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Investigation of Typicality of Non-nucelar Rod and Fuel-clad Gap
Effect During Reflood Phase, and Development of a FEM Thermal

Transient Analysis Code HETFEM

Takashi SUDOH
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Tokai Research Establishment, JAERI
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The objective of this study are:

1) Evaluate the capability of the electrical heater for

simulating the fuel rod during the reflood phase, and

2) To investigate the effect of the clad-fuel gap in the fuel

rod on the clad thermal response during the reflood pahse.

A computer code HETFEM which is the two dimensional transient
thermal conductivity analysis code utilized a finite element method is
developed for analysing thermal responses of heater and fuel rod.

The two kinds of electrical heaters and a fuel rod are calculated
with simple boundary conditions.

1) direct heater (former JAERI reflood test heater)

2) indirect heater (FLECHT test heater)

3) fuel rod (15%x15 type in Westinghouse PWR)

The conparison of the «lad temperature responses shows the quench
time is influenced by the thermal diffusivity and gap conductance.

In the conclusion, the ELECHT heater shows atypicality in the
clad temperature response and heat releasing rate. But the direct
heater responses are similar to those of the fuel rod.

For the gap effect on the fuel rod behavior, the lower gap conductance
causes sooner gquench and less heat releasing rate.

This calculation is not considered the precursory cooling which is
affected by heat releasing rate at near and below the quench front.
Therefore two dimensional calculation with heat transfer related to the

local fluid conditions will be needed.

Keywords: PWR; LOCA, Reflood, Electric Heater, Pellet-clad Gap,
Thermal Response, Simulation Transient Heat Conduction,

Finite Element Method, Computer Code.



JAERT — M 9533

HAKERICE T A ERE — 5 OBENE SRS
BEEOF ¢ o THROKRH B LUBREREZX
THERALEAT2 - F (HETFEM ) O

A AR T I R A R & L
TEBEE

(1981 4% 5 A 27 HZH)

AR T, BREREAR - IEER BN T — F HETFEM 2Bt L, €02 —F
ckh HEEREe-s, MERe-y, EREHOIRMICOLTI WOLRRMT AT, BRE -S5O
RS AR L, 70, EMEFETE, Fv o 7REERET A —FI03 FlosEREE,
F 5y TOBREIE T ZHROBFAET » 720



R

JAERI-M 9532

Contents
1. Introduction ..... cetesetnraaseaanarasaranne heeneeas B
2. Code "HETFEM" Descriptionl seseecvesesessracsasasanonnsasss e 2
2,1 Development of Method of Weighted Residuals .......ce.evs. 2
2.2 Method of Numerical Solution ....es.n. Chrevreerearrsrarees 9
2.3 ComPULEr PIrOETAM +eveesessseronanacesrsssnssesssnannnoasns 10
2.4 Example Calculation ....ceecvrerearinsnnrorniraceanes veaees 11
3. Investigation of Typicality of Non-nuclear Rod and Fuel-clad

Gap Effect of Nuclear Rod on Clad Thermal Response ......... 14

3.1 Calculation Model ...cuivevrrsrvunrnsnsnnns S £
3.2 Results and Discussion .....cieaceeee. Coerenaaaas S
4. CONCLUSION v vesnseennsansassnsorsnsnsacavntsssnsesssansesnne 23
Acknowledgement ...osesasenans e G ereeneeracaaaneneasans 24
REfETENCES sevsuornrvnariosnracnns Cere e crresneraas .. 25
Appendix  HETFEM Input Description ....eecevesnsarvaricvacenne v 26
H iR

1. ’% ............................................................................................................ 1
2. ﬁgg*ﬁ.:, _ }..@Eﬂ% ....................................................................................... 2
0.1  EEA D EERIETE  cooereeeteeeeieen )
90 BRABRIEE  verereeooreeeenee e g
9.8 T [ODRERE  ceeerereeteeeoenttieeie et 10
D 4 BRI ceoeveeeeneee e L 11
3. PRV © — 5 OUURYE & MRS 51T 5 F ¢ oy TOBBOBRT oo 1
Q1 BTG/l coeeeeeee e 14
.0 BELEEEL B BRE]  coeeeeeeoere o 15

A EHB eeereereeneeeeeei e 23
S Py p PO B B R 24
iﬁl}k S N L R LA R R LR LA R R AR AR 25
f+ & TR L Y N o 1 R RKERTTTTRLILES 2

i



Table 3.1
Fig. 2.1
Fig. 2.2
Fig. 2.3
Fig. 2.4
Fig. 3.1
Fig. 3.2
Fig. 3.3
Fig. 3.4
Fig. 3.5
Fig. 3.6

JAERI-M 9533

List of Table
Thermal properties of rod materials
List of Figures

Triangular element on a X~Y plane

HETFEM schematic diagram

Mésh model of the example case

Comparison of HETFEM result with analytical results
Heaters and fuel rod geometry

HETFEM models for each rod

Heat transfer curve model

Calculated temperature response of direct heater,
FCECHT heater and fuel rod

Calculated temperature responses of fuel rod with
gap conductance 500, 1000, 5000 keal/m?hr°cC

Heat release rate after quench

A i v all e g



TAERI-M 9533

1. Introduction

There has been many reflood experiments which were conducted to
evaluate thermo-hydraulic pheromena for Loss-of-Coolant Accident (LOCA)
,2),3)

3

in a PWR. For most of these tests the nuclear fuel rods were
simulated by electric heater rods due to difficulties of the fuel handl-
ing and the cost of it. Similarity of the electric heater has been
disputed because of the difference of the material thermal properties
and the fuel-clad gap effect.

Because there has been few nuclear testsa)’5) for the reflood plase,
the fuel rod responses have not been understood well. The objectives
of this study are:

o To evaluate the capability of the electrical heater for simulat-

ing the fuel rod during the reflood phase, and
o To investigate the effect of the clad-fuel gap in the fuel rod

on the clad thermal responses during reflood phase.

A computer code, HETFEM, is developped to realize the above objec-
tives. The abilities required to this code are to hundle

o a transient conduction problem

o system which contains a gap like as the fuel rod

and

o system which has a complex geometry.

The third item is added to analyse a mechanical clad deformation
offect. A finite element method is employed in this code because major
characteristics of this method are to calculate a complex geometry

system and easy treatment of boundary conditions.
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2. Code "HETFEM" Description

Recently, a finite element method has been used for heat transfer
problems and fluid flow problems6)’7)’8)’9). Comparing with a finite
difference method, a finite element method has a flexibility for a
system geometry and boundary conditions, but it requires larger core
memory in a computer, After investigating both mEthodle), the finite
element method is slelcted. The code HETFEM follows the reference 9
which has a capability of treating a gap conductance.

This section presents method of weighted residuals, numerical for-

mulation and example calculation.

2.1 Development of Method of Weighted Residuals

The partial differential equation and boundary conditions in vector

notation for transient heat conduction in a sclid are:

—p€T + Vo (kYD) + g =0 (1
-q + n°k-VT = 0 (2)
where ©oc : heat capacity (density x specific heat capacity)

temperature
conductivity tenscr
heat generation rate

specified boundary heat flux

Moo g ax 140

unit vector, normal (positive outward)

The method of weighted residuals is used to approximate the solution
to this problem. The unknowns are determined by making the traial solu-
tion and approximately satisfy these equations, not exactly.

Difine the residuals for equations (1) and (2).

Ri = V+(k-VT) - ocT + g (3)
Rs = —q + n-k-VT (4)
Note ; ~ represents vector and = represents matrix

o
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The exact solution is obtained when the residual are identiecally
zero. As an approximation to this ideal, the weighted integrals of the

residuals are made zero:

{5)

]
o

f{]f w-Rq dv

(6)

|
]

S/ wRgq dS =
S

where w is the weighting function, V is volume and 5 is surface area.
Substituting equations (3) and (4) into (5) and (6), the integral

equations become:

FEF WP (keVT)AV - JS7 woeTdV + S[S wedV = O (7
v = - r v
ff weqdS = Jf u(e7T) rnds (8)

A vector identity gives,

2(¥:D) = (D) - (Yuw)-D (9)

where

(Rw)
]
R
ec'J
=

The substitution of (9) into (7} yields:

f{f ve(uD)av - £Sf (7w)-DAV - JSS woeTdv + ff7 wgdV = 0 (10)
T -~ Vv - v v

From the Gauss divergence theorem and equation (8)

SIF 7 (wD)dv = ff (WD) +ndS = JS wqdS (11)
v 5 -7 5

Substitution of equation (11) inte (10} gives:

CPS wqdS 4+ LEF (TL) (ke TTVAV + £7f weeldV - SSF wgdV = 0 (12)
S A v
The finite element approximation is now made by assuming that the
volume can be broken up into a certain number of elements, then the
integral equation (12) may be written as follows:
N .
T {frf ?w-(g-YT)dv + fff weeTdV - ff wqdS - f/S wgdVl =0 (13}

i=1
Vi i Sy Vi
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where V; is the volume of the i-th element, S; is the boundary surface
area, and N is the total number of elements in the volume,

The variation of the temperature with in each element must be
assumed. The usual approach is to assume that the temperature wvaries

linearly within the element. That is:

T v a4

where T is the local temperature in the element, ¢ is a raw vector re-
presenting the spatial temperature variation and § is a column vector

of coefficients. If T is the vector containing the nodal point tempera-
tures of the element, a set of simultanecus equations may be obtained

as follows:

T = A*E (15)
then o

E = AT ’ (16)
with ) -

Nt

Substitution of equation (16) into (14) gives:

T = T an

Tf the solutions of equation (1) and (2) are exact, then equation
(5) and (6) are satisfied regardless of the choice of the weighting
functions. There are several ways for choosing the form of weighting
functions, and each choice corresponds to a different criterion in the
method of weighted residuals. In this method, a number or different
weighting functions are chosen so -that the number of equations obtained
is equal to the number of unknown. The weighting function is treated as
a vector of different functions.

The Galerkin method is selected in this code, then weighting func-
tion are taken to be the coefficients of the descrete temperatures as

follows.

w = (wk)T = 5T¢T (18)



JAERI-M 9533

The required derivatives are:

VT =y T (19)
and
o =2y (20)
where prime denotes differentiation.
Substituting the above into equation (13} giwves.
N .
sEg UKDy + 63Ty - Q3 -G 1=0 (21)
where
T, -T. = ]
Sio= JSS AV kyghy dV
~ Vi T o7 xRtz
C. _ T T
:l = fIs piciéi ];i),l ?131 dv ¥ (22)
i =
T T
Qi = ss Ay Vg oq4 ds
- MR
. T, T
i = srr ag vq gg-dv
-
with the term T approximated as:
T = yaT (23)

Two Dimensional Formulation

In some cases, a three node triangular element is used, and nodal
point loﬁations are difined with the global (x, y) coodinate system, as
shown in Fig. 2.1.

If the temperature within the element varies linearly between the
nodes, then the temperature is expressed the spatial variation of tem-

perature in the element:

T = [1 x y] £ (26)

Note : upper subscript,. T, denotes transposed matrix
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Using the above equatiom at each node, a set of simultaneos equations

is obtained:

Hence

yy

where

13

=

—
[ |

R

Substituting equation (28) into (26)

T=
where

? =
and

A:

The dilivative

‘[ﬁ{):
and
%:
where
i
i=
¢y =
A_:

20

(1 x v]

Loxg vi]™
Lxg oy
1 = v

%7 is

[93\ {o 10
9x -
v 001
9y
1 X yi l
1 Xj Yj = —ig
Loxk vk
= X9¥k T %Yy
Vi — ¥k
Xk - Xj

i
7 (X7 - XY )

ai aj aj

bj by bk

C_i Cj Ck
aj = ¥y T XYk #k T
bj = ¥k = Vi ag =
ey = ®j - Xk ay =

area of triangle element

(27)

(28)

(29)

(30)

(3D

(31)

(32)

XY - X§¥i
Yi = ¥j

- X
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Substituting equations (31) and (32) into equatioms (22), followings
are obtained,
o Conductivity term

Assume that conductivity (k) is constant in a small element and

thickness which is normal to X-Y plane is unit

1

~ T T -
G )

kg biz + ciz bibj + cqcy bibk + cick
bsyby + cye4 bj2"+ cy2 bibk + cjck (33)
bkbl + Ckci bkbj + Cij bk_2 + C‘.kz

GA

o Capacitance term

Assume that material propaties are constant in a element,

T T
G = Pefe f ite bs 2
211
ppcC
=121 34
112

¢ Convection term
a) heat flux
Node i and j side of a element is a boundary of the system
and heat transfers through this side, Assume that heat flux varies

lineary on this side.

qQ{x,y) = v 2 ¢

Lo
o=
n
.
=
R

(35)

Il
[

where
L : Length between nodes i and j

q : node heat flux
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b): convection

heat flux is given,

Q(X,Y) = h{T(X:Y) - TM(X,Y)}

Assuming that heat transfer coefficient is constant in this
side and surface temperature and environment temperature vary

lineary along this side.
q(x,y) = h{yﬁT - PAT }

where T and T are node and environmment temperatures, respectively

then

Q= BL /7 2§ (WAT = AL

Sg
11 3 1
36 || T 3lai T Bl
= hl, - hL (36)
L LT Ly o+l
6 3 6wl = 37wl

o Gap heat transfer

When small gap exists between elements and heat transfers between
node i and j side and.node i” and i’ side, the boundary condition of the
heat transfer, described above, is used to connect these elements.

At the element I which contains nodes i and j, convection term is

expressed,
11 L1z
_ 3 6 Iy 3 6 Ti”
r=hglly 1 | |my |7 Metlaon |y
6 3 B 6 3
and at the another element side,
1 1 1 17
, 3 6 Ti” 3 6 Ty
9]1 = th l—_ i Tj - - th l }— Tj
6 3 6 3

- -

Above two equations are summed up, then
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1 1 1 1y

(36 58!/ |™
11 L L1l
6 3 6 3 3

,m7 11 11 . G7)

3% 73 6|4
11 1 L1l

~6 3 6 3 ]

o Heat generation term
Heat generation rate in a element is given, when linear variation

is assumed

g is the heat generation rates at the nodal points
then
T T
= fff Ay Y h g dv

o)}
ey
|

5| 8L + 2g5 + gk (38)

The equations for an axisymmetric cylinder coordination are also

obtained easily with the same manor as for a global coordination.

2.2 Method of Numerical Sclution

The model which has been described is expressed as

KT +¢CT - Q=0 (39)

If the subscript p is used as a counter on time and At is a time

increment, following equations are obtained from equation (39).

KT, +Cp - Q% =0

KTptr + CTpep = Qp1 = O
becones

K(Tp4p + Tp) + G(Tppq + Tp) = Qa1 + G (40)

The Crank-Nicolson formulation of which temperature change in a

time step is given as an average of differentiations with respect to

_9_
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time at p and p+i 1s employed

_ At
Toy1 = Tp 7f{¥p+1 + Tp)

substitute this to equation (40)

1 1 1
7 X(Tpsp + Tp) + 7p S(Tp+a - Tp) = 5 Q1 + @)

then
2 - + 1
(K + 57 OTpi1 = 3¢ STp + 3 (Qpan ¥ W) (41)
where
- 1
Traz = 3 Tps1 + Ip) (42)

In the equation (41), unknown is only ?P;l' After solving equation

(42), new time step temperature vector is obtained from medified equa-

tion (42)

To+1 = 2Tpy1 — Tp

2.3 Computer Program

The code HETFEM is written in the FORTRAN TV program language for
the FACOM-230-75 in JAERI. This section describes an outline of the
HETFEM code. |

The brief structure of the code is shown in Fig. 2.2, The element
generation and node numbering is performed at first by input. For a
cylinder and slab geometry, auto-generation and numbering 1is available
by inputting locations of deviders for each axis. The input manual 1is
detailed in Appendix.

After each element matrixes and vectors are calculated, the matrixes
and vecter for the total system, K, C and Q or T are assembled. Boundary
conditions are accounted for by s;it;ble modifications of the matrixes
and vectors. A band matrix is employed to store these matrixes. Then
4 GCausian elimination is used for the direct solution of the matrix
equation, Then the calculated results, temperatures and heat fluxes,

are printed out. A plot routine is also available,
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2.4 Txample calculation

To assure the developed code, HETFEM, a simple transient cases are
calculated, and results of them are compared with analytical solutions.

One of these comparisons is presented below,
A steel slab which is 20 mm in thickness is initially kept at 900°C,

then both surface temperature is suddenly reduced to 100°C in a transient,

An analytical solutionll) is expressed
o ol {(2n+1) d+x (Zn+1)d-x
9 = 0g - (8g - 6g) I (-1) {erfc ———F—— + erfc 1
0 5"n=0 2vat 2vat

where
9y : initial temperature (900°C)
By : surface temperature (100°¢)
d : one half of thickness {(10mm)
x : distance from slab center

a : thermal diffusivity (0.045 m?/h)

The HETFEM code is two dimensional analysis code, then the model,
shown in Fig. 2.3, is used. In this case, the left hand side is adiaba-
tic, and right hand side surface is maintained at 100°C after initiali-
zation. The both calculation results are shown in Fig., 2.4. The
HETFEM result agrees very well to the analytical result, Good agreements

are also obtained by other comparisoms which are not shown in this report.
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3. Investigation of Typicality of Nonm-nuclear Rod and Fuel-clad Gap

Effect of Nuclear Rod on Clad Thermal Response

The heat transfer above the quench' front depends on mixture flow
of steam and water droplet, and this fluid condition in the core is
affected by the heat releasing rate at near and below the quench front.
At the quench front, heat transfer changes drastically from low precur-
sory cooling to high transient boiling cooling. In such a case, wall
surface heat transfer is subjected to the heat conduction inside of the
wall.

Consequently, material thermal properties which influence the clad
thermal response and heat releasing rate are very important during
reflood phase.

After verifing the HETFEM, thermal responses of heater rods and
fuel rod are calculated by this code to investigate the similarity of
the non-nuclear rod to the fuel rod and to evaluate the fuel-clad gap
effect during the reflood phase.

The heat transfer during reflood phase is too complex to consider
in this code., Then, assuming a boiling curve which is obtained from
observation of the JAERI small scale reflood testl), material thermal
property effect is investigated by one dimensional calculation.

Three types of rods were calculated,

1. Direct heater : This had been used for the small-scale reflood
testl) in JAERI.

2. Indirect heater : FLECHT heaterB)

3. Nuclear fuel pin : 15x 15 type rod in a Westinghouse PWRlz).

Gap conductance is a parameter.

These rods geometries are shown in Fig. 3.1. The clad thicknesses of
them are nearly same, though the direct heater has a little smaller
diameter than other's.

Thermal properties of materials are given in Table 3.1.

3.1 Calculation Model

The HETFEM models are shown in Fig. 3.2. The model of the direct
heater consists of 41 nodes and 52 elements on the r-z coodihates.
Heat is generated in the clad, For the FLECHT heater, the second layer

from the left hand side, Nichrome, generates heat while the nuclear rod
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generates heat in the UQ; pellet, The fuel rod has the gap between the
pellet and clad. There are 41 nodes and 60 elements for the FLECHT
heater, and 41 nodes and 52 elements for the fuel rod, The gap conduct-
ance during reflood phase has not been known well, then each value of
500, 1,000 and 5000 kcal/m?hr®C is selected for the fuel rod calculation.
The initial temperature of each rod is a flat distribution at 800°C,

and linear power is 2 KW/m which is generated in the clad for the direct
heater, in the nichrome element for the FLECHT heater and in the fuel
pellet for the nuclear rod.

The heat transfer on the surface of the clad is assumed as described
below and shown in Fig. 3.3. These assumptions are based on the observa-
tion of the results of the small reflood testl) in JAERI. The heat
transfer coefficient is a constant value of 100 Kcal/m?hr°C where the
clad temperature is above 700°C. Then heat rransfer coefficient is
given by the following equation13),

. 14,
AggOg(QQ—pg)Hfg gC b

he = 0.62
L ug (Ty~Tsat)

and radiation heat transfer is also considered in this mode. When the
clad temperature reaches Ty, 500°C, the quench initiates at a constant
heat flux, 2 x 10° Kcal/mzhr. Then the heat transfer mode changes to
nucleate boiling when heat flux of it decreases to 2 x 10% Kcal/m?hr.
Heat flux of the nucleate boiling is obtained by Jens-Lottes equation.

1; AT P
qfy = GSBalt e 163

3.2 Results and Discussion

The calculated temperature responses of the direct heater, indirect
heater and fuel rod with a 1,000 keal/m2hr°C gap conductance are shown
in Fig. 3.4. Though the general trend of them is similar due to the
same heat transfer curve used in the models, but the temperature deereas-
ing rates and quench times of the rods are different. The temperature
difference between the center and clad in the fuel rod is the greatest.
The thermal resistance in the gap which reduces heat transfer from the
fuel to the clad maintains the center temperature high. And the heat

capacitance of the Zr-4 clad is relatively small, as given in Table 3.1.
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These reduced heat transfer rate from the fuel to the clad and low
stored energy in the clad allow the soomner clad cooling, Then the dif-
ference of the center and clad temperature in the fuel rod is greater
than that of others, and as a result, the quench time of it is the
fastest.

The FLECHT heater shows the smallest temperature difference between
the clad surface and the center of the rod due to a higher thermal con-
ductivity of the boron nitride in the heater and a greater heat capacity
in unit length, given in Table 3.1, than those of the direct heater.

Much heat must be transfered from the insulator and the heater element
to the clad then to the fluid before quenching clad. This causes the
lowest temperature decreasing rate of the clad and also the slowest
quench for the FLECHT heater.

The calculated temperature responses of the fuel rod are shown in
Fig. 3.5. The parameter of them is the value of the clad-fuel gap con-
ductances. When the gap conductance is smaller, the clad temperature
decreases quicker even in the low precursory cooling phase, while the
center temperature remains high. And it quenches faster. TFor the higher
gap conductance fuel rod, the clad temperature decreasing rate is smaller
and the center temperature is closer to the clad temperature., This shows
that greater heat release is needed for the rod with higher gap conduct—
ance before the clad surface reaches a quench temperature. On the con-
trary, for the rod with lower gap conductance, the clad can reach a
quench temperature by releasing only stored energy of itself and a small
amount of heat transfered from the pellets.

Heat releasing rates after quenching are shown in Fig. 3.6, Time
is refered after quenching, The heat flux is low during the precursory
cooling phase before quenching. Then heat flux reaches maximum at the
quench temperature. When a nucleate boiling replaces a transient boiling,
heat flux decreases.

The heat transfer near and below the quench front may affect the
£1uid conditions which control heat transfer coefficients above the
quench front, This precursory cooling is imprortant for the clad peaking
temperature and quench temperature. For the FLECHT heater, the duratiom
of the transient boiling is longer than others and alsc nucleate boiling
heat flux is higher within 3 or 4 sec after the quench, For the fuel
rod and direct heater, the nucleate boiling takes the place of the tran-

sient boiling at a very short time after quenching, then heat flux

ct
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ruduces sharply, but it is a little higher than that of the FLECHT heater
after about 4 sec. This shows that the stored emergy in the FLECHT

heater is released from the clad within a short period after the quench
while the fuel rod releases only stored emergy in the clad at the quench

front and the stored energy in the pellet is transfered gradually to the

clad and released slowly after the quench. Lower gap conductance fuel rod

shows this trend remarkably. This results indicate that the heat releas-
ing rates after the quench are different between the FLECHT heater and
the fuel rod. The heat releasing rate of the direct heater is very
similar to that of the fuel rod due to low conductivity of the filler
material, magnesia oxide,

Because the reflood phenomena is controled by many parameters which
may interact each other, this study is mnot enough to evaluate the non-
nuclear heater typicality or pellet-clad gap conductance effect during
the refloed phase,

Experiments will be required to evaluate the gap conductance effect
on the precursory cocling and the quench, and two dimensional code cal-
culations of which heat transfer is related to the fluid condition will

be needed in the future,
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Fig. 3.2 HETFEM models for each rod
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Fig. 3.4 Calculated temperature response of direct heater,
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4, Conclusions

The HETFEM code for analysing the transient heat conduction has
been developped. This code employed a finite element method.

The comparisons of the HETFEM results teo the analytical solutions
for some cases of transient thermal conduction problem indicate good
agreements between them.

To investigate the similarity of the non-nuclear rod to the fuel
rod, thermal responses of a direct heater, indirect heater (FLECHT heater)
and the 15x 15 type fuel rod have been calculated by the HETFEM code.

An assumed boiling curve has been applied to the boundary condition of
them.

and, to investigate the clad-fuel gap effect on the thermal response,
three gap conductance values of 500, 1000, 5000 kcal/m?hr°C are selected
for the fuel rod calculation.

The following conclusions are obtained from these calculations.

1) The FLECHT heater contains a little more stored energy than that of
the fuel rod at the same initial condition of the reflood phase,
And energy release rate near and below the quench front is much
greater than that of the fuel rod due to the high thermal diffusivity
of the insulator, boron mitride, These atipicalities affect the

temperature response and canses delayed quench.

2) The direct heater inside of which is filled with magnesia oxide shows
not exact, but similar thermal responses to those of the fuel rod,
because low conductivity of the magnesia oxide acts like a gap thermal

resistance in a fuel rod.

3} For the fuel rod, the value of the gap conductance affects directly
the temperature response. The clad of the low gap conductance
rod can be cooled down by releasing a small amount of the stored
energy in the clad and also a small amount of the heat transfered
from the fuel pellets. The residuél stored energy is released
gradually after the quench. Consequenty the sconer guench is observed

for the lower gap conductance rod.



JAERI-M 9533

4) The heat releasing rate at near and below the quench front is affected

by the thermal properties of the rod materials and the value of the

pellet-clad gap conductance. The discrepancy of the heat releasing

rate between the fuel rod and the simulator, or the fuel rods with

different gap conductance value may affect the hydraulic behavior in
the core which controls the precursory cooling, peak clad temperature
and quench time. 1In the calculations, this effect was not considered
due to utilize a simple assumed heat transfer curve in the cede.

Two dimensional calculation of which heat transfer model is related
to the fluid conditions will be needed in the future. And experiments

will be required to evaluate the gap affect on the precursory cooling

and quench time,
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Appendix

HETFEM Input Description

card 1 (FORMAT 7A10)
TITLE

card 2 (FORMAT 1216)

NNCDW total nodes number

NELEW total elements number

NNHF nodes number for heat flux boundary condition ;
NNHTG elements number for heat generation %
NEHG nodes number for gap conductance

NNKNOW known temperature nodes number

NUNKOW unknown temperature nodes number

NBANW matrix band width

card 3 (FORMAT 1216)

RADSY
} dimensicn of object
ANGLE
TEMPL
} initial temperature (option)
TEMPIS
DIT time increment
TIMEL maximum calculation time

card 4 (FORMAT 12716)
NDIV number of X (r) axias division

NDIVA number of Y axias division



