[(Tg°° T.) (8(1) Bg(l))]

o

h_h* (1)L h A* (1)L -
TS 0(1) = S 8,(1) -
(1)K Rk, 9 R(1)

Now by letting B* = hch*(l)L/K(l)Kc, the second

boundary condition takes on its final dimensionless form:

*
QR

K(1)

de (1)
ax

+ B*8 (1) = e*ég(1> - (A-8)

Equations A-7 and A-8 are represented as Equation 15

in the text.
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APPENDIX B

BOUNDARY CONDITION CHECK OF ASSUMED

GALERKIN FUNCTIONS

It is demonstrated, in the text, how the assumed form
of the B. G. Galerkin functions are applied in obtaining a
solution of the differential equation. It remains to show
that the assumed form of the solution does satisfy the
boundary c;nditions.

The assumed solution and the boundary condit;ons are
rewritten from the text and stated here as Equations B-1 and
B-2 respectively.

Assumed Solution:
n -
Boundary Conditions:

l. Y(0) =0atXx =20

| 2 Apl) 4 g*y(1) = 0 at X = 1 : (B-2)

The assumed form of the Galerkin functions is repeated

here in Equation B-3.
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6, (X) = (x - y*) x?

Y* = (3 +8%) / (2 + 8%

0, (X) = (1 - x)? xi71 (B-3)

Substitution of the assumed solution into the first

boundary condition gives:

n
Vi) =ajt0-v") @2+ ] a,a-02 @it
i=2 (B-4)

Next, substitution of the assumed solution into the

. second boundary condition gives:

n
afa 6, (1) + 3 a e (1)
ay (1) " R jap 171 ]
SR U S

n
+ 8% [a; ¢ (1) + 12 W]
i=

a [3(1)2 - 2(1)y")

n : (-1 .
+_22 a, [(i+ M- 213+ 1 -1y)iy
i=

n : s .
+ *{a (1) - (1) 2y#] +Da H™™ -2t + i
i=

a1[3 - 2v% +B*[al(l - y*)]
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+ B* _ (3_+ B*
313‘2[2——:?#] tBY a1 [W]
a
=-‘2—+—B*-T[6+3B*-6-28*+B*(2+B*-3-B*)]=0
(B-5)
Thus it is shown how the assumed form of the Galerkin

functions satisfy the boundary conditions.
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APPENDIX C

COMPUTER PROGRAM LISTING

c GENERAL SOLUTION FOR RADIATION CONVECTION FIN

IMPLICIT REAL*R{A=~H,0-1}

NIMENSION 2(30,30),2r{30),ZH2130),COLUMN(30),54(30).CHI{60,601).,
LCAPLAM(60,+60) 4QUENDT (500, OLAST(50).CAPPSI(30),
2NTFF(50)4EX(30),THETA(30),A{30),ZH1(30),SHAPE(60,60),TRAT(30]),
3ITEMPAV (50)

DIMENSION F2X(51)+F1XI51)4FOXI51)+GXI51)

SORT(O)=DSORT Q)

ABRS(0Y=DARSIO)

YIX(X)= 3%(],~-X)s&2

¥Y2X(X)==g3% (], ,=X)%%2

DYLDX(X)==o6%(1l.=X)

NY2D0X{X)= .6%(].=X)

Hlxtl l=l.+l-x

H2X(X)=l.+X=X

SYLIDX1)=1.+{DX1%DX1)

SY2Z2(NX2)=1,+{DX2%DX2)

F2X1(Y1l,Y2)=AKX%{Y1=Y2)*AR

F1X1(Y1sY2,DX14D0X2)=(DKOX*(Y1=Y2)+AKX*({DX1~DX2))*AR

FOX1(H19H24+S1+52)=B%{ (HL1*{S1**0,5) )+ (H2*(S2*%0,5)) ) *AR

GX1{H1 gH2+451+52)=B*((H1*TGIX*{S51%0.5)} )+(H2*TG2X*{S2**%0.5)) )*AR

EPS2({X)=EFIN+X=X

EPSL{X)=EFIN+X~X

A=0.0

WRITE(&,+1110)

1110 FORMAT{* INVERSE PARABOLIC FIN WITH SLOPE INCLUDED,*)

WRITE(6,1120)

1120 FORMAT(®* UNIFORM FILM COEFFICIENT oHL1X3H2X=1,0 *)
c DEFINE FIN FUNCTIONS

AR=0.04/3,

AKX=1.

AKO=AKX

AKC=AKO

DKDX=0.

T61X=1.

T62%=1.

(4 EVALUATION OF FIN FUNCTEIONS AT X=0.

X=,00000001

DAD=Y1X{X)=Y2X(X)

FZX(1)sFZX1{YIX(X)eY2X(X))%0s5
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FIXE1)=FIXRAYLIXIX) o Y2X{X)oDYLDX (X} DY2DX(X))%0,5
FOX{L)Y=FOX1{HLX{X)oH2X{X)oSYLINYLOXIX) )4 SY2(DY2DX(X)})50,.5
GX{L)=GX1 (HIX{X)oH2XIX)+SYL(DYLDX(X)),SY2(DY2DX{X)}))}%0,5
END X=0,

EVALUATION OF FIN FUNCTIONS AT Xx=1,

EVALUATINN OF TIP PARAMETERS

X=,99999999

DAS=Y1IXIX)=Y2X({X)

HS=0.5%{HIXIX)+H2X (X))

BS={HS/AKX)%B

TGS=0 S*{TGIX+TG2X)

GMS=(3,+BS)/(2,.+BS)

F2X{51)=F2X1IYLX(X),Y2X(X))%*0,5
FIX(S1)=FIXI{YLIX{X)eY2X{X)oDYLDX(X)eDY20X(X))%0,5
FOX{S51)3FOXLIHLXI{X)+H2XIX)»SYLIDYLOX{X)}),SY2{DY2DX{X)})®0,.5
GX{51)=GXL{HLX(X)sH2X{X)¢SYLLDYIDX{X))4SYZ{DY2DX(X)))%*,5
END X=1,.

END DEFINITION OF TIP PARAMETERS

SX==-1.

DD 1030 Ix=2,50

S$X==5X

AX=1o+0.58(1.+5X)

XI=1X=1

X=0,02%X1

F2XIIX)=FZXL{YLX{X)IY2X{X))®AX
CSIXIIX)=FIX1EVIXIX)oY2XIX)oeDYLIDX(X),NDY20X(X))%AX
FOXUIX)=FOXLIHLIX{X)yH2X(X)ySYLINYIDX{X)),SY2({DY2DX{X}))=AX
GX{IXISGXLIHLX{XD pH2X{X) o+ SYLIDYIDX(X))sSY2{DY2DX{X}))*AX
CONT INUE

END FUNCTTON STORAGE

MAXIMUM MATRIX DIMENSIONS, NC=20, ND=21

START LOOP FOR EVALUATION OF MATRIX FLFMENTS

NR=1

NC=20

ND=NR+NC

$i211=0.

STiil=0,

$1011=0.

5401=n.

SJl1l=0.

$J21=0,

SSHF=0.

SJS1=0,
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1031

START NUMFRICAL INTEGRATICNM FOR (1,1) AND (1,nND)
NO10311X=1,51

XI=[X-1

X=0,02%x}

Pl1X=X®%XkX=(MS %X 2X
TI2ZL1=(F2X(IX))%(6,%X=2  XkGMS)I*PILX
TIL1l2{FLIXLIX) DML 3 X2 JHGMSEX I RPLLX
TIOLL=(FOX(IX))R({XUXRX=GMSEX%RX) 2P ] 1X
TJOLI=(FOXLTIX) ) X®X=X)2P11X
TJII=(FIX(IX)I%(2,%X=]1,)%P11X
TJ21=(F2X{IX))%P]11X

TJSI=(GXIIX))»P11X

TSHE=GX(IX)

$1211=S51211+T1211

SE111=ST111+TI111

SEO11=S1011+TI011

SJ01=SJ01+TJ01

SJ11=SJ11+TJ11

$J21=5J21+TJ21

$SJS1=SJS1+TJS1

SSHF=SSHF+TSHF

CONT INUE

END INTEGRATION FDR {1,1) AND {14+ND)
Zi1,1)=ST211+ST111-S1011
ZH{1)=RS«TGS%({SJ01=5J11=-2.%5J21)=5J51
ZHL({1)= (SJO1 ~ SJll= 2.% §J21 )
SHF=2SSHF

DOS000 I=24NC

11=1

S1211=0.

S1ll1=0,

SI011=0.

START NUMERICAL INTEGRATION FOR (1,1}
N01032 IX=1,51

AT=1X~1

X=0,02%X[

PlIXeX=GMS

TI2LI=F2XUIX) I {{(2]=1.)3{21=2 )% (X% {T=1)))=({2. &2 )% (2 =1, )% (X
PRI e L {ZT 41 ( 71D (X% (J41))))IRPLIX
TELLI=(FLXUIX) D R{( (2=l ) (XtR]))={ {2 . 22 )% (Xex{[+1)) )4+ (ZI+1 )%
1Xx([+2))))%PLIX

TIOLI=(FOXUIX)I )& { (Xae{I+1))=(2, % ( X2k J+2) })+(X2%{[+3)))%PLIX
S1211=S1211+T1211
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ST111=ST111+T1111
STOLI=SIN1V+TIO1!]
1032 CONTINLE
[ END INTFGRATION FOR (1.]1)
Z(1.73=51211+51111=-S1011
5000 CONTINUE
NOLOIN K=7,NMC
7K =K,
S12X1=0.
S1iKl=0,
S10K1=0,
§J0'<=0.
SJ1K=0,
SJ2K=0,.
SJSK=0,
C START NUMERICAL INTEGRATION FMNR {(Ke1) AND {K.ND)
NN1033 IX=1,51
XI=[X=~-1
X=D.02%X]1
PKLX= {X*u{K=1))=(2, %[ XERK) )+ {Xx%(K+]1) )
TI2K1=(F2X{IX) I% (6 ,%X=2 ., 2GMS ) *PK1X
TILKIS(FIX(IX))R( 3 RX%EX~2,%GMSEX)EPK]X
TIOK1={FOXTIX) I {X*x%3-GMSEXXX)EPKLX
TIOK={(FOX{IX) ) R{XXX~X)HPKL1X
TIK=(FIX{IX) )% (2,%X=],)%PK1X
TJI2K={F2X(IX))#PK]1 X
TISK=(GXITIX)I%PK1X
SI2K1=SI2K1+T12K}
STIK1=ST1K1+TI1K1
SIOK1=ST10K1+T10K1
SJOK=SJOK+TJI0K
SJIK=SJ1K+TJ1K
SJ2K=S5J2K+TJ2K
SJSK=SJSK+TJSK
1033 CONTINUE
c END INTEGRATION FOR (Kel) AND (K4ND)
2IKy1)=SI2K1+ST1K1=SI0OK1
ZH{K)=BS#TGS*{ SJOK~SJ1K=2,%5J2K)=5JSK
ZH1(K) ={SJOK=SJ1K=2,.%5J2K}
5010 CONTINUE
NOS5020 K=2.NC
K=K
NN5030 1=2,NC
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21=1
St2K1=0,
SIIKI=0,
SIoK1I=0,
c START NUMERICAL INTEGRATION FOR (K,I)
001034 1¥%=2,51
XluX=]
X=0,02%X1
c IX STARTS AT 2 SINCE FOR [X=l X=0 AND THUS PKIX=0
PKIX= ((le=X)®{lo=X)AXeR(I4K=4)))
TIZKI=(F2X(IXVI*{{(2L=1e)8 (202,00 =( (22T )% (Z]=1,)0X)+{(Z]+]1.)%2]
1X%¥X) ) *PK X
TILKI=(FLIX(IX) )R (Z =1 )=(2,821%X)+{{Z1¢]1, }EXSX))RXRPK]X
TIOKT=(FOX(IXDIR{] .=X)% (], =X)0X®X2PK]X
SI2KI=ST2K1+T12K]
SIIKI=S11KI+T11K!
SIOKI=SIOKI+T1OK]
1034 CONTINUE
ENO INTEGRATION FOR (K.I1)
ZIKy1)=aSI2K1+ST1IKI=SIOK]
5030 CONTINUE
5020 CONTINUE
c END EVALUATION OF MATRIX ELEMENTS
CHSRARRREERRRBRRABEaB R RxxR ke kERkGici bk Ry gk
00 a0 o e e e ol o ae a2 o ae o o ad o e e e o o ade o o e G o o oo o ok ol oo o e ok ool ol ok
C THE FOLLOWING ARE CERTAIN INDEXING CONSTANTS AND SOME INITIAL VALUES
1=20

C 1 REPRESENTS THE NUMBER OF ELEMENTS THE FIN IS DIVIDED INTO FOR RAD,.INTEG.

K=I
C N REPRESENTS THE ORDER OF THE GALERKIN ASSUMPTION ON THE SOLUTION
N=10
C IB REPRESENTS THE NUMAER OF ELEMENTS INTO WHICH THE BASE IS DIVIDED
1R=5
12 =1+1
I3 =2%]
I4=13+]
15=13+18
[6=15+1
c IEND CORRESPONDS TO THE TOTAL ELEMENT NO.AND INCLUDES BASE
TEND=1I5
JSTOP=16
THETA{K)=0,0
OSTAR =0,0
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YRATC=0.0

EPSGAS=,9999
CRBIREEBRABBERBEREEEEHEERRTSSRAESE SRS RBER RSN
CHEREBRARRSRRRP SRR RBINER DSBS DR ABRRN B RS RED

CHEERRRERREIRRAERESEBRNRE NSRS RERESUR AR SNk sxs &
C THE FOLLOWING 1S A SEARCH FOR THE SMALLEST ELEMENT OF THE 2 MATRIX
AMIN=1.0

00 350 I1val,N
DO 350 KY=s1,N
AA=DABS(Z(1Y,KY))=DABS(AMIN)
1F (AA) 351,351,350
351 AMIN=DABS (Z(IY,KY))
350 CONT INUE
€ ¥este e oo s e i s e s o o oo o ol e o o ol o o a0 o3 e a o o ek ol e o ek e e
CEmkm ek kgl L EEFEERNnxgR
C THE FOLLOWING IS A NORMALIZATION OF THE Z MATRIX BY DIVISION BY THE MIN ELEM,
C THE MINIMUM ELEMENT IS CALLED AMIN
DO 180 Nl=1,N
DO 180 N2=1,N
Z(N14N2) =2(N1,N2)/ANIN
180 CONT INUE
. Baxpap 20x 00 3 05 a0 20 afe 20 e 2 s X ot o s el ot o o
C CALLING THE REVISED DOUBLE PRECISION INVERSION ROUTINE#VERTOR®
CALL VERTDR (N,3042,I1CHECK)
G st e ot ol ofe e s o o oo e o oo ot o 0 ool ot o Rt e e o o e ol o ot S
D0 181 N3=1,N
DO 181 Né=1,N
ZIN3,N6)=Z (N3,N&)/AMIN
181 CONTINUE
Ctl*t.**t.#t‘#t#t***“#*ﬁitt#*t*ttt*'**‘ttt#
IF (ICHECK +1) 133,134,133
134 WRITE (6,610)
610 FORMAT(® Z(K,1) MATRIX IS SINGULAR = SORRY AROUT THAT CHIEF')
133 CONTINUE
C eus L2 )] SRR BEEEERRSR B R e EhRg
Cote e ae st o s e e a0 et e ot e oo e oo o0 o oo a0 o o o o o e o o e ok sl s o o
G 0 e s o o e ol ol o o b ol s s e o o o o o oo ey o o e o o o o e ok e e
EFIN=,.2
C INSERT DO HERE FOR PERMUTATION ON FIN EMISSIVITY
BASE=1,
C INSERT DD HERE FOR PERMUTATION ON FIN SPACING
C BASE IS THE NONDIMENSIONAL FIN PITCH
C ALONG IS THE RATIO OF NON-DIM.FIN LENGTHIN SUBROUTINE FACTOR TO THF NON-
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C DIMENSTOMAL FIN LENGTH InM THE MAIn PRNGRAM,
ALONG=1./(BASF=,4)
C BASE]l IS THFE RASE WINTH OF THE UPPER FIN SURFACE,
BASEl= .3%AL0ONG
C BASE2 IS THF RASF WIDTH NF THE LOWER FIN SURFKFACF,
BASE2= ,3%ALONG
C*‘.*‘********t#-#t#t*####*#H*###***#*##t#t*
C*#t**l*#**t#*#**##t*#*I#t#***#***#****##*t**##**#**##*
C*l*#***'*l####**#*’##**#**#t****#**#***t**# Fexcde ol doloklox ~
C THE FOLLOWING SECTION TAKES THE SHAPE FACTOR MATRIX 'SHAPE' FROM
C SUBRNUTINE FACTOR AND COMPUTES THF *CHI® MATRIX
CALL FACTOR (SHAPE ,1,1B,sRASF1,BASE2,ALONG)
C CALCULATION OF THE 'CHI® MATRIX ELEMENTS FOLLOWS
DD 171 JL=1,16
ND 140 IL=1,1
Ci=]
CIL=IL
EPSIl= EPS1{(2.,%CIL=1.0%{1./(2.%C1)))
IF {IL=JL) 161,162,161
161 CHI( IL.JL)= {={1.-EPSI1)/EPSIL)% SHAPE({IL.JL)
GO TO 160
162 CHI(IL,yJL) = {(1e={{1.=EPSIL)I*SHAPE(IL,JL))}/EPSI]
160 CONTINUE -
DO 163 [L=12,13
EPSI2= EPS2(({2.%{CIL-CI}=1.)%(2e/(2.4C1)))
IF (IL=JL) 164,165,164
164 CHI(IL,JL) = {=(1.=EPS12)/EPSI2}%SHAPE(IL,Jt)
GO TD 163
165 CHIIL.JL) =lle=({1e=EPSI2)=SHAPE(ILwJL)) ) /EPS]2
163 CONTINUE
DO 166 IL= 14,15

EPS3=EFIN
EPS13= EPS3
IF (IL=JL) 167,168,167
167 CHI(ILJL) = (~{1.=-EPSI3)/EPSI3)*SHAPE(IL,JL)
G0 TO 166

168 CHI{ILoJL) = (1.~((1.~EPSI3)n SHAPE(ILsJL)})})/EPSI3
166 CONTINUE

I (16=JL) 169,170,169
169 CHIlI64JL) = [=(1,—-EPSGAS)/EPSGAS)* SHAPE(16,JL)

GO TO 171
170 CHI(I6,JL) = (1o=((1.~EPSGAS)ASHAPE(16,JL)) ) /EPSGAS
171 CONTINUE
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C CALLING SUHRRAPTINF VFRID
CALL VERTN ([he&N4CHI ¢ JLHRCK)
IF (JOCHECK+1) 177241/34172
173 WRTIF{AyATIM)
63N FORWAT (v THE CH] MATRIX IS SINGULAR, THE PRUOGRAM WILL CIINTINUE')
172 CONTINUR
(C 2 e 5 o 3 900 3 o 0o o o o o o o ok ol 0 00 0 o0 o a0 o o oo o o o o o o o e o e
(0 20 o e o 2 o e e o o e o o 0 o o el Xk 2 oo o e 2 3 e e e Ko o sl e e o e e e o
€ EVALUATINN OF THF CAP LAMDA FUNCTINNS USING THF CHI MATRIX
DO 100 M=1.4STOP
C THE SUBSCRIPT M IS SOUIVALENT TO THF SURSCRIPT I IN THE ANALYSIS
CM=M
IF(h=T) 103,103,101
101 TFIM=T3) 104,104,102
102 TF(M=35) 105,105,106
103 EPS = EPS1({CM=,5)/CI)
GO TN 107
104 EPS = EPS?2{{ICM=CI)=.5)/C])
GO TN 107
105 EPS = FPS3
GO TD 107
106 FPS = FPSGAS
107 EPSCHIN = EPS/(1.-EPS)
DN 100 MM=],JSTOP
c THE SUBSCRIPT MM IS EQUIVALENT TO THE SUBSCRIPT K IN THE ANALYSIS
CN=MM
IF {(M-MM) 1008,109,100R
1008 CAPLAM(M,MM)= EPSCON % (=CHI{(M,MM)})
N TO 100
109 CAPLAM{M,MM)= EPSCON % (le=CHI{M,MM))
100 CONT INUE
(0o 0 e e 2 e o e 00 o ot o e o e o ot o o ot e o e o e ko e o K K R0
C INSERT NN HERE FOR PERMUTATION ON RADIATION NUMBER (RN).

RN==5,
C 280 e o e o a0 3 o ae s ac o o s ade a5 e a0 o o e e e ol i o ok ek e o3 e o o o e o e e ot e e e R o
ICGINT = O

CHRenubrka kb ke SR e R R R eRERRRRRFERERRRESEEd R hiokddE
NO 10A M=1,JSTOP
QUEDNT(M)=0.0
TEMPAV(M)=0.0
108 CONTINUE
Codmmppide ok xmnbhm g de ok e g ook &R @A %
GN TO 150
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2000 CONTINUE

N 1001 M=1,J8TNP

SUM=00

N} 1101 MMz 1,1

SUM=SUIMECAPLAM(My M) % ( (14 ( (TRATC)=1,0)&THETA(MM) Ju4)

1101 CONTINUE
DO 1102 MM= [2,]13
SUM=SUMSCAPLAM{MyMM) %[ (1o+LITRATC)I=1,0)%THETA{ MM=T } k4 )
1102 CONTINUE
DN 1103 MM=14,15
SUM=SUMSCAPLAM{ My MM)
1103 CONTINJE

SUM=SIUM+CAPLAM(IM, 16)%{ TRATCH%4)

OUEDOT IM)Y= RN%XSUM

DIFF(M)= OUEDRDT{M)= QLAST(M)

1001 CONTINUE
C PROGRAM LOGIC FOR CHECKING ON CONVERGENCE OF ITERATIVE METHOD FOLLOWS
ILODK =0
151 ILOOK = [LOOK + ]
IF (TLODK = 13) 152,152,1540
152 IF(DABS(DIFF(TLOOK))-DABS(QUEDOT{ILOOK}*,001)}151,151,153
153 CONTINUE

OSTAR =RN* { (EPSL{1.)+EPS2(1.))/2.3% ({(THETAIK)* (TRATC=1.0)
1+1.)%%4)=~(TRATC)2%4)

(G 2%e 0 e e e 3 2 24 s 2 e e a2 o a o ok 2 a0 e Qe 3 o e 06 e 2k 4w 3 e af o ade e o ol o o e e
150 CONTINUE

a3 3 e e s o e 2ol o o 9l o o a4 ol o o o o 3 e o o o o e o e

c NUMERICAL INTEGRATION TN EVALUATE ZH2(1l)

CONST = (1.,/C1)/3,

YIN=({QUEDUT{ 1) =(RUEDOT (1=1)=QUEDOTL{I))/2. )% (1. +DYLDX (1, )®%2 ) %%
1.5)+{OUEDOTII3)+(QUEDOTII3)=QUEDOTII3=1))/2.)%({ 1., +(DY20X({ 1, }%52}
2)%%k,5))%(],-GMS)

EVEN=0.0

nHNd=0.0

ISTOP = 1~2

NC=N

DO 120 KK =2,15T0P,2

CKK=KK .

FVEN = EVEN+ (((QUEDDT(KK)+QUEDOT(KK+1))/2.)%({1l.+ DYLOX{CKK/CI)%%
12)%%,5)+ ( (QOUENDT (KK+T ) +NQUEDOTIKK+I+11)/2,) % ((}.+ DY2DX{CKK/CI )w%
22)1E%5) 1% {{{CKK/CY)%%3,}=GMS*{ (CKK/CI)%%2))

CKKO=CKK+1.,

NOD = ODD + ({( QUEDOT (KK+1)+ QUEDOT{KK+2)}/2.)%({1,+DY1DX(CKKO/C
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LIDRu2 ) %R, )+ { (MIENGTIKK+ 1+ ) +0UFDITIKK+T+2)) /72, 12 ({ (1. +DY2DX{CKKU/C
1) HR2 )R ,5) ) { ({CKKU/CT I #%3)=GMS®( (CKKI)/CT)ex2))
120 CONTTNIE
YLI={ ({OUEDDT (L I+QUEDOT (2)) /2. )3 {{1e+DYLDX( 1o /CE ) S Y 2x 5)a({
1OUEDDT {1 +1)+NHFNOT(I+2) ) /2, 0% ({1 4+0DY2NX{L, /CT %2 e G5) )%
20 le/7CTI%%3, N GMS((1./C])%%2))
C APPLICATINON OF SIMPSONS RULE GIVES FOR ZH2(1) THE FOLLOWING
ZH2(1) = CONST #{4,%(YL1l+ DDDI+2 ., %EVEN + YIN)
C NUMERTCAL INTFGRATION TD EVALUATE ZH2(K) Kz 2N
NO 12t KEXP=2,NC
C YK{ZERN)IAN) YLK (N) = 2ERN
non=s 0,0
EVEN= 0.0
DN 122 KK= 2,1STUP.2
CKK=KK
D=CKK/C1I
CKKD=CK<+1.
DN=CKKN/C1
AKEXP = KEXP
EVEN = EVFN +({(OUEDOTIKK)+ QUEDDT{KK+1)})/2,)%({1.+ DYLIDX{D)
L2 ) %3 ,5)+ (L {OUEODT(KK+I)+ QUEDOT(KK+1+1)1)/2,)%({{1,.+D¥Y2DX(D)
2¥B2) %% 5) ) { (D ({AKEXP+14) =2, % (Do {AKEXP ) )+D%*% (AKEXP~1,)))
onD = OND +{((QUEDDT(KX+1)+ OQUEDOTIKK+2))/2,)%({1.+DYLDX{ON}%%2)
1%%,5)+ {( DUEDOT (KK+1+1) + QUEDOTIKK +142))/2,)1%({1.+DYZDX{DD)%%2
2)5%,5) )R (DDA { AKEXP+]1,) =2 % DDEHAKEXP ) +DD%% { AKEXP=1,))
122 CONTINUE
YK1={ { {QUEDOTIL)I+QUFNDT(2)) /72, )% ({1, +DYIDX(1,/CT)¥%2)a% _5)+
LEIQUEDOT{T+1)+0UEDOTII+2)) /2. )% {1 +DY2ZDX{ 1, /CI ) %2 ) %% _5) )%
. 20 (1o /7CI)RR{AKEXP+) o) =2, %{ (1o /CI)%¥RAKEXP)+{1,/CI) % {AKEXP=1,.))
(o APPLICATION OF SIMPSONS RULE GIVES FOR ZH2{K) THE FOLLOWING
TH2{KEXP)= CONST® (& ,%{YK1+DDD)+2.%EVEN)
121 CONTINUE
c EVALUATION OF THE COLUMN MATRIX ELEMENTS FOLLOWS
DO 123 KK=1,NC
COLUMN(KK)= ZH{KK) =(QSTARSZHL(KK))/AKX + ZH2(KK)
123 CONTINUE
(I3 T IR PI T T PR R Tt e Y T T T T R bl
(C %2 s a2 o e a e e e kol k4 e ok e a3 20 3 o o ok e ot e ok Kol Ao g0 e e e e
Cc EVALUATION OF THE A(H) 'S FOLLOWS
c KGO = K v 160 = 1
DO 127 KGO =1,4N
A(KGO)=0.0
D 127 IGND =1.N
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A{KGD)=A{KGOD}+COLUMN(IGO)*Z (KGD+ IGO)
127 CONTINUE
(L SR I I RS LI e LTI I I RIS R L PRIt 2ttt i P2 B DL A P et PP Ty
C oot s e oo ot e o o oo 0o e e o o o e o el ol o o o e e o o
c EVALUATION OF CAPPSI(MD) MO=1,K
CONST2 =8S%TGS - OSTAR/AKX
DO 129 M0=1,K
CKK=K
AMO=MO
EX(MD)= (2.%AMO=1.)/{2.,%CKK)
CAPSI1l = A(1I®{EX{MO)I=GMS)I*{EX(MO)I%%2,)
CAPPSI(MN)= CAPSII
00 12R MO0 =2,N
AMOD = MDO
CAPPSI(MO)= CAPPSI(MO)+ A(MOO)*(EX(MO)*%(AMOD+1,)=2,%(EX(MD)**AM0OO
1)+ EX(MO)**(AMOO~=1.))
128 CONTINUE
C ettt oot e ol e ool o o ot e e 0 o K ol R kR o el sk
C EVALUATION OF THETA (D)
THETA(MO)= CAPPSI{MO)+ CONST2 » (EX{MO)%%2-EX{MO})
TRAT(MOI=THETA(MO)=*(TRATC-1.0)+1,0
129 CONTINUE
Ceaaeoie sk ook aals e e e o e o ol il oo o ok e o AR R e
Ctn e oot 20 Rl o o A AR Aot o o e A e AR e o e e ok e e oot ok e et e o
C CHECKING FOR DIVERGENCE OF SOLUTION
00 1282 MA=1,K
IF (THETA({MA)+1)1280,1280,1281
1281 IF {THETA(MA)-2,0)1282,1282,12R3
1280 THETA(MA)==1,0
GO TD 1282
12R3 THETA{MA)=2.0
12R2 CONTINUE
Cadcimgiipiok Rk kg ma ol e Rk ek o ek Rk Rk s A d ke
Comdtopiiao daabodooe e ok ot e e ot 26 ot e e ol e e e o e e e e e
C AVERAGING THETA FOR THF NEXT ITERATION
FCOUNT=TCOLINT#1
PO 12R5 NlB=1,1
THETA(NUR)=(TEMPAV (NUB)* (FCOUNT=-1,0)+THETA(NUR) ) /FCOUNT
TEMPAV{NUR)=THETA (NUR)
1285 CONTINUE
CHASRERERRRRRERELESRRXRRERBRERE SRR HAE SR AR B REF R AR @A ke
CRmtriar e dea dr oo e e e ot ol o e 2R 0 0 o o o e e ol e e e e o o
C THE NFXT COMPUTATION SAVES THE N~TH QUEDOT ITERATION AEFORE GOIMG ON
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NO 140 10 =1,13
OLAST(10)= QUEDOT(IQ)
140 CONTINUE

CHRRddbRARER SRS RRERRBBRRABEUK AR BEARE SRR RH RGP AKXk Rk
C ICOUNT IS THE COUNTER FOR KEEPING TRACK OF THE NUMBER OF ITERATIONS PERFORMED

ICOUNT = ICOUNT + 1

IF({ICOUNT=30)2000,2000, 156
(C e e s ae s e o o o o 20 o0 oo 0 o o e oo oo s ol ook okl ot A el

1540 WRITE(6,603) TCOUNT
603 FORMAT ('1THE ITERATION CONVERGED ON THE ('12¢)TH ITERATION, RESLL

1TS FOLLOW,. ')
(€ e ot e e o o O 0 0 R e o o e oo s o ol el e e e ot ook
C CALCULATION OF THE FIN PERFDRMANCE PARAMETERS FOLLOWS,
C ORSUM REPRESENTS THE ACTUAL FIN HEAT TRANSFER BY RADIATION,

154 ORSUM = 0,0

DO 190 LA =1,1

FLA=LA

DRSUM = ORSUM +(OUEDOT(LAY/CI)%({1.+(DYLIDX({(FLA=,5)/CI))%82)%%,5)

ORSUM = ORSUM +{QUEDOT{LA+I)/CI)*{(1.+(DY20X{(FLA=,5)/CI)})#s2)%s

1.5}

190 CNNTINUE

ORSUM = QRSUM + NSTAR * (Y1X{le)=-¥Y2X{1ls))

C QCSUM REPRESENTS THE ACTUAL FIN HEAT TRANSFER BY.- CONVECTION,

OCSUM = 0,0
D0 191 LB=1,1
FLB=LB

OCSUM= QCSUM +(R/CII#ITHETA(LBY=1,)*(HIX{(FLB=,5)/CI)*((1.+(DY10X(
LIFLB=~o5)/C 1) %22 )%k 5)+ H2X((FLR=,5)/C1)%((1.+{DY2DX{ (FLB=,5)/CI))
2%%2)%%,5))

191 CONTINUE

OCSUM= QCSUM + Bx (THETA(I)=Ll.)%((HLIX(1,}+H2X{1.))/2.)%{YLX(1.)=
1Y2X(14))

C ORBASE REPRESENTS THE ACTUAL BASE HEAT TRANSFER 8Y RADIATION

QRBASE =0.0

AREAR = BASE =(Y1X(0.0)=Y2X(0.0M)

DO 192 LC=14,15

FIRB=18

DRBASE = NRBASE + QUENOTILCI* (AREAR/FIR)

192 CONTINUE
C OCRASE REPRESENTS THE ACTUAL BASE HEAT TRANSFER RY CONVECTION.
QCBASE ==Ax((H1X{0.0)}+H2X{0,0))/2.)%AREAR
C ORBID 1S THE 1DFAL RASE RADIATION HEAT TRANSFER,
QORBID=RN*{]1.-TRATC%%4)%*AREAR
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C OCRID IS THE IDFAL BASE CONVECTION HEAT TRANSFER
OCRIND = OCRASE
C NRFID IS THE TOFAL FIN RADIATION HEAT TRANSFER.
ORFIN =0,0
PO 193 LD=1,1
FLD=LD
ORFINa0RF ID+RNH (] (=TRATCH%& )% { {1, +(DYLIDX{{FLO=,5)/C1)w%2 )%, ,5)/C+
1(1.+{BY2DXT(FLD=,5)/CI) %52 )%%,5)/C])
193 CONTINUE
ORFID=0RF JU+RN¥* {1 ,~TRATCH%4 ) (Y1X (1. )=Y2X(1.))
C OCFID IS THE TNEAL FIN CONVECTIVE HEAT TRANSFER,
NCEIN=0,0
DO 1946 LF =1,1
FLE =L+
OCFID =NCFIN=BE(HLIX(({FLE=e5)/CI)*((1.+DYLIDX((FLE=,5)/Cl)%%2)%%x_5)+
LH2X{(FLE=45)/CT)*({1.+DY2DX((FLE=,5)/C1 )%%2) %% ,5))%({1./C])
194 CONTIMUE
QCFIN =QCFID=RBE{(H1X{1.)4H2X({1,2)/2.0%({Y1X(1,)=-Y2X(1,.))
ETA=(ORSUM +QCSUM)Y/(QRFID + OCFINM)
APEMIT= (DRSUM +QRBASE —QSTAR%= (YIX(1.0)=Y2X(1.0)))}/(RN%(1,+
1TRATC#*%4 ) *BASE )
FFLUX={QRSUM+ORBASE+QCSUM+QCBASE) /1 IORBID+OCRID)*{BASE/AREAR))
WRITE (6:641) ORSUM ,0CSUMsQRBASE,OCRASE,ORFID,ACFIDy QRAID,OCALIN
64l FORMAT (/7' ACTUAL FIN RADIATIVE HEAT FLUX = "E13,5,10X,' ACTUAL F
LIN CONVECTIVE HEAT FLUX = 'E13,5,/4% ACTUAL RAASE RADIATIVE HEAT FL
2U¥ = F13,5,9X," ACTUAL BASE CONVECTIVE HEAT FLUX ='El4,5,/,' IDEA
3L FIN RADIATIVE MEAT FLUX = "E13.,5,11X,! IDEAL FIN CONVECTIVE HEAT
4 FLUX = *E13,5,/+° IDEAL BASE RADIATIVE HEAT FLUX = 'F13,5,10X,
5 IDEAL BASE CONVECTIVE HEATFLUX = 'El13,5)
WRITE(6,640) ETA9APEMIT EFLUX
#40 FORMAT(®* FIN EFFICIENCY = *El13,54/+* APPARENT EMITTANCE = 'E13,5
le/¢* FFFECTIVE HEAT FLUX = *E13.5)
155 DO 13R IT=1,1
NT=1T +I
WRITE (6,604) IT +QUEDOT(IT)sITyDIFF{IT)¢NToQUEDOTINT}¢NToDIFF(NT)}
604 FORMAT (' QUEDOT('T2') = "El&4,7:4Xo*DIFF('12%) = YE14, TV&kxis QUE
IDOT(12') = SELl4.To4Xo'DIFF(*[2')= 'E14,.T) .
138 CONTINUFE
WRITE{644R) (QOUEDOT{NU) 4 NU=14,16)
48 FORMATI6E20.5)
00 139 [A= 1,N
WRITE{6,605)1A.,A(14)
605 FORMAT(' A(*[2') = *Ela,?)
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139 COANT INLE
THALF =1/2
M) 141 TT=1,1HALF
IS=IT+IKRALFKF
WHITH{A B2 IT o TA-TALIT) o IToTRATCIT) o ISeTHETALIS)oIS«TRAT(IS)
A25 FURMAT(Y THETA('12%) = 1G4, Te&Xy'TRAT(V]2Y) = PFl&, Trakkn THFTA{
1020 = VP14, 744Xy *TRAT{*IZ2') = 'F14,.7)
141 CONTINIF
WRITrFl6,778)8
T7R FNRMAT(* THE CONVECTION NUMRFR='F6,2)
WRITF{AsTTTIRN
777 FORMAT(* THF RADJATION NUMRER=%F6,2)
WRITF{6y7T9)RASE
779 FNRMAT(* THE FIN PITCH TD LENGTH RATIO IS 'F6,.2)
WRITE (&, TROJEFIN
TRO FORMAT(' FIN SURFACE EMISSEIVITY = 'F6,4)
49 CONTINUE
50 CONTINUE
51 CONTINUE
GO TN 13%
156 WRITE (A,626)
626 FORMAT (*1THE ITERATION SCHEME FAILED TO CONVERGF IN 30 ATTFMPTS A
IND HAS REEN TFRMINATED, VALUES EXISTING AT TERMINATION FOLLOW,.!')
GD T0D 154
135 STOP
e 20 e 2003t 06 a0 200 3 200 2 38 0030 e e s o 0 0o 00 e o o 2 30 00 e e o 4 a0 e e 0 e e a9 a3 ae ol o s e fe e o e o e o e o o s ol ol ot o ok ol oo o R ok

COMMENTS On SURROUTINES

320 20 o e 0 e e a3 29 e 6 0 o a3 3 o e e e e s % o e 3 o a0 e o e ol e gl a o g e ade e a2 o o oo o ale e o o o o o e ae e e o o ol o ok e o ok e o ko ok

SUBRDUTINE VERTDR IS AN AFDC TRM 360/50 LIBRARY SUBROUTINE MODIFIED TO RELAX
CERTAIN INTERNAL ACCURACY RFSTRA!NTS. VERTDR IS A DODUBLE PRECISION MATRIX
INVERSION SUBRNUT INE.

25 2 0 e ade e 20 2 e 20 a2 o a0 a0 2 a0 2 o e e a2 o o a2 e o e o oo ol oaleate e ok e e o e lk r kst o e ek e ol ok ok e ol R e Ak e oo xRk

OO #0000 O0O0O
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SURRNUTINF FACTNOR IS A DUDRLE PRFCISION SURRNHTINF FOR CALCULATIMG THE
SHAPEFACTNRS DF THE VARIOUS FILEKFENTS 1ISED In THF RANTATION ANALYSIS, FAGCTOR
IS Aw APPLICATION OF THE STRING POLYGNN METHON NF CALCIILATING SHAPEFACTNRS,
FACTNR wWAS NFVFLNAPFD RY NKe WALTER FRAST OF THe YNIVERSITY (OF TENNESSEE
SHACF InSTTITHTR AND WILL SOON BF PURLISHFD AS AN AFNC TDR,

% a0e 2k 25 2 a0e e 2 e e e e e o e ok 2 o e 2o e o k30 2k ko e o e a0k o ke e o (s 2 e ol o e i o o ot o o o 2 e e o o o o o o ik o o ke o o o e e afe ok e o e s Ao

OO ROOGOOOO O

C SURROUTINE VERTND IS AN AFDC IRM 360/50 LIBRARY SUBROUTINE FOR NOURLE
C PRECISION MATRIX INVERSION,

C
o X e a0 e o X 28 2 o x 200 4 2 3 2 9 2 390 ae o o ade 2 ade 50 e e o e e s 2 e 2 e o el e e o4 o a3 e o o 9 2 o abe ot o ot ab ko a3 G K ok o o ol o ol o oot e ek

END
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