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NATURAL, FORCED AND MIXED CONVECTION IN FIBROUS INSULATION

Aydin Konuk

ABSTRACT

A numerical solution of tlow and tempersture distribution n fibioos insulation has been obisined. Rectangulsr
anit cyhindrical grometiies have heen modeled. Boundasry conditions included permeable hot wall and convective hest
transler at the walls. Good syreement has been obtained with published experimental snd numerical values On
rectanguisr cavities. The computed velocity and temperature profiles gave g better undentanding of flow snd heat
transfer phenomens in fibrous insulstion. Locel cold well and sverage Nusselt numbers presented provide useful
information in the design of the fibrous nsulation for concrete reactor vessel and primary coolsnt piping of the gm
cooled nuclear powsr plents. Aversge Nusseit number has been correlated with Rayleigh number when only nsturel
convection is present, and with Rayleigh and Reynolds numbers when a combinstion 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!5341), 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‘2).

The cylindrical geometry, among others, applies t0 double-pipe systems, which are widely used
to carry hot fluids under high pmwram. 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 psrmeation flows can
develop within the insulating layer. These flows can degrade its performance and create hot local spots.
Tnis report describes the developmant and application of a computer program to predict the steady-state
performance of fibrous insulation enclosed between two concentric cylinders (horizontal or vertical) or
in & rectangular cavity.

Experimants'®?) show thet the flow in fibrous insulstion obeys Dercy’s Law. For such
materials, classified as porous media, the momentum equstion is simplified since the pressure gredient is
o linear function of the velocity.

It is slso sssumed that solid end the ges have the same locel temperstures. In the present
development, except those specifisd sbove (snd ;ommun to al} previows work), no other sssumption is
made. The fluid properties are sllowed to very locally with temperature, using empirical equations to
predict them. In particuler the locel derivetives of the demity on the right hand side of the momentum
equation ere evalusted directly, rather than being converted into tem:arsture gradients by taking the
compressibility factor Z of the gas as 2= 1. Thus, no ineccurscies ere introduced when the ges deperts
largely f-om ideal gas beheviour.



Various boundary conditions are mctuded in the model. Except for the horizontal cylinder, all
three geometites consideied wclode, on bhoth the inner and the outer walls, convective boundary
conditions or specified wali temperatures, and external flow over a perforated inner surface with its own
permeability. The la<t boundary condittion for a horizontal cylinder requires a three dimensional
solution, therefore it has been excluded. The derivation ot the equations and boundary conditions is
described in the second section of the report.

A numerical method has been developed for the solution of the two non-linear partial
differential eguations {momentum and energy equations) with the proper boundary conditions resulting
from the psesent formulation. Except at high Rayleigh or Reynolds numbers, no convergence problems
have been encountered. The numerical proredure is the subject of the third section.

The computed results are in the forth section. Velocity :nd 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 g listing of the computer program with input information.

2 - FORMULATION OF EQUATIONS AND BOUNDARY CONDITIONS

2.1 ~ Horizontal Cylinder

The equations and boundary conditions describing flow and heat transfer in the case of s
horizontal cylinder are formulated considering the halfcircular 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 are written for the two
dimensional problem, the independent variables beeing the angulsr direction § and the radisi 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 modaling
of the horizontal cylinder hss no: been possible within the framework of the s present numerical
method of solution due to the large incresse in the computer execution time and memory requirements.

Conservation of Mess

The equation of conservation of mass is:
] ]
;‘-(vp v,) + w lovg) = 0 mn

Comservetion of Momentum

For porous medis, equstion of censarvation of momentum reduces to Dercy’s law. In two
dimemsional cylindricsl coordinastes with r and 8, Darcy’s lsw is written a8
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Tigure 1 — Horizontal Cylinder Geometry for which the boundary conditions sre described
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for the r — momentum equation and as

Ko EY)

v = — | - -—) 3)
;] M P 130 (

for the 0 - momentum equation. The velocity v in these equations is the superficiel 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 mac:oscopic dimensions of the flow system but large with respect to
the pore size.

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

L2 ) -2 2 g = = togy L @
- - v) — — — v = - - — {7
K, 30 7 Ky oar 0T ae P T8 G TP

To reduce the 2 velocities into one variable and to eliminate the equation of conservation of
mass, 8 stream function {which satisfies the equation of continuity) is defined by

1 9
v, = — L (6)
rp a0
1 9
Va = - - "—'w_ ‘6’
p or

With the above definitions of the stresm function, send with g =gcos 8, gy = -gsin 9, the
equstion of conservation of momentum becomes

] ) )
—‘——a-—(v—a-w—)o——i(wﬂ)=g(co|0—£+mn8—£) n
K, 30 a9 Ko ar ar o0 or

Corservation of Energy

The squstion of conservation of energy Is:

1) 19 aT
) ( )

—a—(r T)#-—a-( vp T) l(rl
ar PV T 5 V%Y x N w T e

Using the definitions of the stresm function and using the equation of conservation of mass,
.One obtaing:



WA 2y a2, ™)
Woa g, W 3 AT 1 T
ar 90 P or ! or r o0 o0 :

Thus, the original group of governing equations has been reduced 10 two equations with two
dependent variables § and T. The coefficients p, v, o and A wsre varisble coefficients which are
functions of T and the system pressure.

Boundary Conditions

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

At 9=0eand8 - N
¥ = 0 {vg = 0because of the symmetry)
%0[ = 0 (no heat flux because of symmetry)
At r = ry : there are two possible boundary conditions:
{a) T=T,10)
(b) hy (T, ~T) =-X'g'l

Condition (a8} corresponds to 8 given inside wall temperature. Condition (b} is a convective
boundary c:ndition. T_ is the bulk temperature of the gas flowing through the inner pipe, and h, is the
heat uansfer coefficient. The temperature drop across the wall is neglected. For high values of h, the
temperature drop (To - T) will be small; in this case condition (b) is eguivalent to condition (3), with
T=T, {0)= Tn.

At r =1y, again two possible boundary conditions sre considered:

M T=T, (0
o
B) by (T = Tgh=-A —

Condition (a) corresponds to 8 given outside wall temperature. Condition (b) is agein »
convective boundary condition. This boundary condition is valid when there is no outside insulation, Tg
is the temperature of the ¢as outside {ususily atmospheric air) and h, is the heat transfer coefficient
{usually natural convection heat transfer coefficient for a horizontel cylinder). Condition (b) aliows for
the engulsr varistion of the outside wall temperature.

2.2 - Vertical Cylinder
The equations end boundery conditions for flow and hest tramsfer for imuistion pecked



between two ventical cylinders shown in Figure 2 are written in cylindrical coordinates r and x. For this
geometsy, velocity and temperatwre fields do not change with the angular coordinate 0, therefore a two
dimensional modehng with the radial and axial coordinates is sufficient.

Conservation of Mass

1 9
- lpev) ¢ pv,) =0 (10}

r Dl ox

Conservation of Momentum

Darcy's taw, with velocity components v, and v, is;

a » ()
v - g
! m 9 A

K

x ap
v = - {p =) (12)
x gl ""

Eliminating the pressure, and nothing that 9= 0 and 9, < -g, one ohtains

1 9 1 9 9
oSy - o Sy e g— (13)
K, 9x ' K x or
x
A stream function is defined by
14
v = - v {14)
r pf al
1

oe - (16)
x pr ar

Combining Equstions (13}, {14), s {15) one obtains

1 P 9
..'.._. -2 (,.a,.ﬁ),-_'_, _?..(.f. l):o.‘i {16}
K, r 3x ox K, & ¢ o or

Comeervation of Enery-

The equatian of consesvation of snargy, written in tvo dimensionsl cylindrical coordinates with
coordingtes r and x is:



Adiabatic Surface

3 G N
Surface at Tempera- s foSurface at Tempe-

ture Tl(x) rature ‘l‘z(x)
or or
+
Hot Gas Flowing at Gas at Temperatu-
Temperature '1'8 re ‘1'o

Cover Plate =

x=0

| B 4 -

ren b

Adiabatic Surface ™.

Figure 2 — Vertical Cylinder ieometry for which the boundsry conditions are described



9 ? ? aT d T
-;—(rv'pcpﬂ +—a;»(rv'pc°T) —;(rkf;) - ;0« -a;-l =0 an

Introducing the stresm function and using the squation of conservation of mass, ons obtaine

v 9 oy 9 T 9 o

—_— T - — — T—‘- —-- —_ =)= 18]

auar"’n arau‘ ) {r ) ra'(la‘) 0 (18)
Senndery Conditions

. The boundary conditions for a wvertical cylinder include the possibility of permestion flow
through the perforated inner well of a double-pipe system. The cover plats is comidered as a porous
medium with own pevmesbility Kc,aud thickness a. The boundary conditions sre:

x = 0and x =L;

vV =0 (v, =0, solid wall

aT .

;; = 0 (no hest flow through the solid well)
r =n;

(B¢ =0 (v, =0, solid inner wall without perforations)

b =L 4= g —) 19)
[ 4 } 4

a’o
Boundery condition (b) corresponds to permeation flow through the perforated well, whm-’-
lnhoprmommm:hﬂm«pimdmbthﬂbwdﬂnn

There siso two possible boundary conditions on T:

{8 T = T, (x) (given inner well temperature)

T
(b) hy 47,-T)=~x;¢mmmmmmnm-mmm
cylinder’



<
]

0 tv, =0, solid outer wall)
(ad T =T, tx) (given outer wall temperature)
or
aT
M h, (T-T o) = - A ._-r (corwvective boundary condition as in the horizontsl cylinder)
r

Equation {19) is obtained ss follows:

Dearcy’s law applied to the cover plate (r =r,} gives

== *, (20)
v = - =
[ 4 u pgr a'
ap P~P,
With g = 0 and -5- = , Equstion (20) gives
T a
av,
PP, - -E 21)

Differentiating Equation (21) with respect to x and using definition of the stresm function, one
obtsins (st r=r1,)

P s 3 vy

222 o= (22)

ox x K. ox r 9x

Writing the x — momentum equation st r = r, nives

K ap
v, = - (pg' - .a.;., (23)
oy
With g_ = -9 and using the uefinition of the streem ﬁsmbn,omolmmbv;-
K (4
Y.X el (24
ox [ "

3
Substituting a—’ from Equation (22) into Equation (26, Equation (19) s derived.
2 4
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2.3 £ Rectangular Geometries

The equations andd boundary conditions for the How and heat transfer in insulation packed in a
rectangular cavity are written considering the rectangular cross section shown in Figure 3,

Eguations are formulated in two dimensional rectangular coordinates x and y, where x is along
the cover plate. The equation are the fallowing.

Conservation of Mass

a B ,
o ol g, len) = 0 e

Conservetion of Momentum

Kx aD
U, = —lpg, -~ ) {26}
i M ox
K
v ap
U === {pg - —)
v Y Ty 2n

Lhminating the pressure gives

Ly -t =9 2 % (28)
—— e e =iy ) = _— —_—
K, dy He K, ax Hy % dy Yy ox

The stream tunction is defined by

13
R (29)
* p Ay

1
. - L% (30)
Y pox

1 9 ) 1 9 9 d 0
__‘,i,,___..‘,.i’,.gv.i’_,.f (3N
K, oy dy Ky ox ox ox X oy

Conservetion of Energy

d ) 3
— T ¢ — CTN «=—A~—) -— A—}=0 {32
e (v'pCp ) ™ (vvp o ) ™ { a.) o 2y ‘
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Figure 3 —~ Rectenguisr Geometry for which the boundsry condit.ons sre describes
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Combining Equations {25), {26), {27), and (32), results in equation of consarvation nt eneryy

ay 9 Wy o 3 o7 ] oT
~— = {C T) - — (T By =00 —) =0 1323y
dy Ix ox 2y i Ox AW Ay

Boundary Conditions

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

it
-—

At x -~ 0 and x

v 0 (\,. = 0, salid wall)

oT

3 = 0 {no heat flux through the solid wall)

X
Aty - 0

v - 0 (Vy = 0, cover plate wi.b.cir o rlaratew e
[¢+]]
o0 K P Ty K Al "
— - =g, = ) b e e — V3
oy * o Ax v K, ax3

T = T, (x) (given cover plate tampereture)
or

T
h, (Tg -7 =- 5—- {convective boundary condition)
Yy

At vy =1
v =0 "v = 0, sotid wall)

T = Ty (x) (given outer wall tempersturs)



aT
hy, (T - Tn) S {comactive bourtary o onhireat
oy

¢ quation {34) s denved as foltowss

Darcy’s law dcross the cover plate fpves

y ap
- = pg - -
Kc Yoy
oy
" A ] -
;\‘ ‘u I
- pg + P
K Y a
c

Differentiatirg Equation (36) with respect to x and rearrangiog, ons L,

N A a‘io a “vy

Lorazdpe o)
Ix ax A Y ¥

Viriting the x-momentum equaton gty ¢

13

(35)

(36)

{37}

(38)

ap
Substituing s— from Fauation (37) into Faumion (38) gives the permestion flow boundary

x
condition on ¢,

3 -~ NUMERICAL SOLUTION

3.1 - Horizontsl Cylinder

The coupled Eguations (/) and (8), and the boundary condition equations ar solved
numaericaily using a tinita ditference method impiemented by 8 computer program called FINS (Fibrous

Ingulation). The numericai procedure 15 describard as follows, considering tha grid shown in Fiqura 4
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Figure 4 - H
orizontsl Cylinder, Finite Difterence G
k!
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The derivates terms in § and p in Equation (7) ave expressed as central differences for all the
interior points.

Thus, (n—2) {(m~2) algebraic ejuations are obtained, Boundary conditiois expressing that
wi'i =0 on the periferial points supply 2(n + m) ~4 algebraic equations, thus yielding a total of nx m
equations, with nxm stream function \b"i variables. When the gas viscosities V' and densitias pi"
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
ditference form using central differences for T and ¥ derivatives at the interior points. For the boundary

oT aT
conditions, -5—0- is written as a forward difference, and -a— at r=r;, and r=r is obtained by
r

ditferentiating the equation of the parabola passing through the 3 points next 1o the walls. Thus, when
the gas properties C"' and A, and the stream function ' are known, Equation (9) is reduced to a
system of nxm Imear algebraic equations with nx m temperature variables T The convergence is
achieved when the temperature variations are within a set error criterion. The details of the procedure
are written below.

Momentum Equstion
The finite ditference form to Equation (7) is:

ety i Sl 4 it

wl,i"' + —— w':i”
2K, r' (89)° 2, v ()
IS R b id 4 pit1 it
A A L IS METER el (1 i ey
2K, (Br)? 2Ky (Ar)?
P 4 bl 4 i) IR I T IR ¥ R T A .
=1 , + ] v
2K, r' (49)? 2Kg (Ar)?
cos ( iit1 ij~1) + " sin 0' ( i*1,j -1 i, (39}
9V Tm ¥ P e 0 P

with i=2 to m-1,end j=2 to n-1

The boundary condition equations sre:

w',l 0

wM-’:O
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wi.‘ = 0
= 2,m-t
wi,ﬂ - o

Energy Equation

The finite ditference form of Equation {9) is:

N,‘ﬂ.i - g+l C‘*;"" Aol 4 A
( n——— ) T
4 004r ' (y?
(wi",i - wi-',i ) Ci,i"‘ Ki,i" 3 Ki,i
-1 P . IR
4 MDA 20’ (a0)?
“’i.iﬂ - dli’i") Cgi,i R I "..1 AV
-1 + - ) T4
4 NoAr 2(an?
‘wi,i’i - wi,i-i) ci",) ’5" 4 x‘b",j + fi RIJ
* — - j T

4 AJAr 2n?

RIS ULV PN MUY RS BENS B . AT L il R"'f‘

1 - TH=0 (42
2 (an Joiand
i he boundary condition sguations are:
T = T= (givev; inner wall temperature) {43-9)
or
thy + n' Lot - alt T24 4 A T3 = h T' (convective boundary
g b % *  condition) (430)
™) - T!.. {givan outer well to‘mwnwo) {44-2)
or
iny + 3:: ) ™ - 3:;’— T . % T™2) = by 7! (convective boundary

with j=1 0o m,

condition) (44-b)
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Ti,n _ Tn,n-‘l -0 {45)

Solution of the set of linear alyebraic equations

The solution starts with initial quesses of the temperatures. In the computer program, initial
T’ are set equal to the mean temperature 1 of the insul 'tion, which is a taken as the arithmetic
average of the cold and hot wall temperatures. The gas propertics v and p'Y are evaluated at T and at
the system pressure, using empirical equations to predict the properties. With numerical values of i
and p'J, 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 sture. The n x m grid points 2
are reindexed as a one dimensional array z", with 2 = z"', 2=72 , or iNim +i o 7). The variabtes
T' are reindexed into T™ in a similar manner. The equations are numbered so that the first equation is
written at the point z', second at 22, etc. In this way, the coefficient matrix has a band sctructure, with
m upper and m lower codioganals, and it is stored in a orne dimensional array of size

mim + 1)
s=mxn{2Zm+ 1)~ —2—' . The size of the general coefficient matrix for the same system would be

{nxm)?, 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 T =T, results in w"' =0 since
(H] i
:p =%% =0. Next, the energy equation is solved, and with w' =0 it yields the solution of the
r

conduction problem, with the gas properties evaluated at T. The properties v and p"‘ for the next
solution of the momentum equation are evaluated st Ti'g obtained by » weighted average of the last
two set of temperatures. For the next solution of the energy equation, s weighted average of the last
two w""s and gas properties evaluated at T ara used. The procedure is continued until convergence of
temperatures is obtained. For 8 grid at 20 x 20, ~t Ra numbers smalier than 1000, the temperatures
converged within 0,1°C after about 15 itirations. At 3000 > Ra > 1000, the temperstures fluctusted
sround the solution by about 1°C, Approximatly at Ra numbers yreater than 300, convergence
oifficulties were encountered. The convergence should improve st finer grid sizes.

The solution of a prcolem with 20 x 20 nodes required a storags at 200 K (sbout 130K to
store the coefficient metrix in double precision), and 5 minutes of CPU time for 15 itirations on the
1 E.A’s IBM 370/55,

The flow chart of the computer progrm FINS is shown in Figure 8,
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Conditions. x’'s sre non-zero elements.
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For the weight tactors a and b several combinations have been tried. For small Ra numbers,
a= b =0 gives rapid convergence. At high Ra numbers, 8-> .5, b > 0 is necessary. The final version of
FINS iswitha= 5, and b =.0.

3.2 — Vertical Cylinder
The finite difference eguations for the vertical cylinder are derived similarly to horizontal

cylinder {Figure 7).

Momentum Equation (Equation (16) )

i o
pi et gt R it
K, r' A’ 2K, r' (Ax)?
g, ol AN
LAY oo 1)
2K (ar)? K, (an)?
AL L N )
pldtl 4 2 id ¢ it ft! o i
-1 ——— 4 L
2K, ¢ (Ax), 2K, (8}
- 9 (23 I i-1,j {46)
T e e

withi =2 to m-1 and j=2 to n-2

Boundary Cor litions

To.ations corresponding to ¢ =0 at x =0 and x =L one:

' = 0 (A7}

with i =1 w0 m, and at rer,



Figure 7 ~ Vertical Cylinder, Finite Differance Grid
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1
wl
or

1
._(,
Ar

T

el

achy = 2, n-1,

with s

0 {solid walit

2 aK 1 1 N
¥ —e VR \""
{ Ax)? L Ar
515
o' 4 oy
ox

and at r = r

0

tin

aK

iAx)’ K,

{48-a)
1i __.’l?.. A ALY
(Bx)? K,
{48-b)
{49)

Eyuation {48b) corresponds te: Equation (19) which 15 used in the case permeation flow.

Energy Equation (Equation (18) )

' Ti,i-"

T N NI N

wl”x . wi-H, C‘i’.i-' RS 1an

( 4Axl‘_r o 2(A—;,2
2 I Vi Fhivt

IR A

-
I

LitY il i)
w ) ¢k

abxbe

2 (An)?

'5 xi,i + 'i-' xl-'n'

+

[FE B R | i*1,j
W'Y -yl

4 AxAr

2 (Ar)?

T3 IEVER B AP

+

4 Ax4r

'M! xN‘l,l + 2[' X"' » '0-1 Al-i,l

2 (An?

] Tu+1

) T|-1 )

T“"‘

'. ‘A.o"" + 2}"' 4 A'o"'

With

2(ax)?

i=2 to m1 end

2 (Ax)?

’32 to n-1

) ™M =0 (50
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Boundary Conditions

) AT T'i {given hot wall temperani}
(51-a)
Tmi = T; {given cold wall temperature)
or
3\ ari o v .
thy + T - T2 4 T3 = T
20r Ar 2Ar 9
{51-b)
M 2 W . m.i
th + TN - ymhi T™ 2} = h, T, (convective boundary
2 24r Or 240r °

conditions)

aT
with j=1 to n, and to express ——

Ax

-0 at x=0and x = L:

T2 ~ 7 =9

(52)
T‘,ﬂ — T‘,ﬂ-‘ - 0

with i =2, m-1

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

3.3 — Rectangulsr Geometries

Momentum Equation

Finite ditference form of Equation {31) is (Figure 8):

AL BN

B ———
2K, (Ax)? 2, (Bx)?

i, 141
wl

v‘r‘ & V.."’ l)"" + ”'1’
NEARAL AR R

B TP SR A L )
2K, (Ay)? v K, sy
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Figure § — Rectsnguler Geometry, Finite Difference Grid
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Boundary Conditiuns

Equation correspondingto ¢ = 0 st x = 0 and x = L are:

with i=1 to m, and 7 =r,

vl = 0 (solid wall)

or

L A F IULENE ¥ L. SR N
Ay K (Ax)’ Ay K, (Bx)*
apo
= — (-phig + + ag)
RE *
with j=2 to n-1, and ot r=r,

L]

with i 1 to m.

+

K, (ax)?
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{53)

(54)

(55-a)

w‘.i"'

(55-b)

(56)

Equation (55-b) corresponds to Equation {34) which Is used in the case of nermeetion flow

through the cover plate,

Energy Equstion

Finite difference form of Equation (33) Is:

M1j _ gt el ] 1.}
(W i SR | T

4 AxAy 2 (Ax)?




{rm,g BEVRRES C:;“T At 4\
- : + l Ti'."
4 AnAy 2 (Ax)?
(wi.i*l — \;_LH) c“.l Xi'l + A
P
- } T
4 AxQy 2 (ay?

Lit1 _ o ily it
v v Cg

l“' 4 + X"‘
1)

*
4 AxAy

li*‘,‘ + 2}‘,’ + xi-',j

BTy

Aty nd 4 Y

T'-i = 0 7
2 (ay)? 2(x)* : o
Boundsry Conditions
T = 1': (given hot wall temperature)
(58-3)
™ = T; {given cold wall temperature)
or
14 X AMd
R P LR LI
28y By 28y ’
(58-b)
nm.d Am
hy +——) T™ - Tl —— 124 = hy T, (convective boundary
24y Ay 24y condition)
oT
with | = 1 100, end to exprem — = 0 et x=0 snd x =L
x
T',, - T"‘ = o

Tl,ﬂ - Tl,n.] = 0

withi=2 to m-1

{59)
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The solution of the finite ditference 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 etfective Nusseit number has been
correiated with the Rayleigh and Peclet number in the case of a permesble hot wall, and with Rayleigh
number only in the case of a solid hot wall. The results for the rectanguiar geometries showed close
agreement with a previously published covrelation“).

4.1 — Horizontal Cylinder

The parameters covered the following range:

Wall temperature Tz: 316 — 400° K
Hot wall temperature T, : 365 — 700° K
Temperature difference T, - Tz: 50 — 300° K
Pressure: 13 — 100 bar
Permeability (Kg =K ): 1E8 ~ 1EN m?
Heat transfer coefficient h, : 5 ~ 1000 2 ox
Heat transfer coetficient hy: 5 ~ 1000 2

m* K
Inside radius r,: 05 — .00 m
Outside radius r,: 075 — 01 m
Insulation thickness ry — r,: 01 - .05
Aspect ratio A: 4.7 - 300

Valocity end Tempersture Distribirtion

~ Ra
At values of farsmeter M (M = -A-) less than 1, the computations showed that the gas does not

circulate. Therefore, the isotherms are concentric cylinders, corresponding to the case of heat transfer by
conduction only. At M > 1, the gas flows upwards (Figure 5-a) along the hot wall end downward along
the cold well. The corresponding temperature distribution deviates considersbly from the conduction
nroblem (Figure 9-b). The mass velocity components m_and my, are shown on Figures 9-¢ and 9-d.
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figure 9t - tireizontsl Cylinder, Dimensioniess Tamperstures Ra = 426 Nu -« 4 83



30

’

RADIAL COMPONENT
OF MASS

m, ,

- VELOCITY

~Figure 9¢ —~ Horizontal Cylinder, Radisl Component of Mass Velocity, Re = 426, Nu = 4.83
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Figure 9d ~ Horizontsl Cylinder, Angulsr Component of Mass Velocity, Ra =426, Nu = 4.83
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Etfective Thermal Conductivity

The effective thermal conductivity A°® is defined iy

Qaurnir /v
Y

o (60)
(T, -T2) N

®

where Q is the huat flow through the insulation. Q is catculal «d at each radia! position © trom

. . . ol
P T (61
: or

wherg | and ) are tie node indices in the radia! and angiac croctions respoiively. At the walls (i =1

o7
and T i Teeriisie araceat - o evaluaied from a8 second degree approximation of the
ir aT
temperature probie Toai thy wals. The tonvective terms v are zero in this case, At other values ot r, —

r

“oeporeximatent ny cent T o e comeutd Q6 diitered by about 5%, and the heat flow

oT
vy DEsn Taken &, BV oo Nmieti gveaue e oL and cold wall values. When ;- was evaluated with

r
nnear app oo va..on Giothe ernieraete poofile near tne walls, lower hest flows (up to 30%) were
obtair This 1s ex dasic by o o iempe e coohents 2t the walis 'which are not well approximated
byoa ear ternpergture orcie,

ol

Shroners, NUSE 't aumite Blo o Getines) as

whera A is the theoraas o o ratauon et~ e,

Ra
The overall Mosseli numaer correlated with an eauation of the form Nu=¢ { -—)". The result
was (Figure 10) A

it

Fa 5
Nu 48 (—) ba =1
n

(62)
Nu = 1 Ra < 1

Where the Rayleigh number Ra is defined 11y

(T, ~THd KB
Ra = — =

v, Q'
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Without Permestion Flow.,
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Where K - K tor cylindrical and K = Kv for rectangulas geometries,

Ra :
The computed values of Nu showed a spread of t 10% around the curve Nu = .48( 7)'5. The

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 Nul with 0 at the cold wall is shown in Figure 11.

Nui
—— is obtained from
Nu
aT™
NUi xm,' a_r
—_— (63)
Nu Q/ (n-1)

4.2 — Vertical Cylinder

The range of input parameters was similar 1o that for the horizontal cylinder. In addition the
fallov-i~q, permeation flow parameters have been used:

Cover plate permeability K . 168 - 1E12 m’
apo bar
Pressure gradient in the gas stream —— : -15t0 + 15 —-
ax m
Cover plate thickness: .002 m
Prandtl Number: .40 — .90
Closed Hot Wall

The computed velocity and temperatura distributions (Figures 12-3 snd 12-b) found to be
similar to those discussed aarlier for the horizontal cylinder. \* was calculated from

a 'n.‘_'.l_/f,'.’“ (64)
2(T| - T;, L

Where L is the hight of the cylinder. 1, the heat flux through the isolation has been again computed at
each radial position ¢ trom

n atTh
Q = 2 208 (g W - N —-) (65)
j=1 or

oT
Where | and ) are the noda indices in the radial and vertical directions respectively. o rvaluation is
similar 10 that for the horizontal cylinder, ‘
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Ra
The correlation of the overall Nusselt number with the parmetsr = (Eagpee 10) ot s thae
)

same equation {again within * 10%) as for the horizontal cylinder which is
Ra 5
Nu = 4B (-}~ (66)
A

Figure 13 shows the variaticn of the cold face local Nusselt number Nuj in the verncal
direction. The ratio Nuj/Nu was again obiained from Fquation {63).

Permeable Hot Wall

When the hot wall is permeable, the velocity and temperature distribution in the insuylation
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 negative when it flows upward. The Reynolds number
is defined by

K, (apolax ’pog_)d
Re = - {67)

B vy

Where the subscript o refers to free stream and r to average insulation temperatures. The pressure
gradient dp_/3x 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 16-3 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 17-3 and 17-b), the gas enters the insulation in
the lower part, tlows 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 15-b. When Ra =51 and Re =86.
Figure 18-a shuws a forced convection pattern on the hot wall side and a natural circulation pattern on
the cold wall side, scting in opposite direction; which results in the almost parallel and equidistant
isothermes, which Nu = 1,17 (Figure 18-b). For Ra =126 and Re=-128 (Figures 19-a and 18-b), the
beginning of forced convection permeation flows can be observed nesr the hot wall, while the rest of
the flow field is dominsted by natural circulstion. Finslly, for Re=51 and Re=-28, the forced
convection is not observable sny more (Figures 20-a and 20-b), but it reduces the amount of natursl
convection which results in 8 Nu of 1.68 {Nu=2.09 for Rs =60 and Ra=0),

The varistion of local Nusselt number on the cold wall is shown on Figure 21. For Re> 0, Nu
is maximum on top and decreases towsrds the bottom. For Re < 0, snd Ks < < Re, Nu is maximum on
the bottom snd decreases towards the top. For Re negstive and Rs of comparsble magnitude, variation
of the local Nusselt number show 8 mixed forced-naturs! convection pettern.



o -
e i
m L'
.
P
o f
P
ent

3 & 7 Y
I bad

P2

L

Figure 13 —~ Vertical Cylinder Without Permestion Flow, Variation of the Local Nussait Number

Alang the Cold Wali



40

FUNCTION

STREAM

X
X
X=0

Figure 149 — Vertical Cylinder, Stream Lines Ra = 61, Re = 0, Nu = 2.00. The scele in the radisi

direction s 6 times the scele in the vartical direction,
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Losiziation of Nu

For a rectanguiii cavity, Nu has been correlated by Jannot {6} py

Ra + 1.4PrRe ¢

Nu e
A ) (68)

"

Ra+ 1.4Pr Re 55 s
for 4< 8 ("_—;———)' < 10°, A2 10. Where He won be pusitive or negative. To obtain

aK
Equation (68), the parameter p - c;K_ has been set t0: 0 and Pr to 1. When p = 0, the resistence of the

C .
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
ap
(67) ) which uses the outside pressure qradienta— will give 8 good representation of permeation flow in
X

the insulation. On the other hand, when the wall has a relatively high resistence to flow, oniy a fraction
ap
o

of the outside pressure gradient b_ will exist in the insulation. To better approximate the pressure
x

ap

gradient ;—'- inside the insulation, a combination of Re and p would be necessary. In the present study,
x

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

Ra+1.4PrRe o , ,
8 (———————— )7, The spread of the points indicates the influence of parameters p and Pr. The

upper vatues of Nu are from runs -vith 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
1+¢p

Re® = (69)

where c is 8 constant.

Thus, when the hot wall has no resistence 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. Also the influence of the Prandtl number could be better represented by raising it to an expoent.
A more general correlation for Nu thus would be of the forn

Ra + mPr" Ra*
NU = c’ ( e ot s gt = " 55 (70)
A
where ¢, m, and n are constants,

Dua to time covstrsints, numerical valuns for the constants have not bean evaluated. Instesd,
rhe Nusselt numibor Yove been ooorolatar with
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Ra + 1.4 Pr Re .
Nu = .98 (--—~~-——A ) {71)

Ra + 1.4Pr Re 55
for .08 (—-“—“;\———l' > 1Y and A 2 10.

For values of A <10, Equation (68) does not hold, and Nu becomes a tunction of A also
(Equation (68) predicts higher vaiues for A < 10). The validity of Equation {71) is assumed to be for
A 2 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 computec Nusselt numbers are expected to show a smaller
spread.

4.3 — Rectangular Geometries

Rectangular geometries habe been modeled to check the accuracy of the 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.

Closed 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‘s’, obtained from computed results, and also checked with experimental
data. The correlation is

Ra
Nu = 55 { -—A-)-5 for A » (72)

Permeable Hot Wall

To compare 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 wslls has not been investigated, but the
computer program FINS has been provided with that option.

Ra+ 1.4Pr Re 56 .
The computed Nu has been plotted vs .8 (—-———A’—'-')' {Figure 25). It is seen that there

is very good sgreement between the resuits af lannot and those from the present work for a rectanqular
cavity.
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5 - CONCLUSION

5.1 — Summary of Resulits

A numerical solution of flow and heat transter 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 orizontal 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 ot property subroutines.

Excellent aarenment has been obtained with publiched numezrical and experimémal 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 I 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 .n the same direction (downward along the
cold wall} as natural convection flows when the gas outsice 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, Nusseit number
decreases from bottom to top.

Average effective Nusselt number for the insulation has becn 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 modei 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 — Future Work .

Future work concerns the apptication 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 tha permeability and the effe:tive thermal conductivity of the
insulation in the absence of forced and natural convection.
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Nu

Pr

NOMENCLATURE

aspect ratin, defined by

1
A = ; for a rectangular cavity
A = nen for a vertical cylinder
n (Tl + Tz,
= ———————— for a horizontal cylindcr
21(r; = 1)

thickness of the cover plate

weight parameter for updating stream function

weight parameter for updating tempetature:

specific heat of the fluid

thickness n! the porous medium for a rectangular cavity d = ry ~ r; for cylindrical

geometries
heat transfer coefficient
permesbility of porous medium

{entgh of the verticai cylinder or rectanguiar cavity
hd

Nusselt number = ;-
r

pressure

Prandtl number = - -
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q heat flux
r radius, radiat cylindrical coordinate
Ra Reyleigh number, defined by

g(TH - T ) dk g

Ra-—m—mm———

bea,

Where K = !(r for cylindrical and K = Kv for rectafquint Yonetnes

Re Reynolds number, defined by

lebpolax 9,4

Re = ——— e
By,
T temperature
v velocity
x axial cyhindnical coordinate or cartesian coordinate parallel to the cover plate
Yy cartesian coordinate perpendicular to cover plate
a thermal diffusivity = ;(-_-?
3 thermal coetficien’ 0° vilult rar, &. witsion at constant pressere, defined Ly
g =- ; { -:-% )p
0 angular cylindrical eonrdinate
A thermal conductivity of the porous medium with stationary fluid
[’ dynamic viscosity of the fluid

‘ kinematic viscosity of the fluid



p density of the fluid
v stream function
Subscripts

Cc cover plate propesties
n itiration number

(] free stream quantities

quantities calculated at reference condition

a,r.xy porperties in 0, r, x, and y directions

Supencripts

node index in r or y directions

node index in x direction,
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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,

2)

3

and the insulation porosity. Furber and Davidson'3' 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.

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

A has been modeled as

A=er _ + A

98 fiber {AKO = POR * AK + AKO)

A fiber (AKO) must be given either from s 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 A, . . An
approximation to A"b "'has been obtained from available literature data as

A =60E5d  (Wms

where d is the insulation density (Kg/m?).

Permesbility of the hot wall, K‘= (PERCEP in FINS) information on the evaluation of K,
can be found in reference“”.

%,

4) Pressure drop in the gas stresm 3- (DPDX in FINS). This can be calculated from:
X

dp, tpv?

ox D, 29,

where f is the friction factors, p ges density, and v gas velocity.



LEVEL 21.7 t JAN 73 ) 087360 FORTRAN H

COMPILER OPTIONS ~ NAMEx MAIN, P T=00,L INECNT =60 ,SIZE=Q000K ,
SOURCF y EHCDIC o NWIEST g NODECK 4 LOAD S NIMAPZNUOEDITY ¢NOI O, NOXREF
FINS (FIBROUS INSULATIGNYD WwRITTEN BY AYDIN KONUR,
INSTITUTD DE FNFRGIA ATIOMICAY, SAD PAULO, BRAZIL
PRESENT VERSTUN COMPLETED IN MAY 1S5, 1976,

PURPOSE
TO OBVAIN A NUMFRICAL SOLUTION OF TEMPERATURE AND
VELOCETY DISTRIBUTIUN IN FIBROUS TSOLATION PACKED
IN ANNULAR OR RECTANGULAR CAVITIES,

DESCRIPTION INPUT PARAMETLRS

GFOMETRY AND BOUNDARY CONDITIONS

NG=1 ~HORTZONTAL CYLINDER

NG=2 -vERTICAL CYLINDFR

NG=3 ~RECTANGULAR GEUMFTIRY, VERTICAL WALLS

NG=4 ~RECTANGULAR GENMETRY, HORTIONTAL WALLS,
WITH HOT WALL ON TOP *

NG=5 ~RECTANGULAR GEOMETRY, HCRIZONTAL WALLS,

mIFH COLD wALL ON TOP

MBC =0 =GIVEN CNLD wALL TEMPERATURE T2

MBC =] ~GIVEN DUTSIDE TEMPERATURE TOUT AND HEAT
TRANSFFR CUEFFICIENT AGAC

NBCs0Q ~GIVEN HOOT wWALL TEMPERATURE T1

NBC=] ~GIVEN HOT GAS TEMPERATURE TGAS AND HEAT
TRANSFER COEFFICIENT AGAH,

NPF =0 -CLOSFD HOT wALL

NPF=] ~PERMEABLE HOT wALL, WITH PERMEABILITY
PERCP AND THIUKNESS TCP

R1 -INSIDE RADIUS. R1=0 FOR RECTANGULAR
GEOMETRIES. IN M,

R2 ~0UTSIDE RADIUS, R2=INSULATJON THICKNESS
FOR RECTANGULAR GEOMETRIES. IN M,

AL ~LENTH OF THE INSULATIONe FOR HORIZONTAL
CYLINDERy AL=3.1416. IN M,

PER ~PERMEABILITY OF THE INSULATION, Mes2

GRyGTH ~FOR A RECTANGULAR GEOMETRY, COMPONENTS
OF THE ACCELERATION OF GRAVITY G.
GR=0y GTH=~G FOR VERTICAL WALLS
GR=1l., GTH=,0 FOR HORIZONTAL WALLS,
WITH HOT wALL ON TOP,
GR=~1,, GTH=,0 FOR HORIZONTAL NALLS:,
WITH COLD wALL ON TOP. !

INSULATION PROPERTIES

AKM ~CONDUCTION THROUGH FIBER

POR =POROSITY OF THE INSULATION

AKO -EFFECTIVE THERMAL CONDUCTIVITY OF THE
INSULATION wHEN THE FLUID IS STAGNANT,

0POX ~PRESSURE GRADIENT IN THE GAS STREAM,
N/Mes3

PO ~PRESSURE OF THE GAS, BAR

v =KINETIC VISCOSITY OF THE GAS, MN®92/S

AK =THERMAL CONDUCTIVITY OF THE GAS, W/ IMOK)

cp =HEAT CAPACITY NF THE GAS, W8S/ (IKGOK)

[ alal ol oy aXa N o o Yol oW o N N o N o N o N o N e N o N e N e o N o N o N o N e N N o W o N o N N o Nl o N o N N N N o N o N Y o N N N e N o N a N e N a N N o e N oW o Nalal

RO =DENSITY OF THE GAS, KG/Mee)
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DESCRIPTION
J

TR, TEND
T, TUINE
SRy SEND
Se+SLINE

TEMER
MVR

MVTH

AKEF

AKEFH

AKEFC

AXKHC
RNUS
RA
RE
PR

NUMER ICAL
1

JJ
Twl,Tw?
SWlySw?2
KMAX
EPT

SUBRAUTINES
SUBRQUTT
SEMULTAN
FUNCTION
FUNCTINN
FUNCTION
FUNCTION
FUNCTION

DIMENSENNS

F QUTPUT PARAMETERS
“NDE ENOEX ALiNG THE LENGTH NF THE
THSULATION. J=1 AT THE BOTIUM
J=JJ CN TOPp
=NODFE INDEY AL 2AOSS THF THICKNESS OF THE
INSULATIONG. T=1 AT THE HOT WALL
I=11 AT THE COLD wALL

~TEMPERATURES FROM THF SOLUTION NF THE
ENFRGY FQUATTEON, R

~TEMPERATLRES USFD T LINFARIZE THE
EQUATININS F MIOMENTUM AND FNFRGY.

=STREAYM FUNCTION FRNOM THE ZOLUT I ON
(OF THF MOMENTUM EGUAT [N,

~STPEAM FUNCTINN USET TN LINEARIZE
THE ENERGY T QUATION,

~TEND-T AT THE LAST [TIRATINN,

—RADTAL COMPONENT 1JF MASS VELNCITY,KG/{SeMe%2)
MVR IS POSETIVE GOING FROM THE HOT TO THE
COLN wALL

-COMPONENT 1IF MASS VELOCITY ALONG THE WALLS.
POSITIVE GOING UP FUR VERTICAL WALLS.

-EFFECYIVE THEFMAL CUONDUCTIVITY AT EACH
Jo AT THE wWALLS,y THE TEMPERATURE
GRADIENT IS APPR(OXIMATED WITH LINEAR
TEMPERATLRE PRIFILES.

—EFFECTIVE THERMAL CONDUCTIVITY USING
THE HFAT FLUX AT THE HOT WALL FROM
PARABILIC APPROXIMATION OF THE
TEMPERATURE PRNFILE.

-SIMILAT 10O AKEFH, BUT AY THE COLD wWALL.

~ARJTHMETIC AVERAGE OF AKEFH ANO AKEFC.
NUSSEL NUMBEHR, RNUS=AKHC/AKN,

RAYLEIGH NUMHER FOR THE [INSULATION,
REYNNLDS NUMHER FOR THE INSULATION.
PRANDTL NUMHER FOR THE [NSULATION

SOLUTION PARAMETERS
~=NUMHER OF NODES ACROSS THE THICNESS
JF THE INSULATION
-NUMBER OF NNDES ALONG THE WALLS
~At 1GHY FACTORS TO UPDATE TEMPERATURES
- WEIGHT FACTORS TQO UPDATE STREAM FUNCTION
-MAXIMUM NUBER OF [TIRATIONS
-~CONVERGENCE CRITERION, K

AND FUNCTYION SUBPROGRAMS USED ARE
NE GELB OF IB8M SSP T0O SOLVE THE SYSTEM OF
EUUS LINEAR EQUTIONS

S TO CALCULATE GAS PROPERTIES

RUF(PT) TO COMPUTE DENSITY

CPFIP4T) TO COMPUTFE SPECIFIC HEAT
CLAMF{(P,T) TO COMPUTE THERMAL CONDUCTIVITY
ETAFIP,T) TO COMPUTE OVYNAMIC VISCOSITY
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K=Ke2¢]]e]

1F(MBC ,EQ.1)G0OTO 55
H=11+¢1l

AtKeH)=1,

TRIL+1)=T2

GOTO 56

CONTINUE

H=11+} *
ALKeH)ZAGAC #3.%AK([14J)/(2.%DR)
H=11
AlKeHI==2,2AK(11,J0/DR
H=]l-1
A(K+H)=AKLI 11,00 /(2.,*DR)
TRIL+11=AGAC*TQUY
CONTINUE

CONT INUE

L=L+1

K=K+2¢[[+]
IF(NBC,EQ.116ATO 62
H=]1+1

A(K+HIx1,

‘TR{L+1)=T}

GO T3 63

CONTINUE

H=l1+¢1
A(KeHIz3,#AK(14JJ)/7(2.80R) +AGAH
He[[+2
AlK+HI==2,82AK(1,JJ) /DR
Hz1[+3
AlK¢HI=AK(1,JJ)/(2.,%DR)
TRIL+1)SAGAH®TGAS

CONT INUE

D0 102 132,111
LsL+l
KsKeMellel-L
Hell+l
AlKeH)sl,

LEDY

AlKe#H)s~1],
TR(L¢1)=,0
COANY INUE

73



74

TSN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

ISN

ISN
1SN

15N
1SN
ISN
ISN

1SN

1SN
1SN
15N
1SN

ISN
ISN
ISN
ISN
1SN
ISN
1SN

1SN

ISN
1SN
1SN

02%A
02%9
0260
02¢2
02¢3
0264
0265
0266
0267
0268
0269
Nz21n
0271
0272
0273
0274

0275

0276
0277

0278
Q279
0281
0282

0283

0285
0286
0287
Q288

0289
0290
0291
0292
0293
0294
0295

0296
0297
0298
0299

23}

Gt

C
C
¢
C
C
.
C
L
C
1300
C
c
C
116
C
C
80
11%
C
97
c
C
C
81

-1 4]

K=k aMells]l-L
PHAMRE G FQW1ICITO 65
HzfE+1

Al erH)=1,

TRIL*1)=T2

GOTA &6

CONT [NUE

H=l]+1
ACKeH)=AGAC+ L, eAK(T T, dJI/712. 8002
H=11
AlreH)==2.,%aK{]I 1,200 /DR
H=T1-1
ALK*H)=AK T E 4 JJd /122058
TREL+1):=AGAC*TOULTY
CONTINUE

MATRIX A IS FILLED IN

CALL GFLBUTR JAMoN,MUD M DY, EP L, 1T k)
WRITF TEMPERATURES

ARTTF(6,210)
WRITE(A,211) Tx

CHECK THE TEMPERATURLES FOR (ONYFRGENLE

NN 1300 L=1,™
IF(DABS(TRIL)I-TLINE(LID.GTL,EPT) GO T 116
CONT INUE :

Gn T 115

CHECK IF KNUNT [S LESS THAN KMAX
IFIKOUNT.EQ.KMAX) GO TO 115

UPDATE TEMPERATURES

N0 80 L=1,M

TUINEIL )=TWISTLINE(L)¢TW2*TR(L)
GO Tn 120

CONT INUE

T1=.,0

T2=.0

00 97 J4=1,4J

TI=TENDILeJI/JJ4T
T23TEND(Tl¢d )/ Jde T2

CONT INUE

TB=(T1e¢T2)/2,

CALCULATE VELOCITIES

MVR MASS VELOCITY IN THE R DIRECTION
MYTH MASS VELOCITY IN THE TH DIRECTION
D0 82 J=1,4J1

DO 81 I=1,11

SENDIT,J)aS(1,J)

MYR( Lo J)s(SENDCTgJ#1D=-SENDIT+J}}/7ERITI*OTH)



I SN
TSN
TSN
15N
15N

1SN
1SN

15N
15N
1SN

TSN
ISN

SN
iSN
1SN

1SN
[SN
1SN
1SN
1SN

1SN

1SN
15N
1SN

ISN
J SN
ISN
I SN
1SN

ISN
ISN

ISN
ISN
SN

1SN
ISN
ISN
1SN
1SN
($1.)
ISN
1SN
I5N

01300
01301

0302
03nd
0304

01305
0306

0307
0308
0309

0310
0311

0312
01213
0314

0315
03ls
0317
0318
0319

0320

01321
0322
0323

0324
0325
01326
0327
0328

0329
0330

0331
0332
0333

0334
0335
0336
0337
03338
039
0340
0341}
0342

94?7

86
as

90

97
91

91

96

75

COME Mg
1KY L=1,111
N} gk J=1edd

MYTHET . J)==1SENDEI+] « JI=-SEND(1+J1)/0R
CONT INIF

CALCULATYE THE HFAT FLUX AND K EFFECTIVE
Qi1I=,0

QPHT =, 0

0 30 J=1, 441

TUi v I=TENDCT,J)

PHII 2= (=TE3,J0-TI3 el d44,.%(T{2,J8¢T(2,0¢00)=3,8(THl]1,J)+
YTE1sJ+1 D)) (AKIL 4 J)2AKILoJe1 ) )/ B.®DRISR{]1)SDTH

Convil,di=.0
CONDCLyd =8 Ty JbeT{ )¢ -F12,0)-T12,J01))0(AKIL,J)eaK{]1,J¢]1))
1/84.%DR)SR{1 }SDTH

JileJ)=CONVI14J)eCONDIL,J)
UPHT=gPHT ¢QPHI( )
QFL1I=Q0T111+Ql1,J)

00 91 I[=2,111

Q¥(11=,0

DO 92 J=1,3J1

TCIeJ)=TEND(EWJ)

CONDUTwd )=t TUI-14 )T 6 -1odel)-T{I#]1,J)=-T(I¢1Je1))
1*(AKE L, UV AL D ,02)1))/7{B.%DR)SR([ISDTH

CONVETL )= MYR(TI L IIO(THT,DeTHLoJ21) )8 (CP LI JIECPIT J1)) /4,
1sR{1)#DTH

QU Iy I)=CONVII J)eCONDLT,J)

QECII=Q0FLiIeQil e )

CONTINUE

QTell)=.0

QPCT=,0

DO 83 J=1,J41

TEIsJI2TENOLT ¢J)

QPCUI el ~TIII~2¢J0-TUII-2¢J+100h #(TClI=-1 yyleTill~1,3%1})

I=3e® (T EITod b oV Cllode ) )IO(ARITI ) OAKITTJe1)}/(B.O0R)SRETTISOTH

CUNVIT],J)s,.0

CONOL ETod{Teli=1,0)0Ti10~1edel)=T{ILd)~Tif1,J01))
TSIAKTTT g JIeAK(IT, o1} B /(0 sDRISR{TTISDTH
QUITsJ)sCONVIIT JPeCONOLLTLJ)

QPCT=QPCT#QPCIJ)

QTEIII=QTCIT)QIT],J)

QTAvV=,0

DO 96 Ixl, 11

QTAV=QTAVeQTIIT /I

CONTINUE
AKAV=QTAVOALOGIR2/RLII/Z(ITL~=T2) 03,1416}
AKEFCsQPCTSALOGIR2/RL) /LI TL-T2)903, 1418)
AKEFMSQPHTSALNGIR2/RY) /1IT1-T2)0),1416)
GO TN 450

400 CONTINUE
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1SN

013143

SN 1hs

LA
154
[N
fON
15N
1Sy
15N
HESY
1SN
5N
15N
1SN
ISN
ISN
ISN
ISN
1SN
LSN
1SN
TSN
13
1SN
1SN
1SN
ISN
ISN
1SN
iSN
TSN
ISN
ISN

1SN
ISN
ISN
ISN
ISN
ISN
SN
ISN
ISN
ISN
ISh
ISN
1SM
iSN
ISN
ISN
ISN
ISN
1SN

) 445
{ tak
ylal
) yat
0349
050
(AL
052
[CELE]
0354
[t RLLY
0456
0184
0359
01460
0361
01362
0363
0366
0365
01366
G367
0363
03569
0370
037
0372
03713
(374
037>
0376
0377

0378
0379
DRI
0381
0382
0383
0384
2185
038h
0387
0388
0389
0390
0391
0322
0393
02%4
0395
0398

~eaas

601

39S

510

vk TIOCAL CYLENDER

FRLL IN (COFFFICTENT MATRIX A AND
REGHT HAND STIDE VECINR Sw

[N |

[ S

Ny w01 F=}, 10

L=t}

Kok ejTel

H=dls)=t11-1)

A(KeH)=],

SPiL+ll=,0

CONTENUE

K=p~1

N K10 o=22,d41

L=l 41

K=K+l l+]

TFINPELFELLY 7 TO Ale

H={1+])

AfK i)z,

SRt e+l )=,0

W)l 1Y b1

CONTINUE

H=1

ASUReHI=C 1o IVIL JDevi]l J=1)3/7(V(]4J)}
H=2¢ll¢1

A{KeHI=C Lo (VILgJ)evil yJeld ) /7UVIL14d))
H={]+l

ALK4H) =~ 14 /DR=CLISIVI]L g J=1)42,8V 1, 0deViL,J0 ) 0710Viled))
H=[1+2

AlK#H)=1./70R

SRULSL TR (1ePER/VI(L,,J)®{GOROIL,J) ¢DPDX)
CUNTINUF

DO ALl 1:=2,111

L=Lel

K=KeZ¢] ]l

H=slle) |

AlKeH == (VILoJd="102,3v 1 3)eVIT,Jel )/ 12,2DTH2ORIT))

I=(VITel o3 /R01=3302, 8V, Q) /RETDVevil-1,J)/R(1~1))/12.80R2)

H=)

ALKeHE={VITd-10e6VIL,J1 3 (2. *NTHZOR T
Ha2e{]e¢l
AlKeBYalvi T, J0evilJe )Y /(2. 8DVH8RLT))

H=1[1
AIKeHI=AVUEIaJ)/REL VET=1 oSV /RUT-1) 3/ (2.%0R2)
Ha1142

ACReH; = VT el pdifrty vl J/RETII /1 2,20KR2)
DROTH= (RO T yyeld=r0{1,d=1)}/(2.8NTH)
NDROR=(RDIT+ L JI=RO(T~-141))7(2.80R)
SPULALY=Lr PR UTN

CONTINUE

Lalel

Kzke?2elle]

He] )+l

AlKeH) =1,

SRELeL)=,0

CUNT INUF

Do 602 I=1,11



ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

[ SN
ISN
1SN

ISN
I SN
1SN
ISN
1SN
I SN
ISN

ISN
ISN

I SN
1SN
ISN
ISN
ISN
1SN
[SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
I SN
SN
{SN
{ SN
{ SN
I SN
1t SN

LSN

0397
0348
0399
0400
0401
04n?
0403
0404

0405
0406
0407

0408
0410
0411
0412
0413
0414
0415

04l6
0417

0418
0420
0421
06422
Ca423
0424
0425
0426
0427
0429
0429
0430
0421
0432
0433
0434
0435
0436
0437
0434
0439

0440
0446l
0442
0444
0445
0446
0447
0448

602

AT0
671!
612
673

6blh

[aNelal

642

6413

6101

645

L=t

K 4MelTe]-L
H=11+1
AfKeH)I=],
SHiL+1)=,0
CONTINUF

CALL GELBU{SR¢AsMyNyMUD 4MLDLEPS,IER)

KOUNT=KNUNT+]
PRINT STREAM FUNCTION

HRITF164,200) KOULNTY
WRITE(H,218)IER
WwRITF(64201) SR

UPDATFE STREAM FUNCTI(N

TF(KOUNTLEQ.1) GO TD 671

71 670 L=14M
SLINFUL)I=SWI*SLINE(L) ¢+SW2*SR(L)
G TO 673

DN 672 L=1,M

SLINF(L)=SR(L)

CONT INUE

ENERGY FEQUATION

D 616 L=1yME

AlL)=.0

FILL IN COEFFICIENT MATRIX A AND
RIGHT HAND SIDE VECTOR TR
IFINBC +EQs1) GO TO 642
A{1)=1,

TR(1)=T1

GO TN b43

CONTINUE
Al1)=3,%AK{ 141} /(2.,%DRI+AGAH
A(?2)=-2.8AK(1,1)/0R
A(3)=AK{1,1)/(2,%DR)
TRILI=AGAHSTGAS

Cii v INUE

L=0

K=0

00 6101 [=2,111

L=t e+l

KsKellebL

Hz[l¢l=~([1-L)

AlKeH) =1,

H=2¢[l+i-011-L)
AlKeH)=-1],

TR(L+#1)=,0

CONTINUE .

L=le¢1l

KzKelTel

IFIMACL.EQ.1Y GO TO 645
Hz[lel=(11-L)
AlKeHI=],

TR(L#1)=T2

6N TN 6456

CONT INUF

77



194 Ne4n e llel -4l

1SN Jdahn At¥ant)=AGAC A, oA T,1)/2(2,¢NR)
1SN 0451 i~ i-t}
15N 046k AlroH)==-2. s ARLTI4 L) /0K
ISN Nakhy el l=1-401=-1)
1SN D64 AlreHI=ARTLET10/7(2.%0DR)
ESN U6ehs FREL 1) =AGACSTOILT
TSN D444 Shf CUHNT ENUE
15N 0457 (LT
TSN D45Y MY ALID J=0,3501
1SN D6%9 L=1e}
ISN N460 [(EIEF] ERES]
154 066l [FINHC obQe 1t GO T &2
f4N 0403 H=11+1
1SN N4t A{KeH)=1,
[SN Q465 TRIL*1I=TY
(
1S 0466 B T 6k
1549 Q467 L5 CONTINU®
15% 04b9 H= 1]+l
ISN 0469 ATROHI =T, 0AKTILJ)/(2,0207)¢A0LAH
15N 0470 Mz [1e?
1SN 0471 AfROH)==2  SAKLL ¢ J} /DR
15N 0472 21043
[SN 06T AlKen)=aK{1,J)/7(2.00R)
1SN 0474 TRILOYI=AGANSTGAS
ISN 0475 H9 % CONTENUF
ISN 0476 O 4111 I=2,111
1SN 06127 Lzl el
ISN 0478 KzKe20)]e]
SN 0479 Hzlfel
ISN 0480 AlReHI=s(R{1o100AKIT @Ol dde? ,SRITISARITIVORTT-1I®AKLIT-1,0)0)/

. TE20NR2I0{AKIT(Je1) 02, ®AR(T ¢ J)#AKIT QU= 10)0RULID/(2,%0TH2)
1SN 04R1 He 1

{SN 04H? AROHISISET21,00=-500<10J))*CPULyJ=1)/(4,%0THSDR)
I = (AR )AL d=-13)on(l)/E2,9DTH)

ISN Q&R) M=28]irl

1SN 0484 ALKOHDIm= (51 T# 1, J0=ST1~=1,J))8CP(]eJel)/ 14, 00THODK]
T ~UAKUT o J01 ) eAREL s JDDORIT)/712,%0TH2)

1SN 04K5 Ms || .

1SN 04Rb AfReM)z=(STT oo ld=SUL,d-1100CP(1~1yJ}/i6,oDTHONN)
Te(RUTIOARCT, IV eR{TI-1)0AY{1-1 o J0}/(2,0DR2}

ISN 04R7 Hs[]e2

1SN QWHA AROH)I=215TT g Jol)=SIT,J=1VtI0CPII¢#]l,J)/(4.0DTHENR)
1=(RETo1LIGAKET L JIeR(J)ICARIT DD/ I2.0DR?)

ISN 04R9 TR{L*1l)=2,0

ISN 0490 H1E1 CONTINUE

3

ISN 0691 [N

ISN 0672 KsKe?20 (el

SN 0493 TFEMAC,Edel ) GU T 65%

TSN 0695 Hsllel

1SN Q69 A{KeRn)=],

ISN 0697 TagL+l)eT?

ISN 0&9F [P LT

5N 049 855 CONTINUF

1SN 0500 Hs fl+1

19N 0501 AfKONY sAGAL . 2AKILT gJ)/(2,9DR)



1SN
ISN
I SN
1SN
1SN
1SN
ISN

ISN
1SN
13N
1SN
ISN
ISN
TSN
ISN
I SN
ISN
SN
ISN
ISN
ISN
1SN
1SN

ISN
ISN
ISN
1SN
1SN
ISN
1SN
ISN
ISN

ISN

ISN
1SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN

{SN

ISN

HHHnp
0-03
0504
0565
0506
0507
0508

0509
0510
0511
0513
0514
0515
0516
0517
ov18
0519
0520
0521
0522
0523
0524
0525

0526
0527
05218
0529
0530
0531
0532
0533
0534

0535
0536
0537
0539
0540
G541
0542
0543
0544
0545
0546
0547
0548
0549
0550
0551

0552

0553

C

a0 ao

65k
6110

662

65673

6102

665

666

I

AR s ==, AT T4 J) /DR
H= b =1

ALK eHI=AK(TT,J0)/7(2.%DR}
TRAL 1 )=AGAC®TOUT
COMTINUF

CONT ENUF

L=L+]

Lzk4+2%k] ] e
!F(NHCI’_QQl' (1) T 662
H=T1]+1

A(K’H'=,.

TR{L+1)=T)

GN T 663

COMT INUF

H=11¢1

AULK+H) =3, %AK (14 JJ)/{2,%0R) +AGAH
H=1142
AlK+H)==2,%AK{1yJJ) /DR
H=11+#3 ’
AlKeH)=AKIL14dJ)/{2,%NR)
TR{L#1)=AGAH®TGAS
CUNTINUE '

NN 6102 1=2,111
L=L+1
K=KeM+][+]1-L
H=11+1
A{K+H)=1,

H=1

A(KeH)I=-1,
TR{L#1)=,0
CONTINUE

L=L+1

K=K+1+[]1+1~-L
IF{MBC.EQ.1) GO TU ~e&s
H=11+1

A(K’H'=lc

TR{L#+1}¥=T2

GO TO 666

CONTINUE

Hzl]+}
A(KeH)=AGAC 3, 2AKLI1 ,J3)/712.%DKR)
H=11
AlK*H)==2,%AK(]11,JJ)/0R
H=1]-1
AlKeH)=AK(IT,404)/7(2.%DR)
TRIL+1)=AGAC*TOUT
CONTINUE

MAYRIX A IS FILLED IN

CALL GELB(TR¢AgMgNMUO MLD,EPS,TER)
WRITE TEMPERATURES
WRITEL6,4210)

79



80

[ B3]

SN
FSN
14N
I SN

15N

1SN
[
InN
1SN

1SN
1SN
1SN
(SN
15%
[l
sy

§SN
1SN
Iy’
ESN
1SN
1SN
SN
19N
(5N

15N
ISh

15N
15N

1SN
1SN
1SN
§ SN

5N

2554

nnes
0556
0554
ELX

asen

ase?
095613
R
0565

0566
0567
0569
05/Y
Q%70
antl
o572

0473
A5 Th
ners
0576
0577
0578
0579
%80
0581

0582
05813

0584
058%

0584
0%87
0488
0590
04591

ns9?

_~ - -

oM D

Ho

23 B I

hal

AHL
HR2

6nh
LR

-~

LEER LTIV B 3 B A

LK ThHE TiMpERATYEE S Fur CONVE RGENCE

N HANN 2],

FHEOASSETU I -TLINEEE D) o0 T b PT) 1) TOslle
tONT TN

SR TTESE Y

CHECR TF RLGANT 5 L8 5% hiAy kMAY
TEERKIIUNT (EQexMAXY () To Ll LS

UPEATE Ty MDEWATIRES

DY LA ) sl .M

TUANP QL =T Wl O T INF I D e Twl2o TR (1)
ST 120

[RIRE N £

Ti=a0

T/72.0

DY KT 1433

Ti=1t 8Nt 1,007 0000

LRER R R IR AN I

CONT EaE

Tu=(VhleT2)//,

CALCULATE yrenoltar.

MYk MALS WILOMITY TN e o ke FLON
MY T @MAGS WO FTY IN Tee T S IRECTIUN
X 6R? J=1,4J4J1

D) ARY I=1,101

SENDETe3)=NET,0)0

MVR Lo Jh=0SET 0010 -51E 0037 iHTITIONTH)
CONT TNUE

) KRS Tx], 011

N A8k Izl Jd

MyTrd o dda=(50T el g gd=Slledt )/l 50 )Re(RETIER{TALIDY
CONTINUF '

CALCULATE THE MEAT FLUY AND K EFFLCTIVE
JTlEi=.0
wPHls, Q0

D670 J=l,JJ]
TCFs D IsTENDL L 0d)

CUNDE Lo d 0ot T E10d)eTil del)~1(2s00=T142,J0)) )@ (AK{L,J)¢AKLIL,d¢1))
1/04,00R je1THe? 8T, 14160R(11}

CUNYIL g diaMyR (L, 0} (T4l ,000TH), 001000 (CPIL,J)eCPIL, 001D/ 4,
LentHeZ a3 1ainduil)

JRIMYAR T, J) el T, 200 CONVILJlemvREL,,300(T(1, 00T 12,00
1T Lol )eT (2,00l ))0ICPILIreCPIL1yJelE/R,0DTHE2 03, 101060R11])
IPHEJN (=T U3 h=Ti3, 001000, 00T02,00eT(2¢d0L))=3,0(T L sd0eT{1, 001}
1)ICLAR I L P ¢AKI T Jel) /1B, 00DR)SNTHE2.97,16160R(11}
GPHLIV e PHIJDSCUINVIL )

H U HI=CONVEL 38600401 )



tsy
(N

15N
15N
ISN
1SN
I5N

1SN

ISN
ISN
1SN
5N
IsN
15N

1SN
ISN

15N

15N
1SN
1SN
(5%
1SN
ISN
ISN
1SN

SN
1SN

ISN
1SN
ISN
1SN
1SN
I5N
1SN
(§1]
(E1}
I1Sh
15M
1SN
15N
1SN
15N
SN
15%

[A\CLX]
ELTS

onos
LELTS
0597
O8OR
0599

0609

0601
06072
0603
06046
0605
0606

0607
0609

009

0610
0611
0612
0813
0614
0615
061s
0617

[L3V.]
0619

0620
0621
0622
04623
0624
0625
0626
J627
00628
0629
0630
0631
0632
0633
0638
[+ 1.2].]
ondt

ol alalaRal el

A90

LR
3!

591

he

410

101

3

IPHT=JPHT s QPHIE Y)Y
PAERSEI AN RN EISE B P ] |

MY A9l 12,111

Milr=,0

At A2 Jal, 2J1

TEled)=TENDLT I

COINDET o J =T8T =T4udeTtl=1, 00 1)-TllolJi-TLLOL,0¢1))
LOUART T J)eAK{T yJe 1))/t 0R)ANTHE 03, LalnoriT)

CINVEL )=V o Qe (TUl, ) eT il el ) )oiCPILJ)eCPILdeL) /0,
teNTHe2 03, 141¢¢R1 )

JOL 3 8=CONVET o JYeLUNDLT D)

STUEY=QTE 0101 ,3)

CionTINUE

DANCREINED W N A

TElyd)=TENDIL 4 J)

WPCEII (=TIl I=24d) =Tl I=Zodol )b 31T LIl yd)oTtii~10002))~3 000 (!
1 GJIOTHIL I8 1) MO (ARCET, ) eAKIET o Jel ) )/ 1A, 0URISOTHI2,83,16]160RE TS

CONVELT,u)=.0

CONDET T 00 =0T ai=14000TUII-1,Je1)=TUIL,d)=TU1D,d%1))
LOCARET L, SheAKiTl,J01)) /(6 0P )PDTHA2, 03, 141 00RETT)
QETEa JIaCNNVIT Y s J)eCNNDYLT D)

JPCTeQPLTeQPC L)

NTETD)eQTETI)eCtl o )

0N 894 31,11

JTAVEQTAVeQTIINZIL

COMTINUF

ARAVIQTAVOAL IGIR2/RLB/Z7ELTE~T7 )20, 1elhe?, 0AL)

AREFH=QPHTOALTILIR? /B /({TLI-T2)03,14)0602,0AL)
AREFCRQPCTSALOLIR2/RINZ{ITI-T2 )03, 141007,0A1)

6N 1D 450
CONT INUF

RECTANGULAR GFUMFTRIES

FILL IN CNEFFICTENT SATW |« A A%
RIGHT HAND SIDE VECTOH Se

Ke={1

Le-1

D Tl isisit
Leloe)

Kexoflol
Mslfel=tll-L}
AlKoHIn],
SRiL+l)=,0
CONT INUF

Kex~1}

00 7110 Je2,441
Ll o}
KeKooetfol
IFINPF,EQe1) L) TH 712
Hsffel
A{KoM)n],
SHiiel)e,0
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| T
1N
1%
1.~
|
[ON
1N
[N
[ ]
|
[ ]
SN
1SN
1SN
TSN
15N

TSN
SN
[SN
IoN
1SN
15N
ISN
15N
ISN
ISN
15N
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
1SN
ISN
1SN
ISN
ISN
SN

ISN
[5N
1SN

1SN
ISN
ISN
ISN
[ K]

e
TRR)
tye 44}
Ot}
Uhb?
TSR |
vhioieds
YT SY
(V4G éy
Y4
06
() 8}
[RETR14)
0651
LY
0653
0656

0655
0696
0KrH7
[T
0659
0660
0661
0662
0663
C664
0665
0666
0667
0668
0669
0670
0671
0672
0673
0674
0675
0676
0677
0678
0679
0680
0681

0682
0683
0684

0685
0687
0688
0689
0690

[aEaXal

T1

71

710

ro?

770

771

R AR

(ST INUE

o1

At op )l 10Vl odioVilyd=-100/70VL43))
b e )l ed

Abn o b)) =0 180V, JheVI1 400100 7(VI14a01E

Tiasl

Ateehidz=1o /03010 IV(]gJ=1)e2,.8VIT,0)0VIL 301070V N4t}
TENE P

AfreH)=],/DR

Sl A1 )=PER/VEL JJIRI=GTHORND( T 4 JIeCPNYSTCPOGR)
CIMNTENUE

o TTL =2, 1101

L=L+1

K=K+2%] e}

H=1l+1
AfKerid==(VIiTgd-l1e2, 8Vl odleViIJelbi/t2,.00)TH2)
I=(VET#Le ) o280V udeVIii-1,J10712.%0DR2)
Hz |
AULKeH)I=AVIT o =100V 44D/ (2.8DTH?)
H=/2811s1

AR R =AVET o ddeViIgde1))/(2.2DTH2)
H=11

AlK+H = (VLT d)eVil-1,0))/(2.8DR2)
H=1142

A{KeH)I= (V141430 evil,4))/(2,9D02)
DROTH=ARD{ L ¢ J*L)-RO([ 4 J-111/1{2.¢DTH)
DROR=ARN I+ 14 J)=RO(I=-1sJ)) /7L 2.¢DR}
SH{L+1)=PER*(GR*NDROTH~-GTHOUR(R)

CONT INUFE

L=L+!

K=K+2% {141

H=11+1

AfKeH)=1,

SR{L+1)=,0

CONT INUE

DO 702 1=1,11

L=t+! .

K=Ke+Mel[o1-L

H=11+1

A(K+HI=],

SR(L#+1)=,0

CONT INUF

CALL GELBUSP yAyMyNyMUUMLD FPS,TER)
KOUNT=KDOUNT ¢ 1

PRINT STREAM FUNCTION

WRITE(6,200) KCULNT
WRITE(6,21B)1ER
WRITE{64201) SR
CALCULATE VELOCITIES
UPDATE STREAM FUNCTIOHN

IF(KOUNT.EQ.1) GO TD 771

DN 770 L=slM

SLINECL )=SW1eSLINE (L)Y #SW2RSRIL)
G0 ¥ 773

D TT2 L=l4M
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ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
I SN
1SN

a0y
(i ap

Ne 2}
OUntig

[AENEEY
GeIT
ey
(SR
0700
arnt
0ro?
0701
Q706
ar05
0ron
Qro7
07019
0709
a710
071t
ar12
Q7113
0716
ors
0716

o717
0718
0719
0721
0722
07213
oree
IS
0726
0727
0728
0721
0730
0731
0732
0733
0734
0735
0736
0737
0738
0740
0741
0742
0743
0744
074%

aEaEalel

rre
171

714

1642

741}

7101

749

706

752

83

SE NS L YaSRIL)D
(AR B A1V

Pttty FSUATION
e TEe L =14,ME
Al )1=,.0

FILU IMN COFFFICIENT MATRIX A AND
1M HAND STOE VECTOR TR

R Y FQ.1Y 8 T 7
ACl)=1.

Ivtl1y=11

GY T 763

CONT INUE
ALT)=23.0AKIT, 1)/ 12,20~ 14A0GAH
Al 7)==2.0AK1]1)/0DR
AT =AK(141)/702,%0R)
TR{L)-AGAH*IGAS

CONT INUE

L=n

K=0

77101 E=2,1 101
L=L21

K=Kel[4L
H=1T+1-011-L)
A(KeHI=2],
H=2&1[+]1=-C(11-L)
AlKeH)==1,
TRIL*11)=.0

COUNT INUE

L=L+1

K=Ke]]eL

IFI{MBC,L,EQ.1) GO YD 745
H=[I1+1-(11-L)

A{K+H) =1,

TRIL#+1})=T2

60 TQ 746

CONTINUE

H=1[+1=-(11-L)
A(K¢HIsAGAC*3,%AK(II,11/(2,90R)
HalI=-(11-L}
A(KeH)I==2,2AK{ 1141} /DR
H=zIl-1-(11-L)
AIK+H)=AKITT,10/762,*DR)
TR(L#1)sAGACETQUT
CONTINUE

K=K=1

00 7110 Jys2,441

Lale]

K=Ke28]]¢])
JF(NBCL,EQ.1) GO TO 752
H=l[+1

A{KeH)s 1,

TRIL+1)=T1

GO 1O 753

CONTINUE

He[{+1
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TSN
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TSN
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SN
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SN
SN

ISN
19N

5N
o

4N
FSN

ISN
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1SN
ISN

15N
ISN
ISN
ISN
ISN
LSN
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ISN
{SN
ISN
ISN
ISN
I SN
1SN
ISN
ISN
ISN

1SN
i 9N
5N
.SN
1SN
+SN
I SN
SN
1SN
{SN
SN

HRLY)
Ule?
NTGA
1469
nrso
arst
urH2

07153
0754
nrss
0756
ors?

ars8
0759

0760
0761

0162
0763

0764
0765

0766
0167

0768
0769
0770
071712
0773
0774

0775

0776
0777
0778
0779
0780
0781
0782
0783
0784
0785

0788
0787
0788
0790
0791
0792
0793
0794
0795
0796
0797

c

[P

7111

755

756
7110

762

ALr oMz ,8AK {4 J)/(2.8N0) A" AN
si=f el

AlroH)z=, AR ,J) 700

viz ]l e

Atwobid=AKll,J)/12.8730)

THIL el 1 =AGAHSTGAS

CINT INYF

Y711 =2.1011

L=l +1

n=Ke2% e}

H=11+1 .
ALKOH)I=CAK(T#1,3)e2,8AKTIT,J))+AKIT-1,J00/(2,9DR2)
LolAKE T o el Y o2 . AKTT,J)*AK(T4J-110/(2,80TH2)

H-1
ACReHDI={S(Lel431-StI~1,30)}eCPI1,0-1)/14.eDTHEOR])
1~CAKL T oJ~1)0AK(T,3))/12.2DTH2)

r=2s) 101

ACKAH)==(SUT 414U} =SEI-1,J))8CP (] J0e1)/(4,¢DTHEDR)
L~(AKt{ Lol )eAKI],3))/12.8DTH2)

H=11

ALKOHY ==0SET ¢d*11=StLlsd=10)eCP{I~1,0)/1%4,oDTHEDR)
1-(AK(T~14J1+AKIT 4401 /02,%DR2)

H=1le?2
ALKeHYI=USET,d01)=S(],4d=-1012CP(I4]1,4})/(%.8DTHEDR)
1-{AKUT+14J)¢AKITyJ)1}/12,%DR2)

TR{LeY ’=¢°

CONT INUF

L=L+]

K=Ke2® 11l

IFIMBC JEQe1) GO TO 755
H=l1+1

A(K'H’=lo

TRIL#Y)=T2

GO YO 756

CONTINUE

H=1141

A(K*H) =AGAC*+I1,2AK(1],4)/(2,*DR)
H=11
A(KOH)==2,8AK([1,J) /DR
H=1I-1
ALK+H)=AK(TE,5)/7(2,%DR)
TRIL+1)=zAGACPTOQUT
CONTINUE

CONTINUE

LsL+l

KeKe20 [ [el
IF(NBC.EQ.1) GO TO 762
LESSESY

AlKe+H)=],

TR(L+1)=T]

60 ¥O 763

CONTINUE

Hel[+1

A{K4HI =3, #AKI1,JJ01/(24%0R) +AGAH
Hell+2
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15N
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N ALH]
Q799
0100
ny{ny
0802

0103
0R04
0H0S
0R06
0807
0HO"
0809
0810
0811

0812
0813
0814
0816
0817
1LIN.]
0819
0820
0821
0822
0823
0R24
0825
0826
0827
0828

0829

0830
0831

0832
0833
0835
0836

0837

0839
0840
0841
0842

763

1102

165

166

acae aao (2N a}

[aNal [aNaNel

7300

7116

780

7115

85

Tir ek z =)  SARTLedJ) /0P
Hole)

AW eI 2AKL] 4 JJN/12,80K)
THiL 1 1=AGAH®TGAS

COUNT INUE

Ny 7102 1=2,111
L=t}
K=KeMs]]el=L
H=]1+}
Al(KeMI=Y,

H=1

A(RsH)=-1,
TR{L+1)=,0

CuN INUE

L=L+1
K=Ko+Me]Te]l~-L
IFIMBCL,EQ.1) GO TO 765

H=1]+1

Afxery=z1l,

TR{L#*1)=T2

GO 10 71646

CONT INUE

H=11+¢1
A(K+H)=AGAC+ 3, 8AK(I{,J0)/(2,.%DR)
H=11

A(KeH)==2,#AK{1[,JJ) /DR

H=[[-1

A(KeH)=AK(IT,3J)/712,80R)
TRIL+1)3AGAC*TOUT

CONT INUE

MATREIX A IS FILLED IN

CALL GELB{TR gA¢M¢NMUDMLD4EPS, TERD
WRITE TEMPERATURES

WRITE(6,210)

WRITE(6,211) TR

CHECK THE TEMPERATURES FOR CONVERGENCE
DO 7300 L=1l,n
IF(DABS{TRILI-TLINE(L)1.GT.EPT) GO TOT116
CONTINUE

GO 7O 7115

CHECK IF KOUNT 1§ LESS THAN KMAX
IF(KOUNT,EQ.KMAX) GO TO 7115

UPDATE TEMPERATURES

00 760 L=l,M
TLINE(L)sTHISTLINE(L)+TW2eTR(L)

GO TO 120
CONTINUE
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ISN
1SN
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ISN
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ISN
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ISN
ISN
1SN
1SN
ISN

Y

BT
LETYS
(iIN65
LETY,
LEYY 4
QHan
OHe9

0HS0
0H51
0852
0853
0y56
0355
0R%6
0357
0858

0H59
0860

0861
0He2
0R6)

0864
oess

0As7
0868

0869
08170
0871

0872
0873
0874
0875
0876

0877
0878
0879
0880

ossl
0882
0883
0884
08995

NRRA

-

C

Ty

TR1
782

TA4

749

790

792
791

ry-,n

Fozoth

[RLENY BRI SN TS SN |

T1=TENDIL,J07004T71

T2=TsNDITT 370087

CONT ENI

Th=iTr+12) /2,

MVK  MASS VELOG 1Y IN THE K DIRFCTION
MY TH MASS VEL _ITY IN THE TH DIRECTION
D TH2 J=l4dud

My 1AL I=1,.101

SENDET 24 )=S(UL, )
MYF{Todd=U5EN0T,J¢1)-5ENDEL , JY) JUTH
CONTINUF

unN IS I=1,111

DTRG 3=,

MY THET o)== ISFNICI#L,Jb=5-NDLE L)) /DR
CONT INUF

CALCULATE THE FEAT FLUX-AND K ZFFECTIVE
QTEl)=,0

IPHI=, 0

(N 790 J=1.,441

ST d=TENDIT, ) :

QPHE = {=T U3, J1=-TU 3,01 )00, (T12,J)07{2,J010)=3,21T(1,yJ)+
L0100 )00 (AK 1, ®ARIL,J41))/71B,PDR)#DTH

CONVIT o d)=MVRTLoJIO(TILWJIeTEL 001 ) )0(CP(Led)oCP{YoJel))/4,00TH
EHEMYVRE1,0).LTe o0) CONVILoJ)=sMVR(L o JIRiTILoS)eT(2,4)
LeTE1,JeldeT {2,011 )0LCP{1,J)9CP{1,001))/R,9DTH
WPHIJI=UPHLII+CONV L W)

CONDIS o Vsl T 0T i1, 0410=-T(2,4)=T(2,J¢1))80AK{LsJ)¢AKILyJe1))
L/04.%DR)IPDTH

QE 1o JI=CONVI1,J)+COND(Ll4J)
QPHTzQAPHT +QPHL )
QTELI=sQTHLReQI1 )

00 791 1=22,])11

QTiIl)=.0

00 792 J=1,41

TET2JIsTENDIT» )

CONDULoJinf TUT=1gfdoTil=Ts3el)-Tilalod)i=Tilel,Jel))

1o(AK T, J)eaAK{T,J¢2))/1R,8DR)SDTH

CONVIToJlz MYR(TJISITEI V0Tl odo1))(CPIT JIeCPil,U21))/4.00TH
QULeJImCONVELoJISCONDLT J)

QTELI=sQTIL)eQ( ] +I)

CONTINUF

QTeII=,0

QPCTs,0

DD 793 Jel,JdJ1

TEleJInTEND(L,J)
QPCIIIO(-T(TI-24d)-TULI=240¢L) 0 0 (T{II=1yd)eTi((~1,301})
1=3e0(TCRI, 0TI, doL )0 )0(AKIT] o J)eAK{T]oJel) /{8, %DR)S0UTH

CONVIIT9J)m,0
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LSN
ISN
ISN
1SN
ISN
1SN
1SN
{SN
ISN
ISN
1SN
[ SN
ISN
ISN
ISN
ISN
15N

4

SRR
[AERR]
L) v i)

AN |
(a2
{401
(it
[VBR]
(PR 1Y
[VREER
RN L]

SR AtE)
0300
ARIAA!
ul0/

[SRIVE)
006
s
0906
ouo7s
090k
0909

0910
0911
Qa2
Qu1l3
0914
0915
0916
0917
0918
0919
0920
0921
0922
0923
0924
092%
0926
0927
09218
0929
0930
0931
0932
0933
0934
0935
09136
0937
0938

194

4510

151
190

163
152

155
154

157

P ) TR e VI =L o de ) =TT L9 d)-T 1 sJ%1 0}

1805t d) eARE T ue L) h /14 ®DRIENTH
QUL =0V T L o JB#COND LT 4 )
AT pe e oY)
GTETIY QT eQ (Il o )

JNAY. D
Pl 1al, 01
GIAv=UE e gT Y 2T

o T s

Ay DTAVZULTI=T2)0AL )% (R -R])

Anbv D 2PCT/{ITL=-T2)*Al) $(R2-2")
A i iz QPHTZLLTLI=-T2)%AL) ${R2-R1)
LONT INUS

CALCULATFE RALETGH NUMRFR R

ANEI=ETAY {APO TR/ ARIF (AP, Ty)
ANUN=ETAF(APY,,TLI/ROF (AP, 71}

A= P VR SCL AMFLAPO, TH) +AKM

AL F=ARDZLROFLAPN (THI®CPFLAPO, TH) )

Th=2T3,1+/TY

GECT -7 1A= 16 AP TERTER{ ] .4, 0R060APNST 485

iETA ~DRAT/ZROF (APDL,TR)
AA HSPERS{TI-T2Z)8 (HR2-RLISHETA/{ALF#ANU)

87

KF:PFLt(H%UX~GYHOR0FlA9D,1f))‘iR?mHl)/4?TAF(APH.IR"ANUH.

RNUS=AKHEC /AKN
AKHC = (AKEFC s AVEFH) /0,

W ITELOy 260)

W ITE b ob1 )

DNY 190 1=1,11

DY 151 J=1,44
TEMER=TEND(T,03-T(1,J}

WRITELS)262) LoJgSENDIT o J) o TENDUT 9 I 0o TTUIME LS} TEMER

COMT INUE

CONTINUE

WRITF(6,272)

09 152 I=1,11 -

DO 153 J=1,441
WRITH(6,273) IvJ'HV{‘Ii.A}'cl.‘.ln.}l
CUNT INUF

CONTINUE

WRITEL G, 281

WRITE(G6,2R82)

D3 154 1=1,§111

DO 155 J=1,4J

WRITELG6,283) [4JeMYTHIL o J)
CONT INUE

CONTINUE '
WRITEL6.285)

DO 157 Jd=1,4J1
WRITE(O,2861 J,QPH{S),QPCLYY
CONT INUE

WRITEL6428T)

MRITE(K,2R81)

DN 158 [=31,11

ARIVEL 64 2R9) 1,QTIT)



L 099 154 Cant N
1M 09460 W LT Ly 2000 UMY PO T 4 QTAY
LA TS | P CANVZALY
1aN Ous HNLES - AR b £ ARCT)
PN 0963 WHITV U6 2211 ALF AN ARIT,PR JRAGRF  oRNUS
| RS IARTYY WRETE Lhy 292)
[N 0965 Wk ITE LA 2900 AKAV JAKS FHGARE E( JARHC
TSN D946k J00 FORMATIN T 4 P0X o SKH 2 4O X g *RIOUNT=® 41Xy 13,/7/)
VAN 09 SN FEMATLEON® 5, 1CF11.3)
I5% (96l J10 TURMATLPQ%, UK TR TENPERATYRAS® 4/ /7 /)
1SN 0949 211 FOEMAT(*0', 5%, 1CF11,3)
1SN O9SD Q1R OENEMATIYOY 5%, 14)
15N 0951 260 FOKMATE® 1Y, 10X, "R SULTS FROM THE LAST ITIRATIONS,/)
1SN 0952 261 FIKMAT(I®OY,* | J STREAM FUNCTECN PFMPERATURFS OIMENSTONLF
155 TEMPFRATURES 4R TEMFRY )
1SN 0951 267 FUEMATE PO o 1202000205 X0F 10, 348X F303015X4t10s3010%,F5,2)
15N D954 217 FORMAT(o v, v | J MVH TR,/ {S0Me02) 3 (W)
1SN 09&S% PIV FORMATIN0 Y, 10,2%,120A%,F1N.4.6X,61043)
15N Q4h8 PAL FOFMATEO]® o MyTH,CNMPONENT OF MASS VELOCITY PERPENDICULAR TN My
1SN 0957 2A2 FORMAT{IO,* | J MVTHIRG/ISOMe82) )
1SN Q0958 2R3 FORMATEY0%,§2,20,12,84,F10.3)
1SN 0959 285 FORMAT(®1?,* QP HIwW) QPCIwl*)
1SN 0960 2K FORMAT{®0" o 12,6%X,F10.394X,610,3)
[SN 0961 2RT EORMATUO LY, tHE AT FLOW THROUGH THE TNSULATION,QT ,QPRT,QPCT ,QTAV*)
1SN 0967 ?HR FUORMATL'0",° | QT (w) o}
1SN 0963 287 FORMAT{*Q®,12,64%,E10,)
1SN 0964 290 FORMATLP0 o QPHT= 00 10.3,°QPCT=9,F10,3,°0TAV=*,£E10.34///)
1SN 0965 291 FORMAT( 0% "ALF3? 0 F11,4,'ANU=? gB11,4,"'AKNs? JELl1.4,"PRa? E]],6, RA-
10901 leby "RESO,FLL,4,5Xe "HNUS3® 4E11,44//)
ISN 096¢. 292 FOHMAT(0Q o't FEECTIVE THEAMAL CONDUCTIVITY, W/ (XM} ,//)
1SN 0967 793 FORMAT{ P00, "AKAVE® JEL oo " AKFEME? o FL1]oby"AKFFH? E11,4,? AKHC "
LeElla®)
1SN 096A 300 FNRMATESX 4 T19+5X,F5,2)
1SN 0969 301 FORMATISX,3F10,.5)
ISN 0970 302 FUORMATI(5X,310,3)
ISN 0971 303 FORMATISX,FS5,292F610,7)
ISN 0972 304 FORMAT{5X,3F10,3)
ISN 09713 305 FOPMATISX,2F 10,4}
ISN 0974 STNP
ISN 0975 END
SUPTIUONS IN FFFECT® NAMEs MAIN,OPT=00,LINFCNT3A0,SIZE=Q000K,
SUPTIONS IN EFFECTS SOURCE o EBCDICNOLISToNIDFCK ¢LOAC oNIMAF ¢y NOEDTT ¢NIHT Do NOXREF
SSTATISTICSS SOURCE STATEMENTS = 974 PROGRAM SIZE = 2037198

SSTATISTICS®

DIAGNNSTICS GENLRATED

sees0s END OF COMPILAT [1IN ¢oeess



fTvEr 2La7 & JAN 73 )

157340 T NRIRAN H

EOMPILER DPTIONS - NAMFz  MAIN,NOPT=00,1 INtENT=A0,51 2E<0000K,

leiskalalsisladalakakalakakaialakalilalaRal o N o N o N N o NN o Rl o o N Na Ko N o e N o Nl Na e Ra N Na N Na N a R e e e la Nal ail o N ol

SHURLE FBLDTC ,NOLT ST oNODF R LOAD G NIIMAP o NDEDET g NOXL Dy NIIRRE F

GELR

R RN Ny nmnmmmmmMmmIInnmITTIINTYI YT Y oYY Y,
GFLH

SURROUT INE GELH GELH
GELH

PURPOSE GFLB
TN SOLVYT A SYSTem i STMULTANENDUS LINEAR EQUATIUNS WETH A GFLY
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RESUMO

Ume wolugio numerics fol obtkis pers ss distribuicBes de fluxo ¢ de temperaturs em lolamentn:
térmicos do tipo tora Foram considteradas geometriss retangular ¢ cilindrica. As condicfes de contorno
utilizerias  tamhém incluirsm 0s cas0s de persde quente permedvel. Pare cavidades retenguierss fol obtide
ume bos concordincia com resultados publicados, tento numdricos como experimentals. Ay distribuicSer
de velocidede e de tempersturs caiculedes propicisram um melhor entendimento dos fenomencs de e
cosmento & de transferincle de cslor em isolamentos tipo fibrs. Os nGmeros de Nuassh, locals ¢ midic,
obtidos pers o perede frie consituem informacBes Gtels pars o prujsto de isolagSes do tipo de fibres pers
vers ¢ tubulsgSes Ce usinas nucleares restriedes o gls. O nGmerc de Nusssit médio fol corvelecionsdo,
com o Nomero de Rayleigh nos cssos spenss de convecgSo netursl, ¢ com os nGmeros de Rayleigh ¢ Rey-
noids nos casos de ume combinacko de convecg o naturs! com convecglo forcads.
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