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ANALYSIS OF THE 2-D TRANSIENT HEAT CONDUCTION
IN A COMPDSITE FINITE CYLINDER WITH HEAT GENERATION
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ABSTRACT -

The lobjective of this paper is te study the 2-D transient
temperature behavior in a composite finite cylinder with internal
heat generation. For this purpose, a new dimensicnless 2-D finite
di fference technique in the axial and vradial Jdirections is
developed. The developed technique is then applied to aobtain the
time development of temperature profiles In a complex composite
cylinder.

INTRODUCTION

The problem aof heat conduction {in vrectangular fins both  in
steady-state and transient case receives recenlly areat {nterest
£1,23. A single analytical 1{-D transient heat conduction equation
has been developed which is appllicable for cartesian, cylindrical,
and spherical coordinates [3]. The effect of temperature dependent
thermophygslcal materlal properties has been considered in [4]. On
"the other hand, there is 1little activity on the 2-D heat
conduction in cylindrical coordinates. .

In nuclear industry, the transient . temperature behavicor of the
fuel is of vital importance [S~101. In light water reactors such
as pressurized water reactor (PWRY, the fuel! rods are cooled
convectlvely through the heat transfer into the cooling fluid.
Therefare, the prablem of heat conduction in the cylindrical fuel
rod has been studled explicitly under predescribed conditions and
assumptions. Conduction in the radial direction is uacally taken
inte account £6,7,Bl. With nonunlform coaeling, conduction 1In  the
azimuthal direction must be considered. The -steady-state heat
conduction in the radial and azimuthal directicons has been
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considered in £5]), while the transient case was studied in £iu0l.
The general equaticn for heat conduction is
® . g'’’ _ o 3 T* .

v T v = = P {1
Unfortunately, the exact analytical sclution for Eg.l for the 2-D
cagse ig farmidable. aAnalytical solutions are abtained only for the
1-D conducticn and simple boundary conditions [2,111.

In the present work, a new -dimensionless finite difference

technique is developed for the. problem of transient heat
conduction in the radial and axial divections in a composite
cylindar with ipternal heat generation. The new technigue is

general and simple,
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Fig. (1} Composite cylindrical system

PHYSICAL FORMULATION AND MATHEMATICAL MODEL
Figure (1) represents a composite cylindrical system. The heat is
generated in the inner solid cylinder aof radius Rl. The material

of this cylinder may be an electric conductor,, nuclear reactive
material or chemical reactor. This ipper cylinder is encapsulated
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within apother cylinder having an inside radius RI  and outside
radiusg Rz..The outer cylinder represents the ¢ladding material of

a fuel rod or the insuwlator af an electric cable. The contact
resistance has been congidered throuagh the heat transfer
copfficient in a very thin gap between ' the two materials. The
system is cooled by convection inte the surreounding fluid which
has temperatu&e that varies along the axial direction of the
system from Tin to Tout.Numerical solution of Eg.l is obtained

through transforming it into algebraic eguation. Therefare, the
dimensionless time wvariable t and the dimensionliess space
variables v,z are broken inte discrete intervals At, Ar, and AZ,
as shown. in Fig.(1). The inner salid cylinder is divided in the

radfal direction inta N1 layer and the outer cylinder into N
layer. The entire system is then divided in the axzial direction
into NZ divisions. aApplying the principle of energy balance for
@ach nodal point i,j and veédrranging, one aqets the foliowing

dimensionless discretization equation :

t+At t t t
= + -
Ti,g T8 2Ty, "8 i, 3 33 Ty, 1
. t
+
B4 Ti,get ¥ 3Ty, €2
T*— Trn #* 2
where T = ————, ATg = q;:”iz‘l‘/kl, a = (g''t/uli)AL
AT
a
k1 At
and At = (AFo0 ), = — o
rt 2
PRy
The following houndary conditions are applicable for the
considered case :° '
i- at r = ¢ ¢ the innerdost nodal points 1 = 1), we have
LaT/&ﬂr=U = 0,0 €327
2~ at r = RE/RI (the outermost nodal points § = N1 + N,Y, we have
(an’t?r')‘r_=F:2/F:i = - (th/iiz).(TNhj - TFJJ (42
3~ at z = O (bottom nodal points J = 1), we have
(0T/02)Z=0 = (hLL/k)'(Ti,i - Tin) (5>
4- at z = 1 (the top nodal points j = NI), we have
= - e . . — * »)
CaT/a'z)z=1 (hLL/L) (Tx,NZ Tout) (&
where k in Egs.5 and & isg Kl for material 1 and K2 for material 2.
The coefficients g1 35 ag, and A, which satisfy the above
boundary conditions are listed in the tables below, wher e
_ 2 . 2 )
X, =2 drl N1 At, X, = 2. brz NS (DR} CRD) At
L2 2 - .
Yi = g Nz~ At, Y2 = Y1 ¢DR)
N 0.3 N
_ - 1 1 iy n2 L o2
B = [‘“‘*“ﬁ;f‘ m] and AU = Ry - Ry
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The effect =f the contact resistance at the interface hetween the
first material and the inmer surface of +the second material is
taken into account through the coefficients a, and a., for both

layers N1 and N1+1.

Coefficients of the nodal points in the inrer cylinder

Interior Last column| Bobttom layer Top layer
nodes i = Nl J =1 Jj = Nz
. TR T Xy Ty
1 AClD) A AL AT
X7y LTy Xy 7y Xery
a2 AL A1) E ACLD AT
v v Y1 HLl v
a3 1 1 Nz 1
h' Y Y —il—EEL
g 1 1 1 Nz
Coefflelients of the nodal points in the outer cylinder
Interlior |[Fivst column|Last column|Bottom layer |[Top layer
nodes 1 =N+l i = N, +N, j=1 J = Nz
1 ) R
R - BT Xy Tiog X Y-y X2 Ti-y
i AL ALl Al ACLD ACL)
. X2 ry )(j3 Yy X2 Bi J!u'rl,2 X2 ry X2 ry
2 ACLD J &l E ACi) ACL) ALY
Y_ H
2 Lz
23 | Y2 Y2 Yoo TR Y2
Y- H
2 L%
4 | Y2 Yo \F Yo Nz
For all nodal points a_ = (q”’/qé”}At, and
35 = 1. =~ a1 - az - aS - a4

Applying EqQ.2 to each nodal point one gets a system of finite
difference dimensinnless equations. In this stage, The solution of
this system can be perfaormed using either the explicit or the
implicit scheme [121. In this work, the swxplicit scheme is used

because of its simplicity although it is conditionally stable. As
an illustrative example,. the transient temperature proflle of
nuclear fuel rad of a FHR has been calculated. Such a composite

cylinder systein is chasen here' because of itg complexlty as
tescribed in the Appendix, where the following data are valid:
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R, & 1, RLv= 1,021, R, = 1.18, 6 0,001, RD = 6.29, CR = 6,
DR = 9,'Hg ='6.44, ,HH = 1.0, M = 2.55, and Bl = 12.55.

Far this specific problem, the heat generation rate is a sinsoidal
function In axlal coordinate z, where

L .
qc

To get the dimensionless tempperature of the cooling fluid at any
level z, the followihg dimepsicnless relation is then obtained
from the heat balance :

TF, ., =M AT LT, .~ TF » + TF (8)
J+i Ny .Jj b J

Other gystems are easier to|dea1 with, such as electric cables,
chemical reactors ete..

- RESBULTS AND DISCUSSION
Since there - 1s no analytical solution of Eg.l for the 2-D case in

cylindrical bodies, then there are no reference datsa for
comparison. Forthunatly, - the radiuvus to height ratic of the
considered example is  tao small (e = 0.0Q01), which makes

reasonable compatisord between the numerically cbtained values (at
targe time) and the'.1-D steady-state values. The 1-D steady-state
analytlcal soclution of the considered example has been obtained In
the Appendix.

Referring %o ¥§Fig.2, the dimensicnless temperature at the
centerline TO ls 0.352 at t = 2 (which is steady-state value). The
physical centerline temperatur§ is then given by
q!F!R %
N TR AT
o o k in

i
0.352x3045.7 + T = 1072 + T'_ dearee
1N 1in -

According . to the 1-D analytigal seolution _given in  the Appendix,
the corresponding value is To = 1074 + Tin' Comparison between the

two values indlcates well agreement which proves validity af the
proposed numerical technigue.

Figure 3 iliustrates the radial temperature profiles at the bottom
(z = 0.0, center (z = 0.3), and top ¢z = 1.0} af the composite
cylinder. It is clear that the temperature distribution at the
center is higher because thea heat generation rate is a sinsoidal
function inp z with its maximum value qé" at the z = 0.5. Another

lmportant result is that the radlial temperature praofile at the top
af the composite cylinder ig higher than that at the battem. This
is expected since the temperature of the cooling fluid rises in
the direction of =z. '
Figures 3 and 4 indicate the effect of Biot number on the radial
temperature proflles at different times ¢ 0.1 and 2.0). It iw
clear that the effect of Biot number on the temperature of the
outer cylinder is faster than its effect on the inner ope. In
addition, laow Biot numbers exhibit higher temperature level. The
time development of the radial temperature profiles for 1low Biot
number (Bl = 0.1 is given on Fig.6&.

To examine the effect of the material thermophysical properties,
the radial temperature profiles are plotted on Fig.7 for different
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APPENDIX

Steady-state analytical solution of the 1-D heat conduction
composite cylinder with internal heat generation

in
Thermal and hydraulic specifications of a KWU 1300 MWe PWR (121
Heat generaticn rate at z = L/2 is q; = 4.7%10% w/m®,
Inlet temperature Trn = 231 °r,

Mass flow rate m = 332x10_3 Kg/=z,
Specific heat of coolant cp = 5.5 KJ/Kg.K,

Fuel is UDZ’
. -7 2 -3
kl = 2.5 W/m.K, oy = B.28x%10 m /s, Rl = 4.023%10 7 m,
Cladding ig Zircaloy—4,
ko = 15.13 W/ m. K, o,

2 -3
RI = 4.1i%107° m, R

7.528x107° m/s,

5 4.75x1073 m,

Fuel rod active height L 3.9 m, .
Heat transfer coefficient io the gas gap hg= 4000 W/ m",

1]

The heat Eransfer coefficient along the caoling channel h =

40000 W/m™K as calculated using following Sieder—-Tate correlation
[5,111]

Iy,
Mu = 0,023 Re " ot (5ﬂa°“‘
¥ o
° I”’Fqﬁﬁﬁh“\\\\\;
t'!”'. #
"
-
T2
*
Ky _ K TF
Ry —
Rl >
5 >
_*
+*
> T *
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the

the above figure,

Considering

tenperature T: is
® *

- = '

TD TF (g’
qir

4
2
where q'’’ = qg't!
‘Bubstituting for v
we get

* *

T - TF

o

. *
To determine TF «

LR
- =
in m
At z = L/2, we get
Frem Eqs.3 and 3,

M.M. Mahgoub

compesite cylindrical system described

under steady-state condition the centerline

giveh by:
-
- " ' -
R1/4L1) + ('’ R1/2hg)
Ry 1
————— |— LN{R_/RI} =+ ]
&2 2 h R2
sint{nrz /L)
alues of qé" ’Rl’ RI, RE’ kl, k?' hg’ and h
-6
= 2.2433x10 gQ’’!' = 1034 degree

onsider the relation:

2

q'FF
ip = [1~ cos(nz/L)]
TF* - 7] = 20 degree
we get ™ = 1074 + TF degree
o in

in

2



