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A two-dimensional unsteady heat conduction equation is solved in the
TRAC-PF1/MOD2 code to calculate temperature transients in fuel rod. A
large CPU time is often required to get stable solution of temperature
transients in the TRAC calculation with a small axial node size (less
than 1.0Omm), because the heat conduction equation is discretized explic-
itly. To eliminate the restriction of the maximum time step size by the
heat conduction calculation, an implicit method for solving the heat con-
dition equation was developed and imﬁlemented into the TRAC code. Several
assessment calculations were performed with the original and modified
TRAC codes. It is confirmed that the implicit method is reliabie and is
successfully implemented into the TRAC code through comparison with theo-
retical solutions and assessment calculation results. It is demonstrated
that the implicit method makes the heat conduction calculation practical
even for the analyses of temperature transients with the axial node size

less than 0. lmm.

Keywords: Reactor Safety, PWR, CCTF, SCTF, Reflood, Implicit Method,
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(1)



JAER1I—-M 90-122

B L s Bt v —F O
TRAC—PF 1/MOD2 2 — F~O#lHIAH

BAREF R A i 2R IR AR T
A E-EE Z2-RKE RoNE BX

(19907 A 7 B8

TRAC—PF1/MOD2 2— FTid, #EENOBENMITEDIIDIC, 2RTHEEHE
FEAEREALSEDEICIVEIND . EnEEE LT—BEBERESA VLN T A0, /b
K13/ — FREZRVEHETR, BESREELZLDIONSHEI A LAT v 7TH 4 Z%R
WELERHY, ERUFTHEEFEANE LS LTl KEUS A LRAT o 7TH 4 ATHEE
CEHBTED LS KT A0, T ERMEE SRR OBRE L~ F V%, TRAC—
PF1/MOD2 = — FItllBAAY . BRIV —F Y AMBAAIBIEREA ) JFiREA
WIS EL 5T - Fr o BENTREILCNICA U 9 F VO TRAC—PF1/MOD20 —FOFEH & ©
ek, SEBE LBRELV-F VBEBETES60THY, TRAC-PF1/MOD2
A—FICELLHAATNTWE T 2R LI, BEV—F YOMBAAILEYD, / —
FAEH 0.1 mmELUTFIC L THR I BEBENORESAETE TS AR I K »T,

REHERAT T 310-11  FKREAHEREBN OLFOR 2 — 4

(i)



JAERI-M 90-122

Contents

L. TNTRODUCTION 4 uuueeeensonnnancavansassassssnssanssossssannnassns
2. TFINITE DIFFERENTIAL EQUATION ..... e tereaaaaaeaan e reeraaeanens
3. SOLUTION METHOD 4susvevvvoennooansnassassasnsvessnasonsnassassns
he CODING CHANGE 4 uueusonnsesessaensssssnessasassnssonsnasoasaasnes

1
2
5
6
4.1 Added commomnt BlOCKS cceesenssssssrecsssssassncsnncsesssnnsnse f
4.2 New SUDIOULITIE serevesssaraucsossonsssosnntssssnsnnvenacsnnans 7
4,3 Modified sSUbroutines ..ssvesenceosrssnssasenscnnscassnssvencnsse O
5. ASSESSMENT CALCULATIONS AT JAERI ..uivnueeersnseasseransonsnsssari()

5.1 One dimensional heat conduction problem in radial direction
at steady STALE .esevvessnresssssnsvessnssssssnerasrrarrasssss]()

5.2 One dimensional heat conduction problem in axial direction
at steady State .ueuieisaoierrcviareetnacearrosoerssncnaasrene])
5.3 Two dimensional heat conduction problem at steady state .....713
5.4 Two dimensional heat conduction problem at transient case .«..]4
6. ASSESSMENT CALCULATIONS AT LANL .seevesracvescsasassncasescsnnsns]f
6.1 1Installation procedure to LANL CRAY computer .....-.-cscosecceslg
6.2 Results of assessment calculation in LANL ....cievvecccvcenee?
7. SUMMARY AND RECOMMENDATION seuseevvenctosvsasnsssrnsccsacncnveresi(
Acknowledgment ...eesecseecessssssnssnecsssoasnrssasentsssssansvonces]Q

REFOTETICES sesveeencosssassssneranenssvonansrsrvrennasssassnssssrnessess Q]

CiigD



JAERT-M 90-122

1. & TR L LR L e e e PR TP R R T LT CL L LR T LR LT RN TLR 1
D BE A3 TR eeererereerereereen 2
3. % R T P 5
A T em T4 FFEER oot 8
A1 GBI T E Y T 0 ) 77 cveeeereemen e 6
4.2 JBIIIH T Jlrm F- 1 veere et 7
A3 MEIEA Tl — T 3/ e 8
5. JEEFIZ I BEFMETFEL  cvervrrerre e e 10
5.1 R 1 IRTTEEEGEIGER  -oorrrerrrrrr e 10
5.2 fﬂgjj‘r”—] 1 &ﬁﬁﬁﬁ{i%ﬁuﬁ%ﬁ ..................................................................... 12
5.3 Zmitﬁﬂ{iﬁmﬂ% .............................................................................. 13
5.4 2ITAEEHEERITE oo e 14
6. T RT T7EAETIHERICE T BIEMIIEL oo 16
6.1 wATFEREVHATD Y LA HEEADMSAZFHE  ooererrrrmerrmee 16
6.2 CRTIEAEVIIERICE T LIMETERTL oo 17
7 #:Ig % .................................................................................................. 19
%t L ISTTIPE RIS PP NP PISPIAE 19
Bo B LR cvevereeeeeeree oo 1%

(iv)



JAERI-M 90-122

1.INTRODUCTION

The TRAC-PF1 code i1s a best-estimate code being developed at Los
Alamos National Laboratory (LANL) to provide advanced best-estimate pre-
dictions of postulated accidents in light-water reactors and of thermal-
hydraulic behaviors in many test facilities(l). The code features either
one or three dimensional treatment based on a two-fluid non-equilibrium
hydrodynamic model with flow-regime-dependent constitutive treatment. The
stability-enhancing two-step (SETS) numerical algorithm is used in the code
and permits to violate the mathematical Courant condition. The code can
simulate various important thermal-hydraulic phenomena in light water reac-
tors. '

In the TRAC-PF1 code, the temperature transients of fuel rods and heat
structures are calculated solving a two dimensional unsteady heat conduc-
tion equation. The heat conduction equation is solved by a finite dif-
ference method with dynamic-mesh rezoning in axial direction. The heat con-
duction equation is discretized explicitly in axial direction while it is
implicitly in radial direction. Since the solution method of the two-
dimensional heat conduction equation in the present TRAC-PF1/MOD2Z is ex-
plicit in the axial direction, the time step size At is restricted to be
less than (AZ)2/2D in order to get a stable solution with the explicit
method, where AZ and D are noding size and thermal diffusivity, respec-
tively.

The solution method mentioned above may restrict At very small if
small AZ is required. Actually, Dr. P. Coddington and Mr. R. 0'Mahoney
pointed out that fine noding size less than 1.0 mm must be allowed to ob-
tain a converged axial-conduction solution when reflood phenomena is
analyzed with TRAC-PF1/MOD2 moving-mesh axial-conduction model,'because the
axial temperature profile in the vicinity of the quench front is very
steep(z). The very fine axial noding to get accurate solution of the axial
temperature profile requires time-step size less than 1 msec and resulfs in
large CPU time. If the heat conduction equation is solved fully implicitly,
the restriction of time-step size can be eliminated and CPU time can be
reduced.

Japan Atomic Energy Research Institute (JAERI) conducted the modifica-
tion of the TRAC-PF1/MOD2 to install the fully implicit solution method of

heat conduction equation developed as one of contributions of JAERI in the

‘Ii
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code improvement program'organized by the United State Nuclear Regulatory
Commiséion. The installation work of the implicit heat conduction model
into TRAC-PF1/MOD2 code was conducted at LANL by JAERI from December 5 to 9
in 1988.

This report describes the details of the implicit solution method of
two dimensional heat conduction equation, modifications of TRAC-PF1/MOD2
code to install the I1mplicit solution method, and the results of assessment
calculation for the fmplicit solution method, which was done at JAERT and

at LANL.
2. FINITE DIFFERENTTAL EQUATION

¥ith a cell noding shown in Fig. 1, the differential equation of two-
dimensional unsteady heat-conduction can be dlscretized as shown below if
an implicit form is applied in axial direction as well as in radial

direction:
(oCp)y,y ((1y ™11y sM/7A0) vy g

= 9,5 Vg
* Kyaqy2,j (Tpap, g™ 0Ty ™07 Arg ) Ajaye
+ kyjo1y2,7 ((Tyoq, "1y "1/ Arg 4) Aj 172
+ Ky ge1/2 ((Ty 3™ 01 ™D/ A2y ) Ay*

+ Ky o172 ((Ty, 3™ -1y y™ 17425 9) Ay (1)
where

O : density (ke/m3),
Cp : specific heat {(J/keK),
T : temperature (K},

V 1 cell volume (m3),
q''": heat generatlon rate per volume (W/m3),
k : thermal conductivity (W/mK),
A : area in radial direction (n?),

A* : area in axial direction (m?),
At : time-step size (s),

Ar : cell length in radial direction (m),
AZ : cell length in axial direction (m),
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Fl

(pCp)y 3 (T o*i-Ty M/AL) vy g

= 95,5 Vi
* kiv1zz,) (Trag, ™01y ™D/ Ay ) Ay
+ ky-1s2,5 ((Tyoq, g™ =15 3™/ Ar 1 q) Aj_q/2
+ K a1z (T 3™ 0Ty g0/ Az ) A

+ ki,j-l/z ((Ti'J_1H+I-Ti.jn+l)/Azj_1) Ai* (1)
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: cqll index in radial direction,
: cell index im axial direction,
: index of oid time-step,

: index of new time-step.

Equation (1) can be described as follows;

ay 1, Tq-1,3"t ap y,4Tq, 3™t + ag 1, yTi.1,3"

vag 1,3T1,5-1"

where

al’ilj

a2,i,]

a3!ilj =

84!1Ij
85,1,

bj g

1 n+l

+ a5 1,571,541 =Dbj,j

= Ki-1/2,§ Ai-172/ 8111
(DCP)LJ Vi,j/At

+ Kiy1/2,jA1e1/2/ Brp * Kiog/2, 3172/ BTy

+ ki,j+l/2A1'/AZj + ki,j—l/ZAi*/Azj—l

-Kiv1/2,] Me1/2/Arg

"ki’j_l/z Aii/AZj_l
= _ki,j+l/2 Ai'/AZj
{qi,j”' + (PCP)LjTi’J“/At} Vij

Equation (2) is rewritten with matrix as follows;

AT

or

D (1)
C(2)

= B
E (1) Y rT@ 7 ’B(i)
D(2) E(2) 0 T (2) B(2)
c(3) D) E3) T (3) B (3)
C (NZ-1) D(NZ-1) E(NZ-1) T (NZ-1) B (NZ-1)
c(¥2) DNZ) T (NZ) B (NZ)
-~ \ ' - e

(2)

(3)

(4)

(5)
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where
T 15 b1,
) T 2;j b 2,,]
T) - BU) = | . (j =1, N2) (6)
Tyr,j b xR, j
~ - S )
r o
a4,1,j
_ 8,2, ] 0
ci) - . (j=2,N7) (7)
O .
34 NR, ]
r b
42.1,7 43,1,j
a1,2,j 82,2, 23,2,j 0
Dy - a] 3.4 82,3,§ 23,3, (j=1,N2) (8)
O .
a1,NR,j a2,NR.j
45,1, §
_ 85,2, § 0
E(i) - . (j=1,NZ2-1) (9)
0 .
a5 NR, j

M

Matrix A is a symmetrical band matrix.
The treatment at gap is also modified as described below. The con-
tinuity relationship of heat flux between gap inner surface and gap outer

surface 1is

T (]
+

" = Agap'Ugap (10)

Agap 9gap

gap ° Agap+' qgapf" and qgap"+ are inner surface area of the

gap, outer surface area of the gap, heat flux at inner surface of the gap

where A

and heat flux at outer surface of the gap,respectively. When gap conduc-
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tance is taken as hgap,j’ Eq.(10) should be equal to
. -, +\ /9. . ) . . ~n+l_ c+n+l
27 " (rgap *Tgap*)/2° (ALj+ALj_1)/2'hgap, ;" (Tgap, Teap, j ). (11)

These changes are corresponding to the following replacement of second and

third terms of right-hand side of Eg.(1).

Kiv1/2,5 (Tiap, ™0 - Ty g™ Aqay/o/8ry

. -n+l _ +n+il .
bgap,j ( Tgap,j - Teap, ) Aje1/29 (12)
and
ki-1/2,3 (Ti-1,3™0 - 11,3 Apg/2/8159
. -n+l _ Ltn+l
hgap,j ( Tgap, ] Tgap, j ) Aj_1/2- (13)

In the code, the coefficients ag i,j and a i,j in Eq.(3) are changed as

follows, based on the above replacement,
ag, 1,j=Ngap,j Aie1/2 / Ary at gap inner surface, (14)

and
a1,1,j"Mgap,j Ai-1/2 / Arj_y  at gap outer surface. (15)

Above modification makes the matrix D in Eq.(5) symmetric and accordingly
the matrix A in Eq.(5) becomes symmetric. Although the coefficient ap i j
is also changed, the change does not have any effect on the symmetry of the
matrix D in Eq.(5) because ap j j is a diagonal part of the matrix D in
Eq.{5). In case that the matrix A is symmetric, fast numerical solution
procedure such as Cholesky resolution method can be adopted to reduce the

number of the numerical operations.

3. SOLUTION METHOD

To get solution of Eq.(4), it is required to get an inversion of
matrix A. Since the matrix A is a symmetrical matrix, modified
Cholesky method is applicable to get inversion of matrix A . Once the

matrix A is inverted, the solution T is obtained by

T = A"l B. (16)
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4. CODIXG CHANGE

In the followings, the modified parts in the TRAC-PF1/MOD2 code for
changing the solution method of axial heat conduction from explicit to im-
plicit are described. Table 1 shows the tree of the related subroutines. In
Table 1, the subroutine INPUT is a control routine in the input overlay,
and subroutines CORE3 and HTSTR3 are control routines for core component

and heat structure compoment in postpass overlay, respectively.
4.1 Added common blocks

The following common blocks are added to specify the option parameter to
switch the solution method of heat conduction between the explicit method
and the implicit method by user input, and to keep the working area for the

implicit heat conduction calculatien.

PARAMETER ( JRZMAX= 100 , JRRMAX=20 )

COMMON / CNRSLV / NRSLV

COMMON / CNRSLV / AR{JRRMAX+1,JRZMAX«+JRRMAX) ,
* BB(JRRMAX, JRZMAX} ,

» WW{JRRMAX, JRZMAX)

The meaning of each variables in the added commons is listed below:
JRZMAX
JRRMAX
AR
BB
L)

Parameters JRZMAX and JRRMAX define the dimension of the arrays AR, BB and

W¥. If a user inputs the number of nodes more than JRZMAX or JRRMAX, the

job will be stopped with warning message. If a user needs more nodes than

the default values of JRZMAX and JRRMAX, it is necessary to change the
values in the PARAMETER statement and compile again.

NRSLV is an option flag that allows users to select the solution
method for heat conduction calculation; If NRSLV=0, then explicit method
will be selected. If NRSLV=1, then implicit method will be selected.

NRSLV is set in the namelist INOPTS. If a user sets non-zero or nen-unity

maximum number of axial nodes,

maximum number of radial nodes,

array to store the matrix elements of heat conduction equation,

array to store the constant vector of heat conduction equation,

array to scolve the symmetrical band mafrix.

__6_..
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value, the job is executed with a default value, i.e. NRSLV=0.
4.2 New subroutine
A new subroutine BANSOL is added to the TRAC-PF1/MOD2 code.
{1) SUBROUTINE:BANSOL

SUBROUTINE BANSOL ( MDIM , N , M1 , AR , B, W, KEY , ERR )
DIMENSION AR(MDIM,1) , B(1) , W(1)
LOGICAL ERR

This subroutine is devoted to solve the following equation;
A'x = B, '
where A 1s the symmetrical matrix of Nth dimension with half band length of
M.
The meaning of the argument of this subroutine is listed below;
MDIM = Length of array AR.

i

N = Dimension of the equation.

M1 = M+1 (half band length + 1).
Necessary length of array AR is MlaN.

AR = Coefficlent matrix which stores the results of Cholesky
resolution.

The lower part of the symmétrical matrix is stored. Actual
relationship between coefficient matrix A and AR is as follows;
AR(L,K) = A(K,K+L-M-1). |

B = Constant vector or solution vector.

KEY

Option flag to solution procedure;
1 = get solution,

2
3
Error flag. When ERR is true, matrix is singular.

only forward elimination,

only back substitution.
ERR
This subroutine is called by subroutine RGDHT.
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4.3 Modified subroutines

Modified subroutines and modifications are described beiow;

(1) SUBROUTINE; BLKDAT

This subroutine sets the initial values with DATA statements. The
common block CNRSLV and the following DATA statement are added to set the
default value of NRSLV;

DATA NRSLV / 0 /

(2) SUBROUTINE; COREC1

In order to compare the computational results with the analytical
solution, this subroutine was modified to force a heat transfer coefficient
a constant value in particular assessment calculation. This modification
was deleted In finaf modified version after completion of assessment cal-

culations.

(3) SUBROUTINE; COREC3

This subroutine is the interface routine to solve the heat conduction
equation for fuel rods of 1-D CORE component.
The followings are modified:
i) Add common CNRSLV,
ii) Add statements to check the size of work area and

iii) change arguments to call subroutine FROD.

(4) SUBROUTINE; CORE3

This subroutine is the interface routine to solve the heat conduction
equation for heat structure components.
The modified parts are
i) Add arguments AR,BB and WW and dimension statements and
ii) Add arguments AR,BB and WW to call subroutine FROD.
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(5} SUBROUTINE; FROD

This subroutine calculates heat generation rate by reaction between
zircaloy and water and calculates of gap conductance, and calls subroutine
RODHT in which the heat conduction equation is solved. e

The modification parts are
i)Addition of arguments AR,BB and WW in this subroutine and addition of

dimension statemehts of these variables and

ii)Addition of arguments AR,BB and WW to call subroutine RODHT.

(6) SUBROUTINE; HTSTR3

This subroutine is the control routine to solve the heat conduction
equation for heat structure component.
The modified parts are
i) Addition of Common CNRSLV,
ii) Checking the size of work area and
iii) Addition of arguments AR,BB and WW to call subroutine CORE3.

(7) SUBROUTINE; INPUT

This subroutine is the control routine for reading input data.
The modified parts are
i) Add common CNRSLV,

ii) Add the variable KRSLV into NAMELIST INOPTS and

iii)} Read NRSLV in NAMELIST.

(8) SUBROUTINE; RODHT

Heat conduction equation is solved in this subroutine. Original
routine for the explicit method was rewrite using standard FORTRAN77. In
this routine, the statements for the implicit method were added. The code
structure and differential method were not changed except for the treatment
of differential scheme at gap in fuel rods as described in Section 2.

Since the time step control is not necessary in the implicit method,
the variable DIFMIN is set to 1.E8 if the implicit method is used.



JAERI-M 90-122

5. ASSESSMENT CALCULATIONS AT JAERT

To check the reliability of the code modification, four cases of
assessment calculations were performed with the implicit method in JAERI:
that is,

Case 1 : One dimensional heat conduction problem
in radial direction at steady state,
Case 2 : One dimensional heat conduction problem
in axial direction at steady state,
Case 3 : Two dimensional heat conduction problem at steady state,
Case 4 : Two dimensional heat conduction problem at transient case.

Assessment calculations of cases 1, 2 and 3 were conducted with
modified TRAC-PF1/MCD2 in which the impiicit heat conduction calculation
method is installed. In cases 1, 2 and 3, numerical results will be com-
pared with theoreticql solutions to check whether coding is performed ac-
curately or not.

Assessment calculation of case 4 was conducted with modified TRAC-
PF1/MOD1 in which the same implicit heat conduction calculation method is
installed, because conversion of 1-D VESSEL component in TRAC-PF1/MOD2
CRAY-version into FACOM-version had not finished yet in JAERT when this
assessment calculations were conducted in JAERI. Assessment calculation of
case 4, however, provides useful information to discuss on CPU time which
indicates a benefit of the Implicit ﬁethod through comparisons with results
from the explicit method.

These assessment calculations were performed with a FACOM M-780 com-
puter at JAERI.

5.1 One dimensional heat conduction problem in radial direction
at steady state

The differential equation for one dimensional heat conduction problem

in radial direction is given by
1/r d/dr(rk(dT/dr)) = -q'""' (17)

Figure 2 shows a schematic where an analytical solution is obtained.

The boundary conditions are listed below.
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dT/Qr = 0 atr = 0,
- k(dT/dr) = h3 ( T3—T4 ) at r = r3,
qq ( 02r=ry),
qrvv - { (18)
0 ( ry<r ),
h = hggp ( at gap ).
The solution 1s given by
T3 = Q/(271r31h3) + T4, - (19}
T2 = T3 - qlrlln{rz/ra)/kz, (20)
TO = Tl + q1r1/2k1.' (22)
q; = @/(27rql), (23)
T3 - qlrlln(r/ra)/kz ( r2<r<r3 )
T = { t (24)
Ty + qp{ri%-r2)/(2kyry)  ( r<ry )
where

hg : heat transfer coefficient at rod surface, ¢ W/mzK }

Ty ¢ fluld temperature, ( K )

Q : total power, (W)

1 : length of rod, (m)

k : thermal conductivity. { W/ (uK) )

A numerical calculation was performed under conditions summarized

below: '

ry = 6.3 (mm), ro = 6.426 (mm), rg = 7.239 (mm),

ky = 2 (W/(mK)), ko = 13.8 (W/(mK)),

Tq = 300 (K), hy = 2836 (W/(m%K)),

Q = 1000 (W), 1 =0.1 (m), hgap = 1000 (¥/(n’K)).

Table 2 and Fig. 3 show comparisons with analytical solution for one
dimensional heat conduction problem in radial direction at steady state.
Excellent agreement 1s observed in Table 2 and Fig. 3. These results con-

firm that the coding related to the heat conduction in radial direction is
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reliable in the modified code.

5.2 One dimensional heat conduction problem in axial direction

at steady state

The differential equation for one dimensional heat conduction in axial

direction at steady state is given by

d/d7Z (k(dT/dZ)) = -q'"'". (25)

Figure 4 illustrates boundary conditions that an analytical solution

of Eq. (25) is derived. The boundary conditions 1s described by

dT/dZ = 0 at Z = 0,
T =Ty at 7 = L,
Q""" = qp(1-Z/L), (26)
k = constant.
The solution is given by
T = Ty - qp(22-L2)/(2k) + qo(23-L3)/(6KL). (27)

A numerical calculation was performed with following conditions:

Ty = 416 (K), k = 2.0 (W/(mK)),
L = 0.1 (), ry = 6.35 (mm),
Q = 7mri2Lqy/2 = 5 (W).

Table 3 and Fig. 5 show comparisons with analytical solution for one
dimensional heat conductlion problem at steady state. The numerical results
by the modified code show excellent agreement with the analytical sclution.
These results confirm that the coding related to the heat conduction in

axial direction is implemented into the TRAC code accurately.

_,,12_
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5.3 Two dimensional heat conduction problem at steady state

The differential equation for two dimensional heat conduction problem

at steady state is given by

K( Tpp + (1/1)Tp + Ty ) + @' = 0. (28)

In Eq. (28), subscripts r and z indicate partial differentiation with
respect to r and z, respectively.
Figure 6 shows boundary conditions where an analytical solution of Eq.

(28) is solved. The boundary conditions are described as follows;

T, =0 at Z = £L/2,
-kT, = h(T -Teoc) atr = a, (29)
T. =20 atr = 0,
h = constant,
q'"' = constant,

Ty ( -L/2=1Z<0),
Ty { 0=2I=L/2).

The analytical solution is given by

oo
T(r,Z) = X T,(r)¢,(Z), . (30)
n=0 ’
where
ag(a®-r2)/(4k) + aga/(2h) + tg, (n=0)
Tp(r) = { (31)
a {tn—(L/nH}zqn} Tg(nmr/L)
(L/n7)%q,/k + (n#0)
Olg(nma/L} + (nm/L)I;(n7a/L)
o4 = h/k (32)
v Iq (n=0)
an = { (33)
0 (n¥0) '
V L(T{+Ty)/2 (n=0)
ty = { - (34)
V2L(T{-T9)/(n7)} sin(n7/2) (n#0)
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’ v {1/T) (n=0)
P (Z) = { {35)
V(2717 cos{nmTZ/L) {(n¥0)

IO and I4 indicate Bessel functions.

A numerical calculation was performed with following conditions:

a = 5 {mm){ L =10.2 {(m),
Ty = 300 (K), Ty = 500 (K},
h = 1000 (W/(m%K)), k = 2 (W/(mK)),
Q@ = 7a4Lq = 1000 (W).

Table 4 and Fig. 7 show comparisons with analytical solution along
center line of rod. The analytical solution was calculated taking a summa-
tion upto n=500. The calculated results by the modified code show excel-
lent agreement with the analytical solution. Table 5 and Fig. 8 show com-
parisons with analytical solution along a radius at midplane of rod. The
calculated results by the modified code show excellent agreement with the
analytical solution. These results also confirm that the modified code is

reasonably accurate.
5.4 Two dimensional heat conduction problem at transient case

Figure 9 shows input schematics used for assessment calculation on two
dimensjonal heat conduction problem at transient case. The boundary condi-
tions were specified with measured results from CCTF flat radial power
test. The heater rod was modeled by six radial nodes. The fine mesh logic
was used for axlal noding of heater rod.

Table 6 summarizes calculation conditions in the sensitivity study to
assess the effect of the solution method on calculation statisties. A
parameter study for minimum allowable axial-node-size and solution method
was performed.

Figures 10 and 11 show effect of minimum axial node size DZNHT with
implicit or explicit method on clad temperature at elevation of 1.83 m.
The éase for explicit method with DZNHT=0.1 mm was calculated only by 135.7
s because of CPU time limit. The coarse node shows slightly higher clad

temperature in both explicit and implicit methods. However, the clad tem-
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perature Is almost identical if DZNHT is less than 0.010 mm. Figures 12
and 13 shows effect of minimum axial node size DZNHT on quench front
propagation in explicit or implicit methods. The coarser node resulted in
slightly slower quench front propagation if DZINHT is greater than 0.010 mm
in this calculation. These results suggest that a minimum axial node size
less than 0.01 mm is required to get a solution independent of minimum
axial node size.

Figure 14 shows a comparison of clad temperature at elevation of 1.83
m between implicit and explicit methods. Although the minimum axial node
size DZNHT less than 0.010 mm is expected to eliminate effect of node size,
the comparison was made for the case with DZNHT = 1.0 mm because the CPU
time by the explicit method with DZNHT=0.01 mm is estimated to be more than
106 s. It should be noted that the result shown in Fig. 14 may include the
effect of node side as well as the effect of the solution method. In Fig.
14, the result from the implicit methed shows good agreement with that from
the explicit method except the period right before the quench. The reason
why the result from the implicit method showed slightly slow quench
propagation compared to that from the explicit method is uncertaln at
present.

Figures 15 and 16 show comparisons of CPU time between explicit and im-
plicit methods with DZNHT = 1.0 mm and 0.1 mm. Figures 15 and 16 show that
the implementation of the implicit method resulted in the bigger time step
size as expected and resulted in the faster calculation.

Table 7 summarizes CPU statistiés. Because calculation for solving
the heat conduction equation is controlled by subroutine FROD, the total
CPU time at subroutine FROD and subsequent routine is consideréd to repre-
sent the pure CPU cost for solving the heat conduction equation. The CPU
time at subroutine FROD is about 25 % in these calculations.

Table 7 show that the implementation of the Ilmplicit method resulted
in the increase of CPU time at subroutine FROD by about 60 %. The increase
causes the CPU time per a time step to be increase by about 20 %. If the
implicit method is used under conditions where time-step size is not con-
trolled by the heat conduction calculation, the use of the fmplicit method
can cause a penalty In the CPU time upto 60 % compared to the case when the
explicit method is used. _

For the average time step size, the lmplicit method has no limitation

from the heat conduction on the time step size, while the explicit method

-,154._
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restricts the time step size severely in these calculations. The average
time stép size with the implicit method is about 1.5 times that of the ex-
plicit method in case of DZNHT = 1.0 mm. It Is about 10 in case of DINHT =
0.1 mm based on the average between 0 and 135.7 s.

In this calculation, the fine mesh logic was turned on at 122.19 s
with time step number of 361. The average time step size between 122.19
and 135.7 is only 0.001 in the calculation with the explicit method with
DZNHT = 0.1 mm. To complete calculation by 600 s by the explicit method
with DZNHT = 0.1 mm, the CPU time is estimated to be about 40000 s. The
CPU time is much bigger than that by the implicit method with DZNHT = 0.1
mm. These results confirm that the implicit method is useful if a calcula-

tion is performed with a fine axial noding.
6. ASSESSMENT CALCULATIONS AT LANL
6.1 Installation procpdure to LANL CRAY computer

In LANL, assessment calculations are conducted to check whether the
JAERT provided implicit heat conduction calculation method is correctly in-
stalled into TRAC-PF1/MOD2 LANL version or not. The detail of these assess-

ment calculations 1s described below.
(1) Calculation with original TRAC-PF1/MOD2

At first, assessment calculations are conducted with original TRAC-
PF1/MOD2 to establish data base before modification by using the following
input data which are provided by LANL as TRAC-PF1/MOD2 sample input.

A) SLAB1,

B) POWER2,

C) WALOOP,

D) CCTF.

{2) Calculation with explicit method in modified TRAC-PF1/MOD2
After the modification was completed, the calculations with explicit

method in the modified TRAC-PF1/MOD2 are conducted using the same input
data that were used In the assessment calculation with original TRAC-
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restricts the time step size severely in these calculations. The average
time stép size with the implicit method is about 1.5 times that of the ex-
plicit method in case of DZNHT = 1.0 mm. It is about 10 in case of DINHT =
0.1 mm based on the average between 0 and 135.7 s.

In this calculation, the fine mesh logic was turned on at 122.19 s
with time step number of 361. The average time step size between 122.19
and 135.7 Is only 0.001 in the calculation with the explicit method with
DZNHT = 0.1 mm. To complete calculation by 600 s by the explicit method
with DZNHT = 0.1 mm, the CPU time is estimated to be about 40000 s. The
CPU time is much bigger than that by the implicit method with DZNHT = 0.1
mm. These results confirm that the implicit method is useful if a calcula-

tion is performed with a fine axial noding.
6. ASSESSMENT CALCULATIONS AT LANL
6.1 Tnstallation procedure to LANL CRAY computer

In LANL, assessment calculations are conducted to check whether the
JAERI provided implicit heat conduction calculation method is correctly in-
stalled into TRAC-PF1/MOD2 LANL version or not. The detail of these assess-

ment calculations is described below.
(1) Calculation with original TRAC-PF1/MOD2

At first, assessment calculatlions are. conducted with original TRAC-
PF1/MOD2 to establish data base before modification by using fhe following
input data which are provided by LANL as TRAC-PF1/MOD2 sample input.

A) SLAB1,

B) POWERZ2,

C) W4LOOP,

D) CCTF.

{2} Calculation with explicit method in modified TRAC-PF1/MOD2
After the modification was completed, the calculations with explicit

method in the modified TRAC-PF1/MOD2 are conducted using the same input

data that were used in the assessment calculation with original TRAC-
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PF1/MOD2 to check whether the modification has no influence on the other

parts of fhe code, or not.
(3) Calculation with implicit method in modified TRAC-PF1/MOD2

The next, the calculations with implicit method in modified TRAC-
PF1/MOD2 are conducted using the same input data that were used above
assessment calculations.to get the Information on CPU time and effect of

solution methods.
(4) Calculation of two dimensional heat conduction at steady state

This calculation is one of assessment calculations conducted at JAERI
with modified TRAC-PF1/MOD2 to check the code accuracy. Since the modified
TRAC-PF1/MOD2 shows excellent agreement with the analytical solution in
JAERI, it is possible to check whether the modified code works well on LANL
computer as well as on JAERI computer by comparing the result at LANL with
the analytical solution.

6.2 Results of assessment calculations in LAKNL

Assessment calculations were performed with modified code which was
made In LANL by JAERI. The calculations in terms. of original version,
modified version with explicit method and modified verslon with implicit
method are agreed exactly with each other for each sample case except for
the case which temperature field calculations within rods with gap between
cladding and inside material were included. As described previously, dif-
ferential scheme at gap was changed to make the matrix symmetric. The dif-
ference, however, is negligibly small. Actually, implicit calculation
results of SLAB1 are exactly the same as original SLAB1 calculation
results. Although there are small difference in POWERZ2, W4LOOP and CCTF
calculations between original calculation and implicit calculation, the
differences are very small. For example, the surface temperatures of
avérage rod are shown in below.

(POWER2) Original: 603.90 K

Implicit: 605.00 K at 60.76 sec

(WALOOP) Original: 603.77 K
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Implicit: 605.12 K (steady state calculation) 7

(CCTF) Original: 693.98 K '

Implicit: 693.98 K at 50.12 sec

The calculation statics are summarized in Table B for each sample
case, Since the explicit results in this table were obtained using the
modified code, the effect of the solution method, that is, explicit or im-
plicit is directly investigated from this table.

In case of SLAB1 and POWER2, total time step number and time step size
were the same for both methods, respectively. This result implies that the
time step size is restricted not by heat conduction calculation but by the
other calculations such as hydrodynamic calculation. CPU time per a time
step in implicit calculation was larger than that in explicit calculation,
because implicit method needs more numerical operations than explicit
method.

In case of W4LOOP, there was no difference on each items between two
solution methods. Tpis result suggests that the fraction of CPU time of
subroutine FROD and the subsequent routines are negligibly small against
total CPU time in the W4LCOOP calculation.

The benefit of the 1mplicit method for heat conduction calculation can
be observed in case of CCTF. In this case, the time step size in implicit
calculation was larger than that in explicit calculation. But total CPU
time in the implicit calculation is larger than that in explicit calcula-
tion, because the fine mesh calculation started at 62.8 s and the calcula-
tion was stopped at 100 s. That 1s, the duration time of the fine mesh cal-
culation is so short that the large time step size cannot affect total CPU
time significantly. Furthermore, the benefit of implicit calculation is
not appeared since minimum axial node size DIZINHT is set a large value, 5
mm. One can expect that total CPU time 1n impliclit calculation 1Is smaller
than in explicit calculation, if the calculation is continued further than
100 s and/or the minimum axial node size DZNHT is set a smaller value.

The implicit calculation at LANL for two-dimensional heat conduction
equation with modified code showed the identical results to the TRAC cal-
culation results performed in JAERI. This fact confirms that the implicit
calculation method of the two dimensional heat conduction equation is
successfully installed into the TRAC-PF1/MOD2 code on LANL CRY compufer as
well as on JAERI FACOM computer.
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7. SUMMARY AND RECOMMENDATION

(1) An implicit method for solving a two-dimensional unsteady heat
conduction equation was developed and implemented into the
TRAC-PF1/MOD2 code as one of contributions of Japan Atomic Energy
Research Institute (JAERI) to the code improvement program organized by
the United State Nuclear Regulatory Commission.

(2) The modified code with the implicit method, mentioned above, showed
excellent agreement with the analytical solution of the heat conduction
equation as the original code with the explicit methed.

(3) The modified code with the implicit method predicted the same results
under transient condition as the original code with the explicit
method.

(4) The modified code was installed into the CRAY computer at Los Alamos
National Laboratory (LANL). As a result of assessment calculations at
JAERI and LANL, it was confirmed that the modified code gives the same
answers on the LANL CRAY computer as it does on the JAERI FACOM
computer.

(5) The implicit method, mentioned above, required more CPU time by about
60 % per a time step to solve the implicit heat conduction equation
than the explicit method in the original code. However, the total CPU
time can be decrease because the implicit method allows a big time step

size if the fine mesh algorithm is used.
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Table 1 List of changed subroutines

Subroutine Function
name

INPUT Controls data input

BLKDAT Set initial value of variables

COREC3 Controls temperature calculation Iin fuel rods in 1-D
core component

HTSTR3 Controls temperature calculation in heat structures

CORE3 Calculates temperature profile in heat structures

FROD Calculates temperature profile in fuel rods

RODHT Calculates fuel rod temperature field ‘

BANSOL Solves linear system of the form AX = B where A is
symmetric '

MAIN —— INPUT }— BLKDAT |

— INIT
— TRANS PREP

HOUT

POST-—I:jCOREC3 }——FROD |

HTSTR3 |—]CORE3 —FROD |

PSTEPQ
— CLEAN
— GAPHT ' NNNNNN indicates a name of

RODHT TRISLV changed subroutine.
BANSOL
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Table 2 - Comparison with analytical solution for one dimensional heat
conduction problem in radial direction at steady state

Node [Analytical ' TRAC calculation
location| solution 4 nodes 8 nodes 18 nodes
{mm)
0.000 1039.8 1042.4(+2.86) 1042.4(+2.6) 1042.4(+2.86)
1.830 1006.7 - - 1009.4(+2.7)
2.590 973.6 - - 976.2(+2.6)
3.175 940.3 - 842.9(+2.6) 942.9(+2.8}
3.670 906.9 - -~ 909.5(+2.6)
4.100 873.9 - - B76.5(+2.6)
4.490 £840.9 - 843.5(+2.6) 843.5(+2.6)
4.850 807.7 - - 810.3(+2.6)
5.185 774.5 - _ - T77.1(+2.6)
5.500 T41.3 - T43.9{(+2.6) 743.9(+2.6)
5.800 707.8 - - 710.4(+2.6)
6.080 675.0 - - 677.6(+2.6)
6.350 641.9 644.5(+2.6) 644.5(+2.6) 644.5(+2.6)
6.426 391.3 ‘382.4(+1.0) | 392.4(+1.0) 392.4(+1.0)
6.670 387.0 - - 388.0(+1.0)
£.840 384.1 - 385.1(+1.0) 385.1(+1.0)
7.040 380.7 - - 381.7(+1.0)
7.239 377.5 378.5{(+1.0) 378.5(+1.0) 378.5(+1.0)
Note)

Gap inner surface : 6.35 (mm)
Gap outer surface : 6.426 (mm)
Rod outer surface : 7.239 (mm)

Number in parenthesis indlicates diffcrence between analytical solutlon
and calculated result. '

_21Mﬁ
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Table-3 Comparison with analytical solution for one dimensional heat
conduction problem in axial direction at steady state
Node {Analytical] TRAC calculation
location!solution 3 nodes 6 nodes 11 nodes 21 nodes
(mm)
0 1732 1894 (+162) 1756 (+24) 1737(+5) 1732(0)
b 1727 - L - - 1727(0)
10 1713 - - 1717(+4) 1712(-1)
15 1689 - - - 1689(0)
20 1658 - 1677{+19) 1662(+4) 1658(0}
25 1619 - - - 1618(-1)
30 1572 - - 1575(+3) 1571(-1)
35 1518 - - - 1518(0)
40 1458 - 1472(+14) 1460(+2) 1457(-1)
45 1392 - - - 1391(-1)
50 1321 1401 (+80) - 1322{(+1) 1320(-1)
55 1244 - - - 1243(-1)
60 1163 - 1172(+9) 1164(+1) 1162{-1)
65 1079 - - - 1077(-2)
70 990 - - 991(+1) 989(-1)
75 899 - - - 898(-1)
80 805 - B09(+4) 805(0) B04(-1)
85 710 - - - 708(-2)
90 613 - - 612(+1) 611(-2)
95 515 - - - 513(-2)
100 416 416(0) 416(0) 416{0) 416(0)
Note} _

Number in parenthesis indicates difference between analytical solution

and calculated result.
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Table 4 <Comparison with analytical solution along a center line of rod in

a two dimensional heat conduction problem at steady state

Node Analytical TRAC calculation
location| solution 3 nodes 21 nodes 41 nodes Fine mesh
{mm) . logic
0 658.1 658.3(0.2) 658.1(0.0) 658.1(0.0) 658.1(0.0)
10 658.1 - 658.1(0.0) 658.1(0.0) 658.1(0.0)
20 658.1 .- 658.1(0.0) 658.1(0.0) 658.1{0.0)
30 658.1 - 658.1(0.0} 658.1(0.0) 658.1(0.0)
40 658.1 - 658.1(0.0) 658.1(0.0) 6£58.1(0.0)
50 658.1 - 658.1{(0.0) 658.1(0.0) 658.1(0.0)
60 658.1 - £58.1(0.0) 658.1(0.0) 658.1(0.0)
70 658.1 - 658.2(0.1) 658.1(0.0) 658.1(0.0)
80 658,2 - 658.8(0.6) 658.4(0.2) 658.3(0.1)
90 662.6 - 667.7(5.1) 664.3(1.7) 661.3(-1.3)
100 758.1 758.1(0.0) 758.1(0.0) 758.1(0.0) 758.1(0.0)
110 853.9 - 848,.5(-5.0)| 851.9(-1.6)| 854.9(1.4)
120 857.5 - B857.4(-0.5)| 857.8(-0.1)| 857.9(0.0)
130 858.1 - 858.0(-0.1})| 858.1(0.0) 858.1(0.0)
140 858.1 - 858.1(0.0) 858.1(0.0) 858.1(0.0)
150 858.1 - 858.1(0.0) R58.1(0.0) 858.1(0.0)
160 858.1 - 858.1(0.0) 858.1(0.0) 858.1(0.0)
170 858.1 - B58.1(0.0) B58.1(0.0) §58.1(0.0)
180 858.1 - 858.1(0.0) 858.1(0.0) 858.1(0.0)
190 858.1 - B58.1(0.0) 858.1(0.0) 858.1(0.0)
200 858.1 857.9(-0.2)| 858.1(0.0) 858.1(0.0) 858.1(0.0)

Note) 4 nodes in radial direction

Number in parenthesis Indicates difference between analytical solution
and calculated result.
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‘Table 5 - Comparison with analytical solution along a radius at midplané of
rod in a two dimensional heat conduction problem at steady state

Node Analytical TRAC calculation
location| solution 2 nodes 4 nodes 11 nodes

(mm) '

0.0 T58.1 758.1(0.0) 758.1{(0.0) 758.1(0.0)
0.5 756.1 - - 756.1(0.0}
1.0 750.1 - - 750.1(0.0)
1.5 740.2 - - 740.2(0.0)
2.0 726.3 - - 726.3{(0.0)
2.5 708.4 - - 708.4(0.0)
3.0 686.5 - 686.5(0.0) 686.5(0.0)
3.5 660.6 - - 660.6(0.0)
4.0 630.8 - 630.8(0.0) 630.8(0.0)
4.5 596.9 - - 597.0(0.1)
5.0 559.1 559.2(0.1) 559.2(0.1)1 559.2(0.1)

Note) 21 nodes in axial directicn

i

Number in parenthesis indicates difference between analytlical
solution and calculated result.

Table 6 Summary of calculation condition

Case Solution Parameters for fine mesh
number method calculation

DTXHT | DZNHT NZMAX

{(K) {mm) (-)

1 Implicit 5 1.000 200

2 Tmplicit 5 0.100 200

3 Implicit 5 0.010 200

4 Implicit 5 0.001 200

5 Explicit 5 1.000 | 200

6 Explicit 5 {0.100 200

Note) DTXHT : Maximum AT (X) above which rows of nodes are imserted
DZNHT : Minimum A Z {(m} below which no additional rows of nodes
are inserted
NZMAX : Maximum number of rows of nodes



JAERI-M 90-122

Table T Effect of solution method on CPU time

Solution method
Impliclt method Explicit method
DZNHT {mm) DZNHT (mm)
1.0 0.1 0.01 D.001 1.0 0.1
Total CPU 607.59 | 665.87 | 678.03 | 679.47 | 781.55 | 1199.21
time ( s ) (1.0) (1.10) {(1.12) (1.12) (1.29) (-)
Total time 5873 5898 5866 5866 8958 13907
"step number
Transient 600.2 600.1 600.1 600.1 600.1 135.7
time (s)
CPU time of
each part (s)
PREP 249.00 295.01 309.18 308.61 374.30 697.12
OUTER 183.73 165.77 164.32 165.386 209.98 182.46
POST 189.20 | 199.23 | 198.81 | 199.69 | 190.88 | 315.86
FROD 165.74 | 175.31 | 175.81 | 175.76 | 154.92 | 263.18
others 5:66 5.86 5.72 5.81 6.39 3.77
Total number 5904 5930 5904 5904 8986 13933
FROD called ,
CPU time per a| 0.02807{ 0.02956| 0.02969| 0.02977| 0.01724} 0.01889
call of FROD {1.0) {1.05) {1.06) (1.06) {0.61) {0.867)
CPU time per a| 0.10249  0.11190] 0.11461| 0.11484| 0.08653} 0.08536
time step {1.0) {(1.09) {1.12) (1.12) {0.84) (0.84)
Average time 0.10220. 0.10175! 0.10230| 0.10230( 0.06659| 0.00876
step slze {(1.0) {1.00) {1.00) {1.00) (0.66) {0.10)

Note) CPU time of POST includes CPU time of FROD.
Fine mesh calculation loglic was turned on at 122.19 s with time

step number of 361.
Number in parenthesis indicates a ratlo to the corresponding
value of implicit method with DZNHT=1.0 mm.
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Effect of solution method on CPU time (assessed in LANL)

Sample data W4LO0OP CCTF SLAB1
Solution Implicit |Explicit |Implicit |Explicit |Implicit |Explicit
method
Total CPU 67.535 67.639 |184.893 [126.928 2.131 1.880
time (S) {1.0) (1.0) (1.0) (0.69) (1.0) {0.88)
Total time 326 326 1196 1245 20 20
step number (1.0) (1.0) (1.0) (1.04) {1.0) (1.0)
Transient 89.468 |89.468 100.053 | 100.014 | 0.3013 0.3013
time (s) (1.0) (1.0) {1.0) {(1.0) (1.0) (1.0)
CPU time per a 0.2076 0.20748 0.1546 0.1020 0.10655 0.0940
time step (1.0) (1.0} (1.0) (0.66) (1.0) (0.88)
Average time 0.27444 0.27444 0.0837 0.0803 0.01507 0.01507
step size {1.0) (1.0) (1.0) (0.96) (1.0) (1.0
Sample data POWER2
Solution Implicit |Explicit
method ‘
Total CPU 7.972 6.612
time (5) (1.0) {0.83)
Total time 355 355
step number (1.0) (1.0)
Translicnt 60.764% |[60.7645

time (s) (1.0) (1.0)
CPU time per a [0.022456 [0.018651
time step {1.0) (0.83)
Average time 0.17117 | 0.17117
step size (1.0) (1.0)

Note)Number in parenthesis indicates a ratio to the corresponding'

value with Implicit method.
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Fig. 10 Effect of minimum allowable axial node size DZNHT on clad
temperature at elevation of 1.83 m (Implicit method)
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Fig. 11 Effect of minimum allowable axial node size DZINHT on clad
temperature at elevation of 1.83 m (Explicit method)
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