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NATURAL. FORCED AND MIXED CONVECTION IN FIBROUS INSULATION

Ay din Komtk

ABSTRACT

A numnfir»! sulminn nf flow end temperature distribution in libio.'-. insulation hw been obtained. Rectangular

enrt cylindrical geomptiie» have hnn modeled. Boundary conditions IOCIIHIMI iwrrneabte hot «vail and convectiva heat

transfer at th* walls Good agreement has bmn obtained with published experimental and numerical value* on

rectangular cavitim. The computer) velocity and temperatura profile* gave • better understanding of flow and heat

transfer phenomena in fibrous insulation. Local cold wall and average Nusselt numbers presented provide useful

information in the design of the fibrous insulation for concrete reactor vessel and primary coolant piping of the gaj

cooled nuclear power plants. Average Nusselt number has been correlated with Rayleigh number when only natural

convection is present, and with Rayleigh and Reynolds numbers when a combination of natural and forced convection

is present.

1 - INTRODUCTION

Extensive theoretical and experimental investigations have been conducted on fibrous type
thermal insulation of nuclear reac or during the last decade'6'3'*' . These studies were concerned with
rectangular geometries of interest in the nuclear reactors. Investigation of the fibrous insulation in
cylindrical geometries however does not appear in the literature, except one experimental work .

The cylindrical geometry, among others, applies to double-pipe systems, which are widely used
to carry hot fluids under high pressure'61. The inner pipe, subject to high temperature, does not carry
the pressure load since it is either perforated or made of non-sealed pieces. The outer wall works at low
temperatures because of the temperature drop in the insulation layer and carries the pressure load. Thus,
the insulation layer is subjected to large temperature differences across its thickness and to pressure
gradients along its hot face. As a result, natural convection and forced convection permeation flows can
develop within the insulating layer. These flows can degrade its performance and create hot local spots.
Tnis report describes the develops*nt and application of a computer program to pradict the steady-state
performance of fibrous insulation enclosed between two concentric cylinders (horizontal or vertical) or
in a rectangular cavity.

Experiments'6'31 show that tht flow in fibrous insulation obeys Daroy's Law. For such
materials, classified as porous madia, the momentum equation if simplified since the pressure gradient is
• linear function of the velocity.

It is also assumed that solid and the gas have tht same local temperatures. In the present
development, except those specified above (art* .:ommun to all previous work), no other assumption it
made. Tht fluid properties un allowed to vary locally with temperature, using empirical equations to
pradict them. In particular tht local derivatives of the density on tht right hand side of tht momentum
equation art evaluated directly, rather than being converted into tem.-^reture gradients by taking the
compressibility factor Z of the gas et Z - 1. Thus, no inaccuracies are introduced when tht gas dtpartt
largely from ideal gas behaviour.



Various houiidaiy conditions ,»»! included in the rmxlel. Except for the horizontal cylinder, all
thrw geometnes considen-d include, on both the inner and the outer walls, convective boundary
conditions or specified wali temperuruies, and external flow over a perforated inner surface with its own
permeability. The la<t boundary condition fur a horizontal cylinder requires a three dimensional
solution, theiefore it has been excluded. The derivation of the equations and boundary conditions is
described in the second section of the report.

A numerical method has been developed fo; the solution of the two non-linear partial
differential equations (momentum and energy equations) with the proper boundary conditions resulting
from the present formulation. Except at high Raylfiiyh o< Reynolds numbers, no convergence problems
have been encountered. The numerical procedure is the subject of the third section.

The computed results dre in the forth section. Velocity onct temperature fields as well as local
and average Nusselt numbers are presented.

Conclusions and remarks concerning future analytical and experimental work are in the final
section.

Appendix contains d listing of the computer program with input information.

2 - FORMULATION OF EQUATIONS AND BOUNDARY CONDITIONS

2.1 - Horizontal Cylinder

The equations and boundary condition; describing flow and heat transfer in the case of a
horizontal cylinder are formulated considering the half-circular cross section illustrated in Figure 1.

Considerations of symmetry allow the modeling of one half of the cross section instead of the
full cross section. This has the advantage of decreasing the computer execution time and memory
requirements. Equations of conservation of mass, momentum and energy ên written for the two
dimensional problem, the independent variables beeing the angular direction 8 and the radial direction r.
The axial direction is not considered assuming that flow and temperature fields do not change in that
direction. This is true there is no permeation flow through the inside wall. A three dimensional modeling
of the horizontal cylinder has no: been possible within the framework of the • present numerical
method of solution due to the larga increase in the computer execution time and memory requirements.

Conservation of Mass

The equation of conservation of mass is:

of Momentum

For porous media, aquation of conservation of momentum reduces to Darey's law. In two
dimensional cylindrical coordinates with r and 0, Oarcy'i law is written as
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Kr dp
vF = — (pgF - —- )
' /i F dr

for the r — momentum equation and as

Ke dp
<

for the 0 - momentum equation. The velocity v in these equation* is the superfície! velocity (volume
flow rate of flow through a unit cross section area of the fluid plus ..olid) averaged over a small region
of space-small with respect to the mactoscopic dimensions of the flow system but large with respect to
the pore sire.

Equations (2) and (3) are combined to eliminate the pressure, wich gives

i i £ ú * i{rp) (4)

To reduce the 2 velocities into one variable and to eliminate the equation of conservation of
mass, a stream function (which satisfies the equation of continuity) is defined by

v =
r rp 38

vfl = — (6)
0 fi 3r

With the above definitions of the stream function, and with gr = gcoi0, gg--gsin,9, the
equation of conservation of momentum becomes

1 d d^ 1 d 3^ dp dp

rKf 30 " 30 Kg hi dr 9 30 dr

Contervetion of Energy

The equation of conservation of energy is:

Using the definitions of the stream function and using the equation of conservation of ma»,

one obtain*:



d\t> d U> d d dT 1 d 3T

»- v, <C>T> ar »
 (C-T) - Í T (rX ¥ » - r ¥ < x i r

Thus, the original group of governing equations has been reduced to two aquations with two
nt variables 4> and T. The co

functions of T and the system pressure.
dependent variables 4> and T. The coefficients p. v, cp, and X ara variable coefficients which ara

Boundary Conditions

Since the governing differentiel equations (7) and (9) are each of second order in 4> and T,
these equations are subject to two boundary conditions on the stream function and two on the
temperature. For the problem shown in Figure 1, the boundary conditions are:

At 0 = 0 and 0 -- Fl

\p - 0 Wg ~ 0 because of the symmetry)

r r = 0 (no heat flux because of symmetry)
off

At r •- r, ; there are two possible boundary conditions:

(a) T = T, Í0)

(b) h, (T - T) = - X | ^
• ar

Condition (a) corresponds to a given inside wall temperature. Condition (b) is a convectivt
boundary c idition. T is the bulk temperature of the gas flowing through the inner pipe, and h ( is the
heat transfer coefficient. The temperature drop across the wall is neglected. For high values of h, the
temperature drop (T - T) will be small; in this case condition (b) is equivalent to condition (a), with
T = T, <0)=T 8 .

At r = r,, again two possible boundary conditions ara considered:

(a) T = T , {0)

(b) h, <T - To) = - X £•
of

Condition (a) corresponds to a given outside wall tampereture. Condition (b) is again a
convective boundary condition. This boundary condition is valid whan there Is no outsida insulation. T o

Is the temperature of the gas outsida (usually atmospheric air) and hj is the heat transfar coefficient
(usually natural convection heat transfar coefficient for a horizontal cylinder). Condition (b) allows for
the angular variation of the outsida wall temperature.

W - V e r t i c a l Cylinder

The aquations and boundary conditions for flow and heat transfar for insulation packed



between two vertical cylirxieis show» in Figure 2 are written in cylindrical coordinates r and x. For this
geometry, velocity ami temperature fields do not change with the angular coordinate 0, therefore a two
dimensional modeling with the radial aixi axial coordinates is sufficient.

Conservation of Mass

1 i d
I /Mv) • (,»V ) 0 (10)

r !)< (IK

Conservation of Momentum

Dairy's law, wilt*, velocity (.i-inponents v ami v , is:

\ (pg, ) (11)

<1p
• ) (12)

Ox

Elimination the pressure, ami nothing that g = 0 and q --' g. one obtains

1 3 I d dp
— (("I - - </<vJ = g — (13)

Kf 3x ' K^ dr * dr

A stream function is defined by

1

P'

(IB)
dr

Combining Equation» (13), (14), and (15) one obtain*

r dx dx K, 3r r 3r 9r

Cotmnrrton of

The aquation of conw>iv<iiion of energy, written in ty/o dimensional cylindrical coordinata» wltti
coordinate» r end x it:
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d d i &T d 3T
_ ( r v > C p T ) + - ( r V s P C p T , - - , r X _ > - r - ( X - ) - O 1,71

Introducing tht stream function and using tha aquation of coosarvatlon of mass, ont obtains

dtf> d d«V d d dT a d T

dx dr p dr dx " dr dr dx dx

GoMlnions

. Tha boundary conditions for a vtrtical cylindar include tht potsibiHty of permeation flow
through tht parfwatad innar wall of a double-pipe systam. Tha covar plata is considered as a porous
madtum with own parmaability Ke, and thickness a. Tht boundary conditions are:

x * 0 and x » L;

«V = 0 (*„ = 0, solid wall)

dT
— = 0 (no haat flow through tht solid wall)
dx

r • r, ;

(a) «V * 0 <vr * 0, solid innar wall without parforatlons)

or

0£ tK £ l * « Í Ü dp°
dr Kc dx1 v dx

ae.
Boundary condition (b) corrasponds to parmaation flow through tha parforatad wall, whara — ~

is thtprtuurt «radiant in tha inntrpipt due to tha flow of tha gas.

There afw two possible boundary conditions on T:

(a) T • Ti (x) (gívtn inner wall temperature)

(b) h, (T. - T) = X —' (oonvaetKv boundary condition w In tha horteomai
' 3r cylindar!



r = r,

4> = 0 (vr = 0, solid outer wall)

(a) T - T j lx) (given outer wait temperature)

(M h , (T - T ) - X — (convective boundary conrtit'on as in the horizontal cylinder)
dr

Equation (19) if obtained as follows:

O»rc/s law applied to the cover plate ir = rt) gives

K c dp
v - — (p g ) (20)

M Br

3p p ~ po
With gr = 0 and — = , Equation (20) gives

9r a

Differentiating Equation (21) with respect to % and using dtfinition of the stream function, ona
obtains (at r = r ( )

r dx

Writing the x - momentum equation et r =* r,

3x

9 *
With g - -g and using the definition of tne stream function, on* obtains for —

of

-T - — <*> • - )
9x f x

dp
Substrtutfng — from Equation (32) into Equation (2«, Equation (10) I» dtrivtd.

ax



to

~S-3 - Rectangular Gaometries

Tht equations and boundary conditions for the flow and hedt transfer in insulation packed in a
rectangular cavity are written considering the rectangular cross section shown in Figure 3.

Equations are formulated in tvvo dimensional rectangular coordinates x and y, when» x is along

the cover plate. The equation are the following.

Conservation of Mass

— (pv ) + — (pv I = O Í25)
dx " dy v

Contervrtion of Momentum

Kx dp
U, -- — lpgx - - - ) (26)

Conwrvatiofl of Energy

a
ax v « p p

3

* 3y V y P '

a
pT) " ã T (

a aT
dy

(27)

( 2 8 )

y

Llimuidting the pressure give*

id i a dp dp

The stream function is defined by

1 "\l/
v — — (29)

* p <'y

v = (30)
v p 3x

Combir» ng Equations (28), (29), and (30), on$ obtains

1 3 3 * , 1 3 3 * , ap ap . . . .

K 3y 3y K.. 3x 3x ~ 3x 9v
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Cumbininq Equations (25). (26), (27), and (32), results in equation of conservation " ' eneryy

- - (C T) (C Ti • ( > - - - ) - — O — ) = 0 (33>
dx " dx 3v " Jx >v »y

Boundary Conditions

Boundary conditions are similar to those written for the vertical cylinder.

At x 0 and x - 1,

4.- : 0 (v - 0, sn!nl wall)

ÔT
••— - 0 (no heat flux through the solid wall)

A l y 0

0 (v, = 0, cover plate w>.l--; •>

04» K ó p o K a q y aK ^

dy t- 9* dx * «/ Kc dx1

T ~- T, (x) (aiven cover plate temperature)

dT
h f (T - 1) = (eonvectivB boundary condition)

9 9

At y * 1

<li " 0 lvy = 0, «olid wall)

T = T j ix) (given outer wall temperature)
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hj (T — T ) -•-' ((.i}nv»!i:tive Ixmrvtatv
° ''V

i t|iiat>on (34) is derived as foH<>*v.

')drcy's l.-iw across th» covtr jn.ite '|iv>v,

" f>% - «35»
K »)y

c

K "V
• <36)

Equation (36) with respflct to x and rearrangmo. <>cv .ut.;.->',

» a (pq I (37)
dx iix 3x v K

VJriXinq the x-momenUim winainin ,it v C

K dp
v - - (ft, - — ) (38)

dp
Substituing — from Fouation (37) into F.ju.nio" (38) «jive* th« permeation flow boundary

dx
n on <i>.

3 - NUMERICAL SOLUTION

3.1 - Horizontal Cylinder

The coupled Equaiiom ( / I mid (9), and the boundary condition equation» arü solwd
using a finitn thUntWKK method implnmftifwt by a computer program called FINS (Fibrous
Th<» «umoricai pro» 'fturr is «i>'frrttM>rJ a* follows, rorHirlering lhe grid shown in Fiqure 4
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r r ] f 0 - 0 ; i - l , 5-1

tr,n

Fifur*4 - Horizontal Cylindw, Flnlt» Dlff*r«nc«



IS

The derivates terms in ii and p in Equation (7) are expressed as central differences for all the
interior points.

Thus, (n - 2) (m - 2) algebraic equations are obtained. Boundary condition expressing that

^'•' - 0 on the periferial points supply ?(n + m) - 4 algebraic equations, thus yielding a total of n x m

equations, with n x m stream function */»'•' variables. When the gas viscosities v1'' and densit-es p'*'

are known at each grid point. Equation (7), which is a non-linear partial differential equation, is reduced

to a system of linear algebraic equations which can be solved readily by numerical methods.

Similarly, Equation (9), which is also a non-linear partial differentiel equation, is put in a finite

difference form using central differences for T and i> derivatives at the interior points. For the boundary

3T dT
conditions, — is written as a forward difference, and — at r = r( and r = r is obtained by

W Or ' m

differentiating the equation of the parabola passing through the 3 points next to the walls. Thus, when

the gas properties C' ' and X1'*, and the stream function i//'-' are known, Equation (9) is reduced to a

system of n x m linear algebraic equations with n x m temperature variables T i#'. The convergence is

achieved when the temperature variations are within a set error criterion. The details of the procedure

are written below.

Momentum Equation

The finite difference form to Equation (7) is:

2Kr r' {£#)* 2K r r* (ÒB)3

r '

rU-1 + 2*U • V'-1'1 r M «/*-'•' + r1

- \ +
2Kfr

i(A(?)a

2Ò0 2Ar

with i = 2 to m - 1, and j = 2 to n - 1.

The boundary condition equations are:

j = 1,n

$ ".I = 0

| 3 9 ,
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* ' • ' = O

i - ?. m 1

+ >>» = o

Energy Equation

The finite difference form of Equation (9) is:

4A0Ar

- r
'(&D)22r'(&D)

ci-1.i r i Ai.i + r M X>-1.i
_ ( L _ + j T i

2(Ar!a

2(Ar|*

X'*1-* • 2r' X'J • rM V I J V-'*1 • 2V-I
( - _ _ : + L ^ _ j T».i = o (42)

2(Ar) : : ' f ^ > i

the boundary condition equations are:

T 1 J = T* (given inner wall temperature) (43-a)

or

Ik1-» . . A1-»
j n + ) y i j x2J + T 3 J • h. T' (convective boundary

* * bi lbs • amiition) ,43*)

7

or

a>mj 3XmJ X"1"*
i n + r S » T m j _ 12 T m i j + . ! _ Tm-2,| « ,. T l (convtctivebounctory

7 & * ** ° condition) (44-b)

with j • 1 to m.
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' .? - T 1 - '

_ TP n-1

Solution of the set of linear alyebraic equations

The solution starts with initial guesses of the temperatures. In the computer program, initial
TIJ's are set equal to the mean temperature i of the insuhtion, which is a taken as the arithmetic
average of the cold and hot wall temperatures. The gas property •; vK> and p1'1 are evaluated at T and at
the system pressure, using empirical equations to predict the properties. With numerical values of i»1'1

and p'->, Equation (39) is linearized.

To solve the set of n x m linear algebraic equations made up by Equations (39), (40) and (41),

the coefficient matrix is formed in such a way as to obtain a band str -iture. The n x m grid points z1'1

are reindexed as a one dimensional array zk, with z1 = z1#1, z2 = z2 '1 , or j- (i '1>m • ' = z'-'. The variables

T1'1 are reindexed into T * in a similar manner. The equations are numbered so that the first equation is

written at the point z1 , second at z2 , etc. In this way, the coefficient matrix has a band sctructure, with

m upper and rn lower codioganals, and it is stored in a one dimensional array of size

m(m+ 1)
s= m x n (2m +1) . The size of the general coefficient matrix for the same system would be

(nxm)2. The band structure thus allows the solution of the large sets of linear equations necessary to

obtain accurate numerical results.

For the solution of the equations, subroutine GELB from IBM SSP (scienticif Subroutine

Package) is used. In GELB, solution is done by me s of Gauss elimination with column pivoting only,

in order to preserve band structure in remaining coefficient matrices.

The structure of the coefficient matrix of the momentum equation and boundary conditions

for a grid of 4 x 4 nodes is shown in Figure 5. Energy equation has a similar matrix structure.

The first solution of ' the momentum equation, with J'1 =T, results in ^'-' = 0 since

op*'1 dp''1
— = — =0 . Next, the energy equation is solved, and with ^ I J = 0 it yields the solution of the
dr 90
conduction problem, with the gas properties evaluated at T. The properties »>'•' and p1'' for the next

solution of the momentum equation «re evaluated at T''''s obtained by • weighted average of the last

two set of temperatures. For the next solution of the energy equation, a weighted average of the last

two \l»lli's and gas properties evaluated at T i J ati used. Tho procedure is continued until convergence of

temperatures is obtained. For a grid at 20 x 20, m Ra numbers smaller than 1000, the temperatures

converged within 0.1°C after about 15 itirations. At 3000 > Ra > 1000, the temperatures fluctuated

around the solution by about 1°C Approximate at Ra numbers greater than 30 X), convergence

Difficulties were encountered. The convergence should improve at finer grid sizes.

The solution of a prcblem with 20 x 20 nodes required a storage at 200 K (about 130 K to

store the coefficient matrix in double precision), and S minutes of CPU time for 15 itirations on the

I F.A.'i IBM 370/55.

The flow chart of th« computer progrm FINS is shown in Figure6.
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For the weight factors a and b several combinations have been tried. For small Ra numbers,
a = b = 0 gives rapid convergence. At high Ra numbers, a > . 5, b > 0 is necessary. The final version of
FINS is with a = .5. and b = .0

3.2 - Vertical Cylinder

The finite difference equations for the vertical cylinder are derived similarly to horizontal
cylinder (Figure 7).

Momentum Equation (Equation (16) )

2Krr
i(Ax)1 2Kfr

i(Ax)J

+

r'"1 r'*1 r'
[ 1 r2Kx (Ar)1 2K,, (Ar)J

r' r1"1

2K r'(Ax), 2K (Ar)a

_ L . ( p Hi . i - p M . I , (46)
2Ar

with i - ? to m-1 and j - 2 to n-2.

Soundary Corr iitiom

roujiionj corresponding to 4/ = 0 at x " 0 and x = L one:

^M •-= 0 1*7!

"vith i = 1 to m, and »t r • r,



i «on, } - 1

Ftgurf 7 - Vtrttcal Cyllndar, Flnitt Diffartnc* Grlri
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4/1 ' O (v>t«l w*i:> (48a)

1 -' ;iK 1 aK , , , aK . . .

Ar (Ax>2 Kf. Ar (Ax)1 Kc ÍAx)1 Kc

* ! ( g p 1 1 + <)|'" ) • 148-b)

,,;•'> j • 2, n - 1 , and at r -- r2

0 (49)

with i 1,ui

(48b) corresponds to Equation (19) which is used in the case permeation flow.

Energy Equation (Equation (18) )

1 _ . , T i , j - i
4 AxAr 2 (Ax)2

4 AxAr 2 (Ar)2

. { _ : L _ + j T M . ,
1 4 AxAr 2(Ar)J

i.| + r i x i j

4A«Ar 2(Ar)J

fH1 XIH.) „ 2 r . XIJ ^ f M A,-1,i ^ f l (XI,H1 » 2XU » XI,M

2 (Ax)1 + 2 (Ax)1

With I «• 2 to m.1 and ) • 2 to n-1
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Boundary Conditions

or

T •' = T1 (given hot wall temperatiitr)

.i = j i (given cold wall temperature)

3X1-1 2X 1 - 1 _ . X 1 - 1 , .

1 2Ar Ar 2Ar ' •

(51a)

(51b)

3 X ' 2X X '
(h + T m < i T m 1 j + x " 1 2 - ' = h , T (convective boundary

1 2Ar Ar 2Ar 2 • ^ . ^

dT
with j = 1 to n, and to express — - 0 at x = 0 and x = L:

T i J - T'-1 = 0

(52)

Ti,n _ Ti,n-1 - Q

with i = 2, m -1

The solution of the finite difference equations is similar to that for the horizontal cylinder.

3.3 - Rectangular Geometries

Momentum Equation

Finite difference form of Equation (31) if (Figure 8):

2Ky(Ax)J
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y- 0, x - 0 - 0

- Rtcungulw GaonMtry, Find* Diffmne* Grid



with i = 1 to m.
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2» , 2 | ,,1-1,1
_ t—__ + „ _ l ,i,u ini

1 2Ky(Ax)2 2KJAy)i ' * ' '

Boundary Condition»

Equation corresponding to $ - 0 at x = 0 and x = L «re:

* ' .« = 0

(54)

= o

with i = 1 to m, and r = r̂

= 0 (solid wall) (55-a)

1 2aK , , 1 _ , aK . . . aK
) ,(,1.1 + — j,2.i + AM-1

)' Ay K (Ax)'
( + ) ,, + j , + + ,

Ay Kc(Ax)' Ay Kc (Ax)' Kc (Ax)1

K 3 po
= (-p'-'fl, + + ao) (55*)

with j = 2 to n - 1 , and at r = r2

(56)

Equation (55-b) comnponds to Equation (34) which H uaad in tha cm» of parmaation flow

through tha cover plate.

Enargy Equation

Finite differanca form of Equation (33) if:

4AxAy 2 (Ax)1



1
34AxAy 2 (Ax)

-1) C M J Xi.i + XMJ
L , TMJ

+

4AxAv 2 (Ay)2

4 AxAy 2 (Ay)

X »*U + 2X1-' • X'-fJ X'J*1 + 2XèJ

1 T»*ij
1 '

2 (Ay)1 2(Ax)'

Boundary Conditioro

= T* (given hot wall tamperatura)

T m ' i = T ' (given cold wall temperature)

or

« , 1 2>.t XU
( h + S _ , T1"» - — TW • — T3-' « h, T.

1 2 Ay Ay 2 Ay ' •

(57)

(58-a)

(58-bl

3>m'l 3Xm-' Xm>'
( h + — _ ) T

m J - T m 1 J • Tm-2 J « h, T. (convwtivtboundary
2 2Ay ^ 2Ay 2 • ^ H W

dT
w i t h j * 1 t o n . and t o «xpree i — = 0 a t x » 0 a n d x « L :

9

- T 1 ' 1 * 0

(50)

« T l,n.1 „ 0

with I « 2 to m - 1.
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The solution of tho finite difference equations is similar to that of the horizontal cylinder.

4 - RESULTS

The program FINS has been run for the cylindrical and rectangular geometries with the various
boundary conditions discussed earlier. The fluid has been taken as carbon dioxide, with pressures from 1
to 100 bar and mean temperatures from 350° K to 550°K an effective thermal conductivity has been
calculated from the velocity and temperature distribution results. The effective Nusselt number has been
correlated with the Rayleigh and Peclet number in the case of a permeable hot wall, and with Rayleigh
number only in the case of a solid hot wall. The results for the rectangular geometries .showed dose
agreement with a previously published correlation .

4.1 - Horizontal Cylinder

The parameters covered the following range:

Wall temperature T 2 :

Hot wall temperature T t :

Temperature difference T1 - T? :

Pressure:

Permeability {Kg - K f i:

Heat transfer coefficient h1:

Heat transfer coefficient h2:

Inside radius r1 -

Outside radius r?;

Insulation thickness r̂  - r,:

Aspect ratio A:

Velocity and Temperature Oiitributtrm

At value* of parameter M (M = — ) less than 1, the computations showed that tha gas doas not

circulate. Therefore, the isotherms are concentric cylinders, corresponding to tha case of heat transfer by
conduction only. At M > 1, the gas flows upwards (Figure 9-a) along the hot wall and downward along
the cold wall. Tha corresponding temperature distribution deviate» considerably from the conduction
problem (Figure 9-b). The mass velocity components mf and mg ere shown on Figures 9< and 9-d.

316

365

50

T3

1.E-8

5 -

5 -

05 -

.075

.01 -

4.71

- 400 K

- 700= K

- 300° K

- 100 bar

- 1.E-11 m l

w

III . ^

w
1000

m2 K

- .09 m

- .01 m

- .05

- 30.0
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- Horifonul Cyllnttor, StrMm Utm « • • 42S, Nu - 4J3
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TD , DIMENSIONLESS
TEMPERATURES

íi b - ftr-r;/ontil Cyllndtr, Dim«n»kjnl««» T«n)per»tur«t Ra » 425 N» " 4.83
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m r , RADIAL COMPONENT
OF MASS

/ VELOCITY

m r in .kg.
m smm. %

~#l9urt9-e - Horizontal Cylfndfr, Radial Component of Maw Velocity, R« * 425, Nu - 4.03
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m0,ANGULAR COMPONENT
OF MASS
VELOCITY

Flgurt9-d - Horizontal Cylinder, Angular Comporiam of Maw Valoclty, Ra*426, Nu * 4.83
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Effective Thermal Conductivity

The effective thermal conductivity >" is defined iiy

O in (r IT i
X» -_- i ..'_.. ( 6 0 )

(T, - T,) II

whero 0 is the ht.at flow through 'he insulation. 0 is calculai id at each ndi;)' rsosit'im f from

.; -- 'J f' N) ipiA v1 ' - X'-1 — - ) (61)

wht;re i jnd , are th<; n<-Je indices jr. the radia! anc! anjii-.r ditttctions f <•:•{« v/.'.vely. At the walls ( i= 1

and i - r . ir t ••--:('tjrui'jft of wi'i.-.t :s ovaluaiwi from a second degrae approximation of the
i tr 3T

temperaturt. pi.(Me r..;.ii <,Ui •Ha i. rti. :oavective terms v f are zero in this case. At other values of r, —

»:pprox: Tiaturt t»y c f i t - ..'I'fc. .:.:••: ! '** rc ' ic- i f - r l O n tJ !ter<>d bv about ±5%, and the heat flew
3T

. i.» 6ef?n t j « e n P . t i ; - f : ' - ,n r? i - .IVI. ..*;>• ^ •'••<•.• :oi ami cold wal l values. When — was evaluated with à

dr
imear app y •... / cm ci S-'.K ier:i."-?fi:j»'" i-r of iiti n_'3r fn wst's, lower heat flows (up to 30%) were
obtain*!. This is ex;-latiu, ^y :,. MI ;cn;p< i t^rt v'-1i»n!s ?' thn wails which are not well approximated
'••; •: '.of-ai 'empcraturfi orr i .e.

.' 'i? ivc;;..1 N u c 't íijrfii-«:f Nu •• »í«ítir«*f.i a"

whern X i* ti<-?

Ra .
Trie overall N'jiseii nurr;.H:r correlated with an eouaííon of the form Nu = c ( — ) . The result

Awas (Figure 10)

P3 c
Nu = .48 (—)'° H<i - 1

n
(62)

Nu = 1 Ra < 1

Where the Rayleigh number Rs is defined l>y

g(TH - T c ) rl K ^
Ra » ; —
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.3 4 .5 2. 3. 4. 5.
48(Ra/A)i

a

o Horizontal cylinder
# Vertical cylinder

- Correlation ot OvwaM NuMlt Numb* for Horizontal Cyllndtr and Vwttcal Cylind«r
P*rm«Tlon Flow.
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Where K - Kr for cylindrical and K = K for rectangular geometries.

Ra c
The computed values of Nu showed a spread of ± 10% around tha curve Nu - .48( — ) . The

A
lower values are from runs with 13 and 25 bars and higher ones from runs at 80 and 100 bars.

The variation of the local Nusselt number Nu, with 0 at the cold wall is shown in Figure 11.

N U j

is obtained from
Nu

dTm''

-
Nu Q/(n-1)

N u i

4.2 - Vertical Cylinder

The range of input parameters was similar to that for the horizontal cylinder. In addition the
-^g, permeation flow parameters have been used:

Cover plate permeability Kr. 1.E-8 - 1.E-12 m 1

3 P O bar
Pressure gradient in the gas stream : - 1,5 to + 1.5 —

dx m

Cover plate thickness: .002 m

Prandtl Number: .40 - .90

doted Hot Wall

The computed vidocitv snd temperature distributions (Figures 12-3 and 12-b) found to be
similar to those discussed earlier for the horizontal cylinder. X* was calculated from

2(T, - T,) L II

Where L is tha hight of the cylinder. 1, tha heat flux through the isolation has been again computed at
each radial position r' from

"•' dT1'*
Q. = I 2i1Axr'(^ ; v'-1 - X1'1 ) (65)

' 3
v

dT
Where I and ) are tha node indices in the radial and vertical directions respectively. — evaluation K
tlmilar to that for the horizontal cylinder.
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r = r, r=r2
Figura 12< - Vertical Cylinder, Str .m Lines Ra = 204, Nu •» 2.32. The «sale In the radial direction

it 6 time* the Kale m the vertical direction.
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DIMEIMblONLLoS TEMPFRAT IJRES

r = r, r=r2

P%un12-to - Varttcal Cylinder, Dim«ntionl«w Ttmptttturw As = 304, Nu » 2.32. Tht teal* In th«
— radial direction It 6 timm the «c«l« io tun vertical dir«ciion.
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«.)
The correlation of the OVI-IHH Nnw l t ntimhw with the prirmrKf - (I iif.i'.- 10) n^u'1 i»> •»••

same equation {again within • 10%) »s tnr th>- ri<>ri/rmr»t cylinder which is

Ra ,.
Nu = .48 ( I h (».«)

A

Figure 13 shows the vari.iiiCT of the cold face local Nusselt number Nuj in thf
direction. The ratio Nuj/Nu was aqain oboinwl from Equation (63).

Permeable Hot Wall

When the hot wall is permeable, the velocity and temppr.ituro distribution in the insulation
depends on the Rayleigh and Reynolds numbers. The Reynolds number is taken as positive when the
hot gas in the inner pipe flows downward and as neoative when it flows upward The Reynolds number
is defined by

x o o ,
Re = (67)

"r "o

Where the subscript o refers to free stream and r to average insulation temperatures. The pressure
gradient dpo/dx can be evaluated from friction factor correlations for flow inside pipes.

Figures 14-a and 14-b show the stream lines and dimensionless temperatures for Ra = 51 and
Re = 0. The Nusselt number is 2.09. The outside gas enters the insulation layer in the upper part, flows
downward along the cold wall leaves in the lower part, fallowing a circultion pattern close to that
observed in the case of a closed hot wall. Comparison of Figures 12-b and 14-b shows that temperature
distributions are also similar. When Ra = 5.1 and Re= 161, flow and temperature fields characteristic of
forced convection are seen (Figures 15-a and 15-b). They are different from what is encountered for
natural circulation, but the flow is still downward along the cold wall. Figures 16-a and 16-b show a case
where natural and forced convection (Ra = 51 and Re = 29) patterns are both present.

When Re is negative (upward gas flow in the pipe), forced and natural convection act in
opposite directions. For Ra = 5.1 and Re = - 132 (Figures 17-a and 17-b), the gas enters the insulation in
the lower part, flows upward along the cold wall, and leaves in the upper part. The difference in the
temperature profiles corresponding to positive and negative Reynolds numbers (with negligible natural
circulation effects) can be observed comparing Figures 17-b and 16-b. When Ra = 51 and Re = 88.
Figure 18-a sh<.*s a forced convection pattern on the hot wall side and a natural circulation pattern on
the cold wall tide, acting in opposite direction; which results in the almost parallel and equidistant
isotherroes, which Nu = 1,17 (Figure 18-b). For Ra = 126 and Re = -128 (Figures 19a and 19-b), the
beginning of forced convection permeation flows can be observed near the hot wall, while the rest of
the flow field is dominated by natural circulation. Finally, for Re = 51 and Re = -28, the forced
convection is not observable any more (Figures 20-a and 20-b), but it reduces the amount of natural
convection which results in a Nu of 1.S8 (Nu = 2.09 for Ra = 60 and Re = 0).

The variation of local Nusselt number on the cold wall is shown on Figure 21. For Re> 0, Nu
is maximum on top and decreases towards the bottom. For R e < 0 , and F m < < Re, Nu is maximum on
the bottom and decreases towards the top. For Re negativa and Ra of comparable magnitude, variation
of the local Nusselt number show a mixed forced-natural convection pattern.
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STREAM FUNCTION

r=r.

- Vertical Cylinder. Stream l l ne i Ra « 61, Re » 0, Nu • 7.09. Tha ecala in th» radial
dlractton !« 6 timti tha «cji» in th« v«rtic«l direction.
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DIMENSIONLESS TEMPERATURES

X-Xx r=r2

Flajurv 14-b - Vanlcal Cyllndar, Oimaroíonlau Tamparaturet Ra - 61 , Ra • O, Nu • 2.00. Tha «cala
In tha radial direction it 6 l lmti tha acala In tha vartlcal direction
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STREAM I b.^TION
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Ftaort 1fr« - Vmkê\ Cyllndir, StrMin Lines Ri « 5.1, R« - 161, Nu * 4.67. Th« m l * In tht radial
direction It 6 timn th# «:•!• in th« vtrtlcjl dirtctiort.
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DIMENSIONLESS TEMPERAI URLb

JilLli
»* — r

- Vtrtical Cyllndfr, U>rnvifioniot< Tsmperoturpi Ra - 6.1, R« *= 161, Nu " 4.67. Th#

ICtlt in the radial direction it 5 time rh* tr.al* in trio vertical rJirvctton.
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STREAM FUNCTION

r-x>

16-a - Vartical Cylinder, Stream Linut R» -• 6», fla - 29, Nu « 2.68. Th» icalt in th» radial
direction It 6 time* the tcaie in the wrticti
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DIMENSIONLESS TEMPERATURES

r=r2

Figura 16* - Vartical Cylinder, DimeniionleM Tamperiturni Ra «= 51, Ra - 29, Nu - 2.58 The mala
In tha radial direction It 5 timei the Kale in the vartical direction
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STREAM FUNCTION
X=l
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r=r, r=r2

Flpm 17« - Vtrtieal Cyllrator, Strwm Linm R§ - 6.1, R» - -132, Nu • 3.89. T N K«I« In th« r«SI«t
dlrwtlon It 6 timtt tht tc«l« in tha vertical direction.
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DIMENSIONLESS TFMI-TRATURES

r=r, r=r2

- Vtnkat Cylindar, Olm«mtonl«M Ttmpwntum Rt - 6.1, Rt - -132, Nu *3J0. Vmt
in tht radial dirtetion f« 6 tlm« tht tulc In th« vtrtlctl dlraetlon.
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STREAM FUNCTION
X=l

r=r, r=r2

- Vertical Cyllndar, Strom Llnw Ra • 61, Ra - - 86, Nu - 1,17. Th« m l * In tht radial
dkactlon I» 6 tlmat th« aeala in tha vartlcal dlractlon.
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DIMENSIONLESS TEMPERA TURES
X=l

r=r, r=r2

Fi«ura I frb - Vertical Cylinder, Olmen»ior»lei» Temperetufoi R i • 61, R t » -88 , Nu • 1.17. The t u l *
In the radial direction ii 6 tlmei the icale In the vertical direction.



50

STREAM FUNCTION
X=l

TT

r=r, r=r2

'igur* W+ - Virttc»! Cyllndw, Strum Llntt R* - 120, R« - -128, Nu - 1.02. Tht m l * in th« ndlal
dtf»ctton It 6 tlmtt the «calf In tht vwtical direction.
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DtMENSiONLESS TEMPERATURES
X=l

r=r2

- Varttcal Cylfndtr, Oim«nifonlt« Ttmp«f«tur«t R« Via, He - - 12S, Nu • 1.62. Th«
m l * In th« radial direction If 6 timti th« «cite In th« vtrtictl dlrtetlon
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STREAM FUNCTION

r=r,

- Vtvtlcal Cytindtf. Stream Llim Ra - 61, R« * - 28, Nu - 1.68. Th« m l * In th« radial
dtraction ii 6 time» th« ICJI* in th« vertical dlraciion
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of Nu

Foi a rectangui..i cjviiy, Nu has been correlated by Jannot*51 by

Ra + Í.4 Pr Re K
Nu - .t) ( ) 5 5 (68)

A

Ra+ 1.4Pr Re ,-c
for 4<.8 ( 1"3 3 < 103, A > 1 0 . Wh.-t' He t;r, be pu-.ili

AA aK
or negative. To obtain

Equation (68), the parameter p — has been set to: 0 and Pr to \. When p = 0 , the resistence of the

permeable wall to flow is much less than that of the insulation. Then the pressure gradient in the

insulation will be equal to that outside the permeable hot wall. Thus the Reynolds number (Equation

( 6 7 ) ) which uses the outside pressure gradient will give a good representation of permeation f low in

ax
the insulation. On the other hand, when the wall has a relatively high resistence to flow, only a fraction

of the outside pressure gradient will exist in the insulation. To better approximate the pressure
3p d x

gradient — inside the insulation, a combination of Re and p would be necessary. In the present study,
dx

Pr has been varied from .4 to .90, and p from 0 to 8. Figure 22 shows a plot of Nu vs

Ra • 1.4 Pr Re «
.8 ( ) . The spread of the points indicates the influence of parameters p and Pr. The

A
upper values of Nu are from runs with p between 0 and .4, and lower values from runs with p between
4 and 8. On the other hand runs with constant p and varying Pr indicated that Nu increases about 10%
as Pr increases from .4 to .9.

The parameter p can be combined with Re by defining a new Reynolds number. Re*by

Re' = — (69)
1 +cp

where c is a constant.

Thu», when the hot wall has no residence to flow, p = 0, and Re*= Re. The shielding effect of
the high wall resistence would be taken into account by Re* since Re* would be smaller as p became
larger. Alto the influence of the PranOtl number could be better represented by raising it to an expoent
A more general correlation for Nu thus woulo be of t) •*> for-n

Ra • m Prn Ra* re
Nu - C, ( - ) 5 5 (70)

where c., m, and n are constants

Due to time roi'itrrjifs numerical VM!UOS for the constants havn not hewn evaluated. Instead,
tfv: Nusselt nui'ir*1* *i'Vf- iv;<:-> '.••^•.•M™-! wit't
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Flfuratt - Vartleal Cylindar Wtth Ptrmaation Flow, Correlation of Nuualt Numbar
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Ra t 1.4 Pr Re , ,
Nu = .98 ( ) 1J (71)

Ra + 1.4 Pr Re „
for .98 ( ) 5 5 > 1 and A > 10.

For values of A < 10, Equation (68) does not hold, and Nu becomes a function of A also
(Equation (68) predicts higher values for A < 10). The validity of Equation (71) is assumed to be for
A > 10 also. The computer points are for 20 > A > 10.

The error band for the correlation was ± .0%. Some of the spread is due to the non-ideal
behaviour of carbon dioxide. For Helium, the computed Nusselt numbers are expected to show a smaller
spread.

4.3 — Rectangular Geometries

Rectangular geometries habe been modeled to cHeck the accuracy of lhe present numerical
model. The range pf parameters as well as the computation of the heat fluxes and Nu have been similar
to what has been discussed earlier for the cylinders.

Cfosed Hot Wall

Figure 23 shows the temperature and flow fields for a vertical cavity with closed hot wall. The
profiles are close to those for a vertical cylinder (Figure 12).

The correlation of Nu with Ra is shown on Figure 24. The computed points agree very well
with the correlation of Jannot , obtained from computed results, and also checked with experimental
data. The correlation is

Ra
Nu = .55 ( — )-5 for A > " (72)

A

Permeable Hot Wall

To compara the present model with that of Jannot, FINS has been run with the same p (p =0)
and same Pr (Pr = 1). The results of the flow temperature profiles are not shown since they are similar
to those for a vertical cylinder. The case with horizontal walls has not been investigated, but the
computer program FINS has been provided with that option.

Ra+1.4 Pr Re K R
The computed Nu has been plotted vs .8( > 0 D (Figure25). It is seen that there

A
it very good agreement between the results of Jannot and those from the present work for a rectangular
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STREAM FUNCTION

r = r=r2

-Figure 234 - Rectangular Gaomeiry Without Parmution Flow, Strum Lirxn, Ra K 200, Nu » 2.46
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DIMENSIONLESS TEMPER/.
X=l

r=r2

Figura 23-b - RacWnfluUr Geomstry Without Permeation Flow, Dlmantíonle» Tamparaturat, Ra B 209,
Nu " 2.4G.
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5 - CONCLUSION

5.1 - Summary of Results

A numerical solution of flow and heat transfer in fibrous insulation has been obtained by
modelling the fibrous insulation as a porous medium. Cylindrical and rectangular geometries with a
variety of boundary conditions (vertical or ori/ontal walls, closed or permeable hot wall, convective
boundary conditions or given temperatures at the walls) have been considered. The method allows for
variable properties and real gas behaviour through the use of property subroutines.

Excellent aqreoment has been obtained with published numerical and experimental work on
insulation packed between rectangular walls. Comparisons for the cylindrical geometries have not been
possible due to the lack of available literature results. However, since the same physical model and the
same numerical method have been used for II geometries, the computations for cylindrical cavities are
expected to be valid also.

The details of flow and heat transfer for natural, forced, and a combination of both have been
obtained for a vertical cylinder. Forced convection flows are in the same direction (downward along the
cold wall) as natural convection flows when the gas outside the hot wall flows downward and in the
opposite direction (upward along the cold wall) when it flows upward. The local Nusselt number along
the cold wall increases from bottom to top for natural convection, forced convection with downward
gas flow, or both. When the gas flow upwards, and the natural convection is negligible, Nusselt number
decreases from bottom to top.

Average effective Nusselt number for the insulation has been correlated with Rayleigh number
only for closed hot wall, and with Rayleigh and Reynolds numbers for permeable hot wall. Forced
convection flows can reach very high values when the outside pressure gradient is high. Both natura! and
forced circulation increase with increasing fiber permeability and gas density. The insulation must be
protected from forced convection flows and fibers of small permeability (high packing density, small
fibre diameter) must be chosen to obtain good insulation between the hot gas and the cold wall. The
numerical mod«i presented provides a useful tool to assess the performance of the fibrous insulation by
accounting accuratly for the natural and forced convection flows.

6.2 - Futurt Work

Future v<ork concerns the application of the numerical method to experimental work on
fibrous insulation to be carried out at IEA Helium Loop. The application involves first the incorpotarion
in the computer program FINS of the test section geometry and boundary conditions, and second the
determination of input parameters to the numerical method. The modification of FINS is not diffult,
and no convergence problems should be encountered with the test section geometry. The input
parameters which must be determined are lha permeability and the effective thermal conductivity of the
insulation in the absence of forced and natural convection.
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NOMENCLATURE

rafo, defined by

1
A - — for a rectangular cavity

d

A - -—rry for a vertical cylinder

Il(r, + r,)
A = for a horizontal cylinder

2<r3 - r.)

a thickness of the cover plate

b weight parameter for updating stream function

<• weight parameter for updating temppraturec

C specific heat of the fluir*

d thickness Pf the porous medium for a rectangular cavity d = r3 ~ r, for cylindrical

geometries

h neat transfer coefficient

K permeability of porous medium

1,L lentgh of the vertical cylinder or rectangular cavity

hd
Nu Nusselt number = —

\

p presture

Pr Prandtl number - -
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q heat flux

r radius, radial cylindrical coordinate

Ra Rpyleigh number, defined by

g(TH - Tc) dk 0
na ~ •

Where K = K for cylindrical and K = K for rtjctanqut.it iy;->n f t u c i

Re Reynolds number, defined by

n e — ~ •

v
o

temperature

velocity

axial cylindrical coordinate or cartrman coordinate parallel to the cover plate

cartesian coordinats perpendicular to cover plate

X
thermal diffusiviry =

# • ,

thermal coofficierr cr ¥<;l-jir< - i - . . *- •<-.-,ntn »t tonit-int ^reiv.-rc, defined by

1 òp_

p 3T

6 angular cylindrical coordinate

\ thermal conductivity of the porous medium with stationary fluid

it dynamic viscosity of the fluid

i kinematic viscosity of the fluid
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p density of the fluid

4> stream function

Subtcripts

C cover plate properties

n iteration number

o free stream quantities

quantities calculated at reference condition

Oj.x.i porperties in d, r, x, and y directions

Superscripts

node index in r or y directions

node index in x direction.



APPENDIX

COMPUTER PROGRAM FINS

INPUT INFORMATION AND LISTING

Input Information

1) Permeability K (PER in FINS) depends on the tiber diameter, orientation'of the fibers,
and the insulation porosity. Furber and Davidson'31 give their experimental results and
an empirical correlation of K with the fiber diameter and insulation porosity. The
correlation is not very accuracy because it does not account for the fiber orientation. For
more accurate determination of K, experimental data on the particular insulation to be
modeled is required. The insulation must be packed in the apparatus for K measurement
the same way as it is packed in the test section to be simulated by FINS.

2) Effective thermal conductivity X (AKO in FINS) of the insulation with stagnant gas.

X has been modeled as

X = fX9>$ + X f ( b # r (AKO = POR * AK + AKO)

X ( l b e r (AKO) must be given either from a correlation of from experimental data. It
depends on the porosity, fiber diameter fiber orientation, and the thermal conductivity of
the fiber material. Thermal conductivity experiments under vacuum yield X f jbsr- An
approximation to \ j b # r 'has been obtained from available literature data as

Xf = 6.0 E-5 d (W/ms)

where d is the insulation density (Kg/m3).

3) Permeability of the hot wall, K (PERCEP in FINS) information on the evaluation of K
can be found in reference'1".

o
4) Pressure drop in the ga> stream — (DPDX in FINS). This can be calculated from:

dx

DH 2

where f ft the friction factors, p gas density, and v gas velocity.
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. ' n o . ) - : , J J i
i - i » i
«. -••• • / • i ' • i
I f C i H f . .f s / . 1 I G f l T O r>2

• • 1 1 * 1

Í» 1 \ • H i = 1 .

r w ( L » l l = T l
•,,n T i c - Í

i . . ' ; N I I'JIJF

' i - II » 2
a ( K » H ) = - 2 . * A K I 1 « J l / '
H- I 1 * 3

TH I L » 1 )-AGyVH»T(iAS
r . r M INUE

D O 1 1 1 1 = 2 , 1 1 1

I * I. • 1

K i K » 2 « I ( • 1
tt - l | * !

ISN
1 I ? . • ( > « 2 I • ( AK< I , . I » 1 U 2 . * A K I I , J » » A K U t J - 1 ) I / I 2 . * R I I ) * O T H 2 I

• C 1
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ISN

ISN
ISN

ISN
ISN

ISN
ISN

ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
I$r
ISN

0205

0206
0207

0208
0209

0210
0211

0212
0213

0214
0215
0216
021S
0219
0220
0221
0222
0223
0224
0225
0226
0227
0223
0229
0230
0231

0232
0233
0234
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246
0247
0240

0249
0250
0251
0252
.0253
0254
.255
0256

AIK*nl = IS« I * l , J ) - S I I - l t J I I * C P U f J - l ) / ( + . * D T H * D R I
I - ( AO. ( I , J I • e»K \ I , J-1 >) / I 2 . »R I I ) *DTH2)

H = ? * I I * 1
A(K»H)=-(SI l* l»JI-SCI- l fJt»*CPIIf JUI/(4.*0TH*0RI

1-1 AK I I ,J * l l *AK( I ,J I ) / (2 . *Rm*DTH2l
H= 1 I
MK»Hl = -(S»I,J*l»-SM,J-l>l*CPU-ltJim.»DTH*DR)

!-(«( I)*4K( I,JI«R(l-ll*AMI-l.J»)/(2.*DR2>
H = I I * 2
A<K»H) = *IS< I T J*1) -Sf I f J - l l )*CPU*ltJ»/t4.*DTH»DR>

l - < R < U l ) * A K I I * l t J I + R ( I ) * A M I t J H / f 2.*DR2)
TRa*l)=.O

III CONTINUE

55

56
110

62

63

K=K*2*I1+1
IF»MBC.f0.1»GOTO
H= I I • 1
AIK»H)=1.
TRIL*1I=T2
&GTO 56
CONTINUE

AIK*H»«AGAC*3.*AK(I l ,J I / (2 . *0Rl
H = I I
AIK«HI=-2 . *AK( I I ,J I /OR
H=l1-1
AU*H»=AKI I I , J ) / I 2 . * O R »
TRIL*ll«AGAC«TOUT
CONTINUE
CONTINUE

K = K*2»I 1*1
IF(NBC.EQ.1IGOTO 62

AIK+HU1.
TRIL* l )»T l
GO TO 63
CONTINUE
H= 11 • 1

H-IU2
AU*H»=-2.*AK« 1, JJ»/OR
H« 11 • 3
AIK*H)»AK(1,JJ)/(2.*DR>
TRIL+1»«AGAH*TGAS
CONTINUE

00 102 1-2*111

H-l
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ISN
ISN
ISN
ISN
ISN
I SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN

ISN
ISN

ISN
ISN
ISN
ISN

ISN

ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN

(V' H
n ; ^
0260
0262
O2fc3
026'»
0265
0266
0267
0268
0269
0270
0271
0272
0273
027*

0275

02 76
0277

0278
O27<?
0 2 8 1
0282

0283

0285
02B6
O2B7
0288

0289
0290
0291
0292
029 3
0294
0295

0296
0297
0298
0299

C
f
L

r
L

c

c
L
r

V,

1

r

C
f

L

c
c

f
ij

c
c
c

6 S

<'b

300

116

80

11*.

97

81

1-1*1
K^HMIM-L
iHNmC.FO.l IfTTO 65
H - 1 I • 1
A(K +H> = 1 .

T K ( L * l l = T 2
GOTO 6 6
CflNTINUf.
H = I I • 1
A(K«-H| = AGAC» • ' . • A K I I I i J J I / ( 2 . * ! i n <
H= I I

a ( ^ • H I = - 2 . • & K ( I I , J J I / D H
H = I I - 1
A | K * H ) -AK t 1 I ,JJ)/\?..*\>H 1
T H I L + 1 ) -AGAC*TOUT
C O N ! I N U f
• ^ M K I X h IS F I L L E D I N

CALL GFLb i TR , A , M,N ,MUO , M | I t , = P ;, , i l k |

W» I T F ( IS , 2 1 0 1

W R | T F ( 6 , 2 1 1 » TK

CHHCK THE TEMPtRATUKhS Ff)K f. ' j \ V ^ «Ot NO.

on noo L = I,^
I F IOA»S(TR(L ) -TL INEIL ) I .GT .EPT) GO TO 116
CONTINUE
GO in 115

CHECK IF KOUNT IS LESS THAN KMftx

IFIKOUNT.EQ.KHAXI GO TO 115

UPDATE TEMPERATURES
00 80 L»1,M
TLINFIL )3TW1*TLIN£(L) + TW2*TML)
GO TO 120
CONTINUS

T1 = .O
T2=.O
00 97 J = l , J J
T l » T F N D I l , J | / J J * T l
T2»TEND( I I f J Í / JJ+T2
CONTINUE
Ta««Tl»T2»/2.
CALCULATE VELOCITIES
MVR MASS VELOCITY IN THE R DIRECTION
MVTH MASS VELOCITY IN THE TM DIRECTION
00 82 J - l . J J l
00 81 1-1,11
SENO(I ,J)«SUt J)
MVR( I t J t - ( S E N O I I . J » l ) - S F N I ) I I , J H / ( R ( I I*OT
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ISN
ISN
1 SN
ISN
ISN

ISN
ISN

ISN
ISN
ISN

ISN
ISN

ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN

ISN

ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN

ISN
ISN

ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

0 !00
0101
030?
0 '0 3
0304

030S
OJOh

0307
030«
0 30'»

0310
0311

0112
0313
0314

0315
0316
0317
0318
031")

0320

0321
0322
0323

0324
0325
0326
0327
032fl

032<»
0330

0331
0332
0333

0334
0335
0336
0337
0338
0339
0340
0341
0342

S? C (IN! I'lll!
• • ) • ! H S 1 = 1 , 1 1 1
01 !V. .1 = 1,J.I

8C I V T M I I , J» = - l S F N D I I U .J I -SENUt I , J l I/OR
HS rilNTI"4Ur

r.AI (,!J1 ATT THF HFAT FLUX ANO K EFFECTIVE
J T 1 1 ) - . 0

t - . 0

O ) »0 J ^ l . J J l
T( i , . I I = TF ' ID( I , J )
J f H | J | : - ( - T ( 3 ( j | - T l l > J » I I « 4 . * U I 2 < J * » T I 2 , J » 1 1 1 - 3 .

1 T I l . J t l ) J M I A M 1 , J U A K I 1 , J * 1 ) ) / ( 8 . * D R ) * R l l l * U T H

T ( 1 , J I » T | l , J » l > - T t 2 , J t - T ( 2 , J » l ) l * ( Í M 1 , J ) * A K I 1 , J » 1 I »
1 »*DTH

C I N í M
1 / 1 4 . * f

U l 1 , J I = C O N V I l f J l
UPHT=gPHT*OPM(J|
OTí l» =UT t 1 ) » Q I 1 , J )

0 0 9 1 I *Z,III

an i i = .o
DO 92 J = 1 , J J 1
T I I * J I » T E N D ( I t J »

I » U K t I , J)»»K( I , J » 1 I I / I 8 . * D R I * R I I I*OTH
CHNV1 ! ,J»= MVRI I . J ) * | T | I , J )»T( I , J»1»»*(CP( I ,J»*CPI I , J » l l l / 4 .

1 *R | I I *DTH
01 I ,J) 'CONV( I .JI»CC1NO< ! , J I

')?. u r i I I = O T I n + g i i t J »
91 CnNTINUE

Q H I I )».O
iJPC,T=.O
DO 93 J ' l i J J l
T ( I . J l i T E N O l 1 t J )
« P C ( J I « ( - T ( I I - 2 , J I - T U I - 2 . J » l l » 4 . » » H I I - l . J I * T U I - l t J * l » l

I - Í . * I T I I I . J I »TI I I , J»l» I I » IAM I I . J I » A K ( I l i J U t W(8.*0RI«K< I I I * O T H

C U N V l l l . J l ' . O
CONOI I l t J I M T( 11-1,J)«-TI 1 1 - 1 , J t l l - I t l l i J l - T i l l , J * l I I

: * ( AK1 I I ,J |»AK( I I , J « H I / I 4 . * O R > * R I I I I * D T H
Ul I I , J ) « C O N V I I I , J I » C Q N O 1 I I , J I
QPCT«OPCT»gPCIJI

^3 JTI I I f »UTI11

OTAV.O
on <?6 i « i , 11
0TAV»8TAV*QTI I I / I I

<J6 CONTINUE
AKAV'OTAV*ALO&IR2/Rn/KT1-T2t «3.14161
A K F F C « 0 P C T * A L 0 C | f ) 2 / R U / l i r i - T 2 l * 3 . 14161
AHEFM-QPHT»ALnül«2/Slí/(( r i - T 2 ) » 3 . 141 Al
60 TO 450

400 CONTINUE
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Vt I- ! K M C Yl IN!>tB

I V :
1 <-'.

1 S'i
1 s i .

I SN

1 <>N

1 SN
ISN
ISN
ISN
ISN
IS.N
I SN
ISN
ISN
ISN
!SN
ISN
ISN
1 SN
I S^
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
iSN
ISN
ISN
ISN
ISN
ISN

0 1 <t 1
0 !',<,
') <<»S
.' WiiS

> ' ' . 1

•J t<.-'
0 fV»
0 I1»!1

o :•-.;
o "•.••.•>

o i1) ?

OTiS
Ü •tl)6
O^SH
03*j9
0 160
0Í61
0162
0363
0 36*
03bS
0366
O3b7
0 363
0369
0370
0371
037?
0373
037*
Ü3?i
0376
0377

0378
0379
0380
0381
0382
0383
038<t

03R6
03ST
038B
0389
0390
0391
0392

0395
0396

r
C H I I I N l . ' i r F F I C I F N T M A I B I X A ANU
(. « l i . M T HiV^n S I D E VFC10R S»

*. = -'. \
L 1
I M W l 1 - 1 , 1 1
1 =1 «1
K. •- K • 1 I • I

H = l 1 * 1 - 1 1 i - L »
4( K » H | ; ] ,

S P 1 L • 1 I = . O
t>01 C INTIN'Jt

« . - K - l
lill 6 1 0 J « ? , J J 1
1 = 1 »1
K = K * ^ * t | * l

I F ( N P ! , F u . 1 > r ' l TO 6 W

H= 1 1 • 1

A l K t ' t l - \ .

sec.«i »---.o
uO 1 > <>1 ',

M ,' CriNTINUE
M- 1
. t l K » H I * C l * l VI l f J I « V ( L f J - I M / I V I I t J H
H= 2» I I • I
A(K«-H) = C 1 * ( V ( 1 , J ) * V ( 1 , J * 1 I ) / ( V I 1 , J M
H=1 I • 1
4 I K » H ) * - l , / l ) R - C l * ( V ( l t J - l l * 2 » * V t l t J > * V < l
H: I 1*2
41 K*H( * ! . . / [ )«
i f 11 * l M R ' t ( * P l R / V ( l , J » » » & » R O « l , J » * D P r ) X i

Í>1 í CUNT1NUF
DO 611 1 = 2 , ! ! 1
L ' L * 1
K = K * 2 * I 1 * 1
H * l 1 * 1 .

l - « V U M . J . / « M * S M 2 . . V M . J , / H i n * V « l - l , J

A ( K * H | s ( V ( I , J - 1 I » V U , J I t / ( ( ' . * n T H i í * R l l H
H * 2 * I I * \
A l K * H > * I V f I t J M V I 1 t J » l M / < 2 . * 0 V H c * R l l I I
H = I I
A ( K * H ) = i V I ! , J ) / C I I / - V i I - l . J » / H ( | - ! M / ( 2 .
H* I \*2
4( K + H , - - , VI 1 • 1 t J l ' f l - ' ) v V ( 1 , J l / R l I ) > / ( 2
JHI)TH=|RfJ( I , J M l - M I l 1 , J - l l ! / ( 2 . « f > T H I
DHOR = (RO( U l t J I - R O I I - I f It » / Í 2 . * Ü R I
SP ( L * l l *ü» i ' t 'Á» i ' í iOK

61 I CONTINUE
L»L«1
K < K * ? * ! 1 * 1
H* I 1 • i
A ( K » H I * 1 •
r;K <L*1 l * « 0

610 CONTINUE
UO 60? 1 = 1 , ' 1
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ISN 0
ISN O
ISN
ISN 0400
ISN 0401
ISN 040?
ISN 0403
ISN 0404

ISN 0405
ISN 0406
ISN 0407

I -I » l

ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
(SN
ISN

iSN

ISN
ISN
(SN
ISN
ISN
ISN

040fl
0410
0411
0412
0413
0414
0415

0416
0417

0418
0420
0421
0422
C423
0424
0425
0426
0427
0423
042<?
0430
0431
0432
0433
0434
0435
0436
0437
043ft
0439

0440
0441
0442
0444
0445
0446
0447
0449

H-l1*1
ft (K * H ) :

CALL GELHlSR,A,M,N,HUDtMLO,EPS»tERI
L
FUNCTION

60.'

KfltNT
w« I T F ( 6 , 2 1 8 ) I F R
« / P I T F ( 6 , 2 O 1 I SR
UPDATF STREAM FUNCTION

I F ( K H U N T . E O . 1 I GO TO 671
Dil 670 L = 1,M

67 0 S L I N F I L ) = S W l * S L I N E « L I • S H 2 * S R ( L I
GO T(l 67 3

671 Dn 672 L=1,M
6Y? SL INF IL ) = S R ( L I
673 CONTINUE

FNI-RGY EQUATION
DO 616 L=1,ME

616 A I I ) = . 0

FILL IN COEFFICIENT MATRIX A ANO
RIGHT HAND SIDE VECTOR TR
I F l N S C . E Q . l l GO TO 642

TRI l» = T l
GO TO 643

642 CONTINUE
A( 1» = 3 . * A K ( 1 , 1 I / Í 2 . * D R » * A G A H
A ( ? I = - 2 . * A K ( I t l l / O R
A < 3 ) - A K ( l , l ) / ( ;

64 3 CfJi-t'lNUE
L=0

0 0 6 1 0 1 1 - 2 , 1 1 1

H=I I*l-Í II-L 1

T R I L * 1 ) « . O
6 1 0 1 CONTINUE

L « L * 1

IfíMBC.EO.ll GU TO 645

AIK^HI*!.
TR(L*1I«T2
GO TO 646

645 CONTINUE
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I VI
I S N
1 SN
1 SN
ISN
ISN
I S N
I S N
I S N
I S N
I S N
I S N
! SN
ISN
ISN
ISN

ISN
I S N
I S N
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN

ISN
ISN

ISN
ISN

ISN
ISN

ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ION

ov.f l
04S 1

04S1
OiiH

mss
ll'tS'i
04*) 7
04SH
04V»
0460
0461
04h.)
0464
04t>S

0466
0467
0469
0461
0470
0471
047?
047 J
0474
047S
0476
0477
0478
0479
0480

04R1

04H?

04»}
0484

04H5
0486

0487
04HB

0489
0490

0491
0412
0*93
0495
0496
0*97
049P
049'
Q«,00
0SO1

'!=l 1 • ! - ( 1 1 -I 1
A | x » M ) í A ' , A C » í . » â > < , I I I » l
H= 1 I - ) 1 I - l )
A | K » H I = - « > . * \ M I 1 , 1 I / O k
H= 1 1 - 1 -1 1 I - l . I
Al K »H) -AK 1 1 1 , 1 1 / 1 ?.*t)f>
TM t L • 1 > =A(»AC»Tnol

- ' . ' • f.nul (Nl^
*. - K - \

HI» 6 1 1 0 J = . - > , J J 1

L =1 • 1

n =K. *i* I I • 1
I F ( N H C . l - . 4 . 1 1 1,(1 T i l 6S,>

H= I I • I

A» K * H » = 1 .

I H | L * 1 1 = 1 1
r
I

(,H I I 61!1

' '->.' CUNT INO'
H- I I » !
Al K»H>= ?.«AK 1 1 , J ) / l 2 . »
M- | I • 7
l ( K » H l = - , n . » A K ( 1 , J 1 / ' I f
M ' 1 l » 3
A | K * M | = 1 K I 1 , J I / I ? . * ! ) U I
TH ( t * l ) =ArjAH»TC.AS

'>S \ CiJNT INl i r
U'l 6111 1 = 2 , 1 1 1
1*1. M
H«K»<?»I 1 *1
M * | 1*1
A l K * H I < < R l I * l l * A K ( l » l ,

H* l
•\ ( K • H I • | S ( l » l , J ) - b ( l - l

1 - (AK( I , J | « & K ( | , J - 1 M *
M=2«I i t 1
A l H » H I » - ( i ( 1 • 1 , J I - S I 1 -

1 - I A M I , J * l M A K l l , J I 1 *
M» 1 1
A ( f c » H | s - I S ( l « J » l l - S ( l <

I / I? .* ! )"!

I I U ) » 41,AH

J 1*7. «HI | ) * A M I , JI»H 1 I - l )»AK| 1 - 1 , Jl 1 /

• A K | l , J I « A K I I , J - l l l * H ( | l <£.•>> H?>

, J I ) * C P ( I , J - 1 I / | 4 . * I ) I H * D R 1
C H I /!2.»nTM?»

1 ,JI l * C P | l , J * l t / l 4 . * ( ) T H * D K I
HI 1)/<2.*UTH?I

J - l M » C P H - l , J > / | 4 . » I i T M * n M |
I - I M 1 I * A M 1 , J I * M » I - l I »A! I I - 1 , J H / ( Z . * I ) H 2 I

M « I 1 * ?
A | K » H ) = » | M | , J » D - S I 1 t

I - ( K | ( « 1 | * A M | * 1 , J I * H ( |
T « I L * I I » . O

M i l CONIINUf-

L»t *1
« • « • ? • I 1• I
I H M ' t C . f J . I 1 (.U T'l 6-i'j
'U 1 1 * 1
A(K « H ) « 1 ,

T « U * l t « T ?
' , 1 I I (>'•/>

*•>•> C r i N T l N U f
M . 1 1 * 1
A | K » M M A ( > A L » ) . * A K I | | a j

J - M )*CPI I»1 ,J I / |4 . *nTH* l )Hl
)»AK| | , J | ) / l? . *r )H7l

11/(7. *l>" 1
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I SN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
I SM
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ÍSN

ISN

nsn?
0 *>0 1
Or'O4
ObliS
0 " J G 6

0507
050K

0 509
0510
0511
0513
0514
0515
0516
0517
0518
0519
0520
0521
052?
0523
0524
0525

0526
0527
052*
0529
0530
0531
053?
0533
0534

0535
0536
0537
0539
0540
0541
0542
0543
0544
0545
0546
0547
0548
0549
0550
0551

0552

0553

olio
1*-
I.

O n (i

O O 7
f
L

6102

665

666
C
L

r
V.

c

t\: i !
A( K +M( --- f|.*AK( I I t Jl/DH
H-| 1-1
A(KfH>=AK( I I,J)/C2.*r>RI
TR(L : 1J=AGAC*TOUT
CONT INtlF
CMNTINUr

L =1*1
<,-K + ? • IJ • I
It (NHC .f-U. 1 I (.0 TO 6ft?
H= I I • 1
AC K • H i s 1,
T R C L * l ) = Tl
GO T'l 661
COMTINUF
H= I I • 1
A ( K * H » * 3 . » A M 1 , JJI/< 2,*0H» + A G A H
H = I 1 * 2
A(K*H» = - 2 . * A K U » J J I / D R

A(K*H)=AK(l,JJ)/C2.*nB)
Tft ( L*l ) = AGAH*TGAS
CÜP4TINUF

DO 6102 1 = 2.1 T Í
1=1*1
K = K*M*I I + l-l.
H=II*1
A1K*H)=1.
H=l
ACK*Hl=-l.

TRCL*1I=.O
CONTINUE

L=L*1

K = K*'1*II*1-L
I H M B C . E Q . l t GO TO *,(• S

H=II*1
A(K*H|=1.
TR(L*1I=T2
GO TO 666
CONTINUE
H* 11 • 1
A(K*H|=AGAC*3.*AKCII,JJ)/12.*0M»
H=I I
A(K*H)=-2.*AK(IItJJI/DR

H=I I- 1
A(K*H)*AK(II,JJI/(2.*DRl
TR<L*1)*AGAC*TOUT
CONTINUE
MATRIX A IS FILLED IN

CALL GELB(TRfAtM,N,MUO,MLDfFP
c-,IFR»

WRITE TEMPERATURES

WR1TEI6,21O)
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ISN 3 S S 4 H« I I ' t h, ,'1 1 )

l.HMK T ' " ' " >• A l l i l - ! s * I IP C O N V t " . , ( N C F
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ISN
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I S '< 0 5 7 5
I S N 057h
ISN 0577
ISN 057S
ISN 057*
ISN 05S0
ISN

ISN 0582
ISN 0583

ISN 05fU
ISN 0S85

ISN

ISN 05H7

ISN 05BD

ISN 0590

ISN 0VU

Í S N 0 5 * ) ?

T I - . 0

! ) • ) h ' » 7 J l , J J
T l = Ti NOI l , j 1/ i i n i
1 ' = T i N ' M ! i , . ! ) / . I ; . 1 /

hl>t C. INT I M i l

I Í I A T I Vf t " i . 1 I I f ',
• ÍV" " A S S V t ' "1 I T V I N TH' i' l l t t l l l U N
H V l H « A S S V ' L - ' . 1 T Y I N I n ; I M il I « r I'. T I U N
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» l i H I 1 - 1 , 1 1
>( N D I I , J ) S I Í , J l

*>H l MW« I I » J I « 1 S I I . J * l > - S t I »J> i / | M ( I l » i ) T H I
6 f l ? CDNT I N U f

( J O f l H * 1 - 1 , 1 1 1
DO >>R'. J ' l . J J

6"'. 1 V T H l I , J | s - I M I « l f J I - S I I > . l l l / l . 5 * i ) R # | H I I | » H ( | * l l M
fcf)5 t'INT INUf

TlU F l U » ANI l K F F f l C T I V E
j T ( I I = . 0
U f M T ' . O

no 6io J « I , J J I
i i i , j i « r f N o < i , j i

r .UNDI 1 , J l " l 1 I ] , J I » T I I , J » M I 1 / . J l - I I 1 , J » I i ) • ( A K ( 1 , J I » A K I 1 , J » 1 I I

C I ) N V ( l , . J I ' > < V l M W . H * < T U , J ) » T I ) , J « l M * I C P I l , J i * C P U i J * l H / * .
l * r ) r H » ? . * 4 . l <. l <b>*« < 11

IFIMVHI 1 ,J I . I T , ,Ü l f.UNVl I • Jl «MVBi 1 , J I » ( T U ,J I»T 12 , Jt
U T I l . J i l l i T I . ' . J . D ^ i r . P I l , J » » ( . P ( l , J » l l l / 1 . » 0 I M « 7 . » J . l « > J 6 » l » l I I

j P M | j | . - ( - I | J , J I - r i t , J » l l f < . . » i r ( ? , J | » T ( ? , J » l | | - i .
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I J)>'JPHIJI «CIINVI I f J l
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I . - INDI i , j p = ( T n - i , . i i » T i i - i , j » i ) - r i i » i . j i - t c i » i t j * i n

1*1 »KI t , J (»AM I , J « I I I / I ' l . » f . N | * ' i T H V . » l . ! < . l f i » l * U I
(. 'NVt I . J l - t V i l ! . J I « m i , J I « M I . J « l > l » l ( P | | . J I » C P < I . J » l l l M .

l « 0 l H » ? . » 1 . 1 * l t * » | I I
J ( i , j i - c r . N v i i > j )» ( .CNni l tJ)

6 ' ) / J I ( I I = OK [ I»J( I , J I
'«''I CilNflNI/i

mi f, M J = I , J J I
n i , J i = rts.Ti I t J i

1 , J l » t ( 1 I , J » l » I l » t Í M I I ,J> »AKl I I , J » l l 1 / M . « ü K I » ü t H » ? . » í . l ' . l h » H ( I I )

CMNVl I I , J > = . 0

LM-jni ! i , j ) = n i i i - i , j i » T ( t
l » ( A K < ! I , J I » » M I I . J * l l l / |

Ul 1 1 . J I ' C D N V I I 1 i J ) » r , i ) N i ) | i i , j |

JMCT«UPCT»JPC<Jl
*<>-> J T I I t ) > 9 T | I I I « C I I I . J l

On 6'*'» l » l f I I
j l í v g T í v » j r ( I l / l l

h-tb Cfi»iTINU^
I / I I r t - l i M

Anf FC

&n TO «so
*IO CUNTINUF

PFOMF TB IF- S

F I I L I N C O f F F J C Í F N T « A T " |
« I GMT MANO S I Oi VECTHM S.

M - l l

Oil 7a 1 !•> i , « !

M « l l » l - l l l - l I

A V ( l :

S H I L M I - . O
701 CONIINU»

OH 710 J«; , . )J1

f'l 717
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( I S U <1
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t.Ul*<0
0651
Oh*?
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0655
06S6
0*57

0659
0660
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0662
0663
C664
0665
0666
0667
0668
0669
0670
0671
0672
0673
067*
0675
0676
0677
0678
0679
0680
0681

0682
0683
0684

068%
0687
0688
0689
0690

C
f

C

c
c

7K '

7 1 l

71 1

710

70?

770

771

.•' V.\ M l
I " M INUf

M » H ' h f 1»( Vt 1 . J I»VC 1 • J - l I I / ( V ( 1 , J M
H * 1 I » 1
M k . M ) r i*< v i l , j | » v ( l , j * i l I / I V I 1 . J I I
• i ; • i

M » - H I = - l . / i J J - r ! • ( VI 1 t J - l ) » 2 . * V « I , J » * V ( 1 , J » 1 »
H= M •->

S"« I t *1 ) - P E W / V ( 1 , J l * | - O T M * W n ( 1 , J | + CPOX»TCP*GRI
C t r i l INUf;
Oil 711 t = 2 , I 1 1
L =L* 1
K=-K*^* I ! • i
H= I I • 1
H ( K * H M - ( V I I , J - l l * ? . * V I I , J i * V ( I . J » n i / ! . ' . « ( > T ^

H = l
A C K » H ) = Í V ( I , J - 1 » » V I I , J » » / ( 2 . * 0 T H 2 l

M K t H ) - t V ( I , J »V I , J * 1 M

A ( K + H | = ( v ( l , J t * V ( I - l , J ) ) / t ? . * D R ? )
H-I 1*2
A( X + H| = ( v( 1 * 1 , J 1 « V I I ».l) ) / ( 2 . * P * * 2 )
[)M()TH-( R I ) I I , J * l i - R 0 ( l , J - i n / ( 2 . * D T H )
;)RnK = (RD( i • 1 , J l - R n t I - 1 . Jt I H 2.«OR»
S K ( L * l ) = P E R * ( & R * O R O T H - G T H * U N U K 1
CONTINUF
t =L • 1
K = K * 2 * f 1*1
H = l 1 * 1
A ( K t H ) = 1 .
S R I L * 1 \-,0
CONTINUE
00 702 1 = 1 , 1 1
L = L * l
< = K + *1 • I I » 1-L '
H = I I * l
4 ( K t H I = 1 .
SH t L • 1 ) = .O
CONTINUE
CALL GELBISP ,A ,M,N,MUU f MLO , F P S , IER 1
KOUNT=KniNT»l
PRINT STREAM FUNCTION

W R I T E « 6 , 2 0 0 > KCLNT
H R I T £ ( 6 , 2 1 B ) IER
W K l T E ( 6 . 2 0 1 t SR
CALCULATE VELOCIT IES
UPDATE STREAM FUNCTION

I F Í K 0 U N T . E 0 . . 1 » GO TO 771
DD 7 7 0 L * l , M
SL I N E I L » = S W l * S L I N t I L ) * S W 2 * S « ( L >
GO T'l 773
')!) 772 L = 1 . M

I .JM
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0 70 fy
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071 ̂
0714
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0716
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07l r i
07?l
0722
0 72^
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O / P S

0726
0727
0728
072'}
0730
0731
0732
0733
0734
0735
0736
0737
0739
0740
0741
0742
0743
0744
0745

r.

r
\,

c
c
f
l .

r
L

Tf,1

77 <

ri».

T*2

1<* í

n o i

746

752

Si l i ' 11 I ' S » | U
i ">: í pjur
; si L i,v f JUATIPN
'in 7 1' . l =1,ME
AM I = . 0

F U I IN COEFFICIENT MATPIX A ANO
" l i . M I HANU SIDE VECTOR TB

If (N"r . f . j . n i;,u Tn y.
A( I h l .
IM1) = H
!,:t Vi 7<. í
CUNTINUf
A( 1 1 = ^ • • AK 1 1 , 1 > / ( Í " .» ! , ; - 1 » V,AH

A( r l = - ? . * A K ( 1 , l I/OB
A M I - A K l l d l / l 2 . * 0 R (
TP ( 1 1 -A&AH*IGàS
CUNTINUf
L = 0
K.=0
Ti 7101 I = 7,1I1

K = K * I I * L '
H = I I • 1 - 1 I I - L I
A(K*H)s1.
H = 2 * 1 1 * 1 - 1 I l - L »
A ( K * H I = - 1 .
TP(L*1 )-.O
CONTINUE

L = l + 1
K = K * I I * L
I H M H C . E Q . l » GO TO 745
H=II* l -UI-LI
A C K * H ) * 1 .

T R C L * 1 » = T 2
CiO TO 7 4 6
CONTINUE

H=I I * l - | I I -L 1
A(K*H|sAGAC»3**AMIItl>/<2.«OfU
M= 11-1II-LI
A(K+HI»-2.*AMII»l>/0R
HsII-1-HI-L»
AIK*H)=AK|11,1)/«2.*OR)
TR(L*1J»AGAC»TOUT
CONTINUE
K»K-1
00 7110 J«2,JJ1
L»L*1
K>K*2* I1 *1
IF INBC.EQ. l l GO TO 752
H« 11 • 1
A ( K * H I > 1 .
TR(L*1»«T1
GO TO 753
CONTINUE
M«I1*1
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0 7*9
0750
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075*
0755
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0757

M >. • Ml
•t= I t •<'
A < * » H 1
M- I I • A

T M I • 1
/'.• 1 C INT IN

O'l 7 1 1
L = t • 1
'. - K • ? •
H- t I • !
A 1K »H1

= ) , H M 1 , J » /

» - , . . * A M 1,J»

rftK 1 1 t J \ / \ ?.
I = AGAH»TC.4S
Uf

1 1^ .111

11*1

= ( AK ( I t t . J H

A.-an

SH 0759

SN 0 760
Sll 0 761

SN 0 762
SN 076Í

SN 076*
SN 0765

SN 0766
SN 0767

SN 0768
SN 0769
SN 0770
ISN 0772
ISN 0773
ISN 0774
ISN 0775
ISN 0776
ISN 0777
ISN 0778
ISN 0779
iSN 0780
ISN 0781
ISN 0782
ISN 0783
ISN 078*
ISN 0785

ISN 0786
iSN 0787
.,N 0788
.SN 0790
iSN 0791
.SN 0792
ISN 0793
tSN 0794
iSN 0799
{SN 0796
C>N 0797

H - l

J I » A K ( l - l t J H / ( 2 . * D R 2 l
I tJ - l> l / f2 . *OTH2|

* J - l l / U . * 0 T H * 0 R |
I - U K I I ,J-1)*AK( I f J ) ) / I2 . *OTH2I

l * l , J ) - S U - l , J I » » C I > U
, J)) / I2.»DTH2)

H=II
AIK»

1-(AK( l - l , J U A K i l , J»)/(2.»UR2»

T H ( L * 1 » = . O
7 1 1 1 C0N1INUF

f J I » / ( 2 . » O R 2 )

' 11 • 1
IFIMBC.EQ.il GO TO
H»II»1
A»K»H)=1.
TKIL*1)=T2
GO TO 756

755 CONTINUE

H=II
I , J I / ( 2 . * 0 R >

lfJ)/DR

A(K*HI»AM I I , J ) / ( 2 . * 0 R )
THtl*l)*AGAC*TOÜT

756 CONTINUE
7110 CONTINUE

IF(NBC.EO.l) GO TO 762
H» I I • 1

GO TO 763
762 CONTINUE

H«II*2
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OHIO
0R11
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0S16
0817
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0819
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0R23
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0825
0826
0827
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0830
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0832
0833
0835
0836

0837
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0840
0841
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L

c

c
c

C
c
c
f

c
c
1*y,

/•
c
c

710?

76 5

766

7300

7116

780

7115

. Ü «HI = - , > . • A M l . J J I / O R
H 1 1 • }
4 | I > * M ) « A K I 1 ( J J I / I 2 . * l l f t |

CIINT l'4Uf

0 1 7 1 0 ? 1 = 2 , 1 1 1

L=l • !
K=K»M4||f1-L
H=I I * l
A l K t H I ' l .
H = l
A ( K * H ) x - l .
TH <L•! I - .O
CllNl INUt

L = L*t
K=K»M*II•1-L
IFIMrtC.EQ.il GO TO 765
H=I I • I
A lK»H) *1 .
TR(L»1I=T2
GO TO 766
CONTINUE '
H= 11*1
A(K*H)sAGAC*3.*AK(I! ,JJI / I2.»OR»
Hi 1 I
A(K + H |s -2 . *AMI I ? JJI/OR
H = I I - l
AlKfH|sAKII I«JJI/f2.*0RI
TR(L»lI=AGAC*TOUT
CONTINUE
MATRIX A IS FILLED IN

CALL GELB(TR,A,MfN,HUO,HLO,EPS,IEBI

WRITE TEMPERATURES

WRITE(6,210l
WRITE(6.211I TR

CHECK THE TEMPERATURES FOP CONVERGENCE

00 7300 L»ltM
IF(OABS(TR(LI-TLINEILI I .GT.EPTI GO T07116
CONTINUE
GO TO 7115

CHECK IF KOUNT IS LESS THAN KMAX

IFUOUNT.EQ.KPAXI GO TO 7115

UPDATE TEMPERATURES
DO 780 l« l»M
TLINE(LI*TMl*TLINE(Lt«TM2*TRIL)
GO TO 120
CONTINUE
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S! Nil I I , J I = S I I , J l

781 H v K ( | , J | s ( S F r 4 O I I , J * l l - S f * M i ) M , J I > / U T H
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A c ' t - , 1 - . O P h T / U T l - T < > ) * A l . ) • ( H ? - R 1 )
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I ' A I (".111 A T f R A L F I O H NUMUFW K />

A N U = f T A » l A P l l t T h I / ( P ' 1 F ( A P i i , I I I I
A ' ( ' J ' I - C I A F ( A P i l , T l | / R n r ( A P I ) , ' 1 I
^^|• .--^> 1 H » C L A M F t A P O , T H » « - A K M
Al t - \K)/( t>IIF-" ( A P f ! , r H l *C.Pf

T h T tt

ril ! 4 -ORi)T/Kf)F ( API"), Th)
o. A = ( , *PFP* ( 1 1 - T 2 I * (H?-R 1 l * n r t A / ( ALF*ANUI
HI --t>f '•• * ( ' I , ' [1X-&TH#ROF 1 A P O . T Í ) I * I H? - f 1 ) / 1 f - I AF I A PO, I H I * ANHOI

. = ( A X f F C » A K i : > : H ) / : ,

WM I Ff" I & , ? 6 0 )
" I - I Tt I 6 , , 6 1 I

i ) C ) I S O I - - 1 , 1 !
DO 1">1 J - l . J J
T e M F H = F F N O ( I , J l - T l I . J t
WR ITF. ( 6 f 2hZ ) I , J f S K N ü ( I f J ) f T t N L U I , J l , T T U I M ( | , J » , r f : H f c R
COMTINUF
CHNTIMUE
WR I T H f>, 27? )

D O I S 2 1 = 1 , 1 !
OD 1 ' . 3 J - 1 , J J 1
«« I Ft 1 6 , 2 7 3 ) 1 , J ,MV- > Í , . i l . i .< ! . •»'
ClINTINUF
CONTINUE
X R I T E I 6 , 2 H 1 I
W R i r F ( 6 , ? H 2 )
Ü(J 1 5 4 1 = 1 , 1 1 1
Oü 155 J = 1 , J J
KR I T F . 1 6 , 2 0 3 » 1 , J.MVTH 11 , J)
CONTINUE
CONTINUF '
N R ! T E I 6 . 2 8 ' > )
DO 157 J = 1 , J J 1
W R I T E ( 6 , 2 R M J ,CPH< J I ,QPC U >
CONTINUE

0(1 158 1 = 1 , I I
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I S N
ISN
ISN
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ISN 0 9 6 1
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ISN 0 9 6 1
ISN 0 9 6 4
ISN 0 9 6 S

I SN 096I1.
I S N 0 9 6 7

ISN 096A
ISN 0 9 6 9
ISN 0 9 7 0
I S N 0 9 7 1
ISN 0 9 7 2
I S N 0 9 7 3
I S N 0 9 7 4
I S N 0 9 7 *

ISM I'.1 IN I I N I H
«*" I r' I f . , . ' "0 1 gi'h? ,u»f I
PI) AN' I /A l I

W H i I ' , , . "M I A l F . A N ' l . A K O . P R ,KA,HF ,KNUS
«in I K I 6 , . " T I
• .KITf | ( , , ; ' M I A K A V . A K ' F H . A M M, ,AKHC

.>()!) l u m M I • I • .."'OX , 'SM ' , S X , «KIIUNTs» , 1 X , I 1 , / / / l
.'111 f - i l F M A T l ' O ' f S X . I C f l l . i l
. '10 MIRHATI • O t , . ' U X , t T M TFMP1:MATIJ«AS' , / / / !
,'11 F|)F'«*At I « O 1 , "JK.ICF 1 1 . 31

T h n r.i|pMAT I • 1 • , 10X, ( BI SUITS FHIJX TMf LAST I TIHAT |(IN« , / I
ihl F l l l -MAI I • ) ) • , • I J STHF. AM FUNCTITN IFMI>fcKATUHFS

1SS l iMPFRATUHV S,K
(.) I « t NS I IINl (

?1? • l ' I MVM 'K(,/IS»M»*?( J I Wl • I

?«•> F l l fMATI M 1 , 1 J

FMfMATI • ! • ,«>1vTH,CnMP(jm NT DF MASS VkLOCITV PFHPFNUICULAH TO M V " 1 !
FORHATI « O 1 » ' I J M V r M l M , / I S * M » » ? M I

g p c i w i * i
i O . 1 l

I ' l ' i ' H U I FLOW THU'tUOH THE 1 NSULAT ION.UT ,QPHT , DPCT .OTAVM
?ffl FORMATI ' O ' , 1 I U T I h l M
2H1 F O R M A T I « O » , 1 2 , 4 X , E 1 0 . i l

291 FORMAT! ' 0 ' , • A L F » i , F H . 4 » t A N U « i ,E 11 . 4 , • AKQ»f ,fc 1 1 . * , • PR » ' , 1 1 1 . 4 , ' H i ^
l ' . r 1 1 . 4 , • R E « t , F U . 4 , 5 X , ' M N U S . » , F l l . 4 , / / l

iq7 FUWMATI « O ' . ' l F F t C r i V E THt«MAL CONDUCTIVITY, W / U » * ) 1 , / / !
^•M FIJPMAM ' 0 ' . 'AKAV' 1 , 1 1 i . 4 , • AKFFH»* , F 11 . 4 , • AKFFH» • ,F 1 1 . 4 , • AXHC«'

1 , E l l . 4 1

101 FORMAT!SX,IF 1 0 . 5 1
102 FI IPMATI5X, IF 1 0 . 3 1
101 F0P.MATI5X,F5. 3 . J E 1 0 . 1 »
104 FORMAT!SX,IF 1 0 . 3 1
105 FORMAT! ^X , 2F 1 0 . <i'

STOP
F.NO

•HPTIUNS IK EFFECT* NAME. >1A IN,OPT'OO,L INrCNT>SO,SI It 'OOOOK,

•DPTIONS IN EFFECT» SOURCE , EBCDIC, NHL I ST.NilDFCK t LOAD ,NOM»F «NOEOIT ,NrllO. NllXS fcF

•STATISTICS» Snu»Ce STATEMENTS • 47* .PROGdAM SI/E • 203/98

• STATISTICS» NO 0IÍ&V1STICS ufN

• • • » • * fNO OF COMPILATION * • * • • »
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GF.LH 10
• MID 20

PdMPftSf
f i l SDlvr A SYSTt * ii(
f.n( FF l(. IF Nl MATHM n

SI*LU TANH)i:S U N I A " (UUATIUNS WITH A
HAMI" iINU< TUHF.

IJSAf.F
T A I L r.n ms,» ,> ( ,N ,WI ) ! I .MID, t ps,>:

OFSf.RlPT KIN HF

GFLH
r.f L H
(.ELFt
&FL»
GFLH
GFLH
GKH
GFl»
GF-.lrt
GFL8
&ELB

30
« 0
5 0
6 0
7 0

no
1 0

too
no
MO
1*0

NLD

EPS

JFR

- « HV M RK.HI HANI) SlHF MATH I » I fU SI «OY t D » .
r)N HFTU«N K CONTAINS IMl SDLOT I ON OF t Mfr EgUAT IDMS.GEL» I Í O

- M r il nr -FFICIFNT MATRIX MITH HAND STRUCTURE GF.IB 160
inFSTROYFDI. GFLB 170

-" THF NUMHFR HF FguAIIONS IN THE SrSTFJM. GFLH 1B0
- TMF N'JMHIK 'IF «Ir.HT HANI) SIDE VECTORS. GEL» f iO
- THF NUMHfR OF UPPFR CUOIAGUNALS (THAT NEANS GELB 200

CODIAGMNALS ABOVE MAIN D IAUONAl ) . GELB 710
- THc NUMUFK fIF LONER CÜDIAGONALS I THAT MEANS GEL 8 ?20

CODIAGONALi HElüw' I A I N DIAGONAL I . GELB 730
- AN INPUT CONSTANT rtHICH IS USED AS RELATIVE GELB ?«0

TOLERANCF FOR TEST CN LOSS OF S IGNIF ICANCE. GELS 250
- RESULTING ERROR PARAMETER COOED AS FOILOMS GET.B 260

IER«O NO ERROR, GELB 270
NO RESULT RECAUSE Hi- WRONG INPUT PARAMF- GELB 280
TERS H,MUD,«10 OR BECAUSE 3F PIVOT ELEMENTGELB 290
AT ANY ELIMINATION STEP EQUAL TO 0 . GELB 300

IER-K - WARNING DUE TO POSStblE LOSS OF S I G N I F I - GELB 310
CANCE INDICATED AT ELIMINATION STEP K * l , GELB 320
WHERE PIVOT ELEMENT HAS LESS THAN OR GELB 330
EJUAL TO THE INTERNAL TOLERANCE EPS TIMES GELB 340
ABSOLUTELY GREATEST ELEMENT OF MATRIX A. GELB 350

GELB 360
GELS 370

RAND MATRIX A I S ASSUMED TO BE STORED ROWWISE I N THE FIRST GELB 380
ME SUCCESSIVE STORAGE LOCATIONS OF TOTALLY NEEDED MA GELB 390
STORAGE LOCATIONS, WHERE GELB 400

M A « r t * M C - M L * I M L * l ) / 2 ANO ME«MA-MU»IMU»l1/2 WITH GELB 410
M C * » | N I » , 1 * X U O * M L D > , M l - M C - l - M L O , MU'MC-1-MUD. GELB 420

RIGHT HAND SIDE MATRIX R I S ASSUMED TO HE STORED COLUMNWISE GELB 430
IN N*M SUCCESSIVE STORAGE LOCATIONS. ON RETUHN SOLUTION GELB 440
MATRIX K IS STORED COLUMNWISE TOO. GELS 450
INPUT PARAMETERS M, MUD, MLD SHOULD SATISFY THE FOLLOWING GELB 460
RESTRICTIONS MUD NOT LESS THAN ZERO GELB 470

MLU NOT LESS THAN ZERO GELB 41)0
MUOtMLD NOT GREATER THAN 2 * M - 2 . GELB 490

NO ACTION BESIDES EKROR MESSAGE I E R - - 1 TAKES PLACE I F THESE GELB 900
RESTRICTIONS ARE NOT SATISF IED. GELB 910
THE PROCEDURE GIVES RESULTS IF THE RESTRICTIONS ON INPUT GELB 920
PARAMETFRS ARE SATISFIEO ANO IF PIVOT ELEMENTS AT ALL GELB 930
ELIMINATION STEPS ARF DIFFERENT FROM 0 . HOWEVER WARNING GELB 940
!ER>ft - I1 GIVEN - INDICATES POSSIBLE LOSS OF SIGNIF ICANCE. GELB 950
I N CASE II» A WELL SCALED MATRIX A AND APPROPRIATE TOLERANCE GELS 960
EPS. IER»K MAY BE INTERPRETED THAT MATRIX A HAS THE RANK K. GELB 970
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,,«•»»[-( XL H HL • U 1/2

<4f|VE FLFMFNIS H A O M A H I J ÍNil SFARCH FUH ABSniUTElY GREATEST ilEMFNT
(NOT ^FCESbAHY IN CASf IF A MATRIX fclTMOUT LÜMFH CDOIAGUNALSI
I F R - 0
P I V - 0 .

h JJ'MA

0') 1 K • 1
T H - A I J I

Tn-IIAMM Til»
IF I T K - P I V I H , ' ) , t

T Plv=TH
S J = J - I
9 J J ' J l - l

l iK rt
litlrt
I>H»
l>tLii
G H 4

GFL«
G:LH
GFLH
GFLil
l.fcL «
GFL»
GELrt
GELrt
GFL«

G U B
GELB
GELB
GEL 8
GELB
GEL ft
GFL ri
GELB
GELB
GEL 8
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CELB
GEL»
GELB
GELS
GEL B
GFL il
GtLD
GELB
G'LH
GEL l)
GEL»
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CtL 8
GUB
GflB

S'lO
M ) 0
6 1 0
t.20
6 1 0

6 W
6 6 0
670
hHO
hlO
7 0 0
7 1 0
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M O

7 * 0
7S0
760
7 70
78Ú
7 1 0
400
RIO
R20
0 30
IHC
RSO
It 60
R70
1R0
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900
9 K -
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9> J
<»T0
9 H 0
9 9 0

GEL Bl 00.1
1EIB1017
GEL 3 1 0 0
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GFLH10ÍO
GEL^1060
Gil b l070
GE', D 1080

GELB 1100
GEL 81110
GEL81120
&FLB1130
GEL HI WO
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I'l I t 1»1,WU
')!> 1 / KM.WC
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If In - IL I I I , 11.1,'

11 MJJI'MJI
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GFNFB»TF TfST VâlUF. Fll» ',1 NGOl âH I J T
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LQUP

CASE M ' O I I. ' I ' . I I •>(>

ST»»T

lOM'MC
IC«*C-l
0(1 38 K M . *

IS
IN ID* It '

IFI t •« MB.18.17
17 I I =•
it r i

I , . J : » » C H I N F I B S T COLUMN
' K )•

•- ^,(411111
if T» ?IVI2O,2O.lr>

19 >\ ft .
1

INDFKS FHOX |>K UP TO I>| IK>

70
2!
2 •

| I -HHI22,22.21

23
2*
25

, J T fiN SlN&UL4»ITy
' I I > I V ) * T , * 7 , 2 1

•..• I IFK I2IS,2*,2A
• - I P I V - T D I 125,2!.2f>

- I V ' 1 . / 4 ' . J J )

. VOT ("f)H HF DL.CTI .IN ANU HOm INTFHCH1NGF IN HI GMT HAND SIDE R
•J-K

1' 27 |«ft,NM,f>
i I • ID

. 27
R< I I I 'R I I I
»l I I -TB

M l - i l l M O
(.ÍLM1Í JO
OH. ll?0O
«H.H1210

OHt)l27Q
0ÍL112HÜ

I.H.B1JOO
GFLrtltlO

&fcLN13*0

GFLrtlibO
GELHD70
GELH13H0

GFLa1*00
GELS1M0

GEL 0 1 * * 0

GELtt1*60
G€L8l*7O
GEL01*8O

&FL9150O
GELB1510
GEL8152O
GELÜ1510
GEL 815*0
GEL 81550
GEL 81560
GEL 81570
GEL8154C
GELB1590
GEL 81600
GELB16I0
GEL 81620
GEL I» 16 30
GEL 816*0
GEL 81650
GEL 81660
GEL816T0
GEL 81680
GEI 81690
ML 61 TOO
GEL81710
GEL 81720
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ISN
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0077
0071
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noRi
00ft?

00»!
00ft*
OOftS
00ft*.
00M7
OOftH

00C9
0010
0091
00»?
0091
00"»*
009 S
009 b
009 7
0098

0099
0100
0101
0102
0103
010*
0105
0106
O107
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0109

0110
0111
0112
Oil)
Oil*
0115
0116
0117
0111
0119
0120
0121
0122

r
f

f

t

c
c
c
c

1*
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1 0
11

1 *

1 *

I S

4 6

»7
1 *
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f 1 V ' lT " 1» Mt -Hit | |>1N |

1 I ' U S I
J = J J « l t
l"l /« 1-J.I.J
IM=P|V»»I | |
41 1 > - / > ! I l l
M 1 1 ) > T H

l l ' l l . l

c lKftNt •"HUII ICN
I I U - l l f U>, • * , ) *
I'l£K S 1
1 1 **«t
1U = K M • 1
X/*HST»l f
HI * ) 1 •11 ,11»

IN M«fP IK t
ID» 1 !)•««.
JJ«|-^D -I
If IJJI 11, 11 ,10
In- ir>- J J
PIV-41 |[)|
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nil i? JJ .X I I , 1 » /
41 J-1I«*IJI«1>|V»»IJJI
J r J* 1
4 I J - K - C .

IN 1 A T 8 I » X

DO 11 J J « l , N " t , »
H I J J I = « I J J | . I > | V»P I J I

K STsK ST *MC
i n ii»-«oM'.,Js,i ii
IC« l( -1

m i n u s , tn,a?
nST»^sT-ln
CTNt |V|IJf
END OF orcnopnsiTKN

HACK SllrtST 1 t u T I N N

IFIMC- ) I'.',,'. '!, <c
IC *2
KST»i»»«ii-M(; t?
II'M

' ) ! > * S ] - ^ , M

l l - l l - l
J' I I-<IK
IMJKl,M,U
n S I » ^ s ^ • J

tB=HIJ(
1/»HStM(.-?

IN «urm» t

ini'^

t.) I »1 7 to
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l.il Hi 7S0
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O'l ill 770
r.i i j l 7<iu
V I «I 7'(0

UllUSO
(.MHIHAU
1,11 hi H 70
(.EialtHO
u ' U I l >0
&ridl>->;t
UlhUIO

r.t i it run
u>i HI "»*o

01 I HI >(,0
Of I HI') 70

&UH2000

GtLH20)0
on «20*0
OF LUÍ0SO

r.FL 620X0
GEL 02040
l.tLrtilOC
GELIt2lin
&FLB2U0
GFLA213O
I.UB2U0
GEL 821*0
i,cLH2160

GELB218O
GEL 82110
GCLS22OO
GELH221O
CEIM222O

GELK22%0
GELU226O
GELH277O
GELB22RO
GrL«22<«0
Gr L 112)00
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ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN
ISN
ISN
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0124
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0127
01?»
0179
0130
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I
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I f»» lu»l
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* ) »IJI=tH

IFI Il-»C)«*.**,*•>
*<> I I ' K M
•••> CUNT INUF

E4BOH OF TURN
*7 IF»»-1

MFIUHN
END

OK 1)2)20

GEIB23V)
GELBZ'M)

Gfl 02)110
GEL»?340
btl» 2*00

GEIB2420
&FIB2*3O

• OPTIONS IN EFFFCT» KANE* <•» IN,OPT ' 0 0 , 1 I Nt t.NT =hO, SI /F «OOOOK ,

• OPTIONS IN FFFFCT* VJUKCf .E BCOIC.NOl I 51 .NDDFtK .1 n»D.NnM»P,NOf Dl T ,NUI O.

• STATISTICS» SOURCE STATEMENTS • 13» . P R f l . M * "51 /F • 2TH»

• STATISTICS* NH OIA(>"IUSTItS G t M K A U O

• • • • • • END OF COMPILATION • • • • * • M » n HYTFS DF C )«E NOT
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RESUMO

Um* «oluçio numérica foi oblMa per» a» dlnrfbuicOai de fluxo • de temperatura em bolemento*
térmico» do tipo ílbra. Foram con«kf«rad«i geometria» retangular • cHfndrtca. A» condtcfla» de contorno
utüizerl*» tamhém incluírem ot c«oi d» pirada quanta permeável. Para cavtdadM rannguiam foi obtWa
uma boa concordâneíe com reeultadot publicado*, tanto numérico» como experimental». A i dleirfbulçfie*
d* velocidade a d« temperatura calculaoai propiciaram um melhor entendimento doe fanomanoa de ee-
coamento a de tranffenincie de calor em iwlamantot tipo fibra. O i numero» de NuaMh, locatt a médio,
obtido» para a parede fria constituem tnformacoe» útek pare o projato da iestacfla» do ttpo da flbraa para
« M M a tubulacOe» ee utlna» nudaam retfrladM a ate. O número de Nuejett médio foi mirelaclonaüu.
com o Número de Rayleion no» c a m apenet da corweccJb natural, a com o» numero» da Raytefcjh a Ray
tokJ» no» CMO» de uma combinocft) de conveccfo natural com conveccéo forçada.
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