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ABSTRACT

The purpose of this work is to examine experimentally
the validity of a two-dimensienal analytical model proposed
for prediction of the temperature distribution in a nuclear
fuel rod in steady and transient conditions, Ceooling around
the fuel rod is considered non-uniform. The reactor fuel
rod is replaced by an elecrically heated rod inserted in a
cladding tube. The tube is cooled by natural convection in
air at one side and by natural convection in water alb . the
obther side. Agreement hetween the theorebtical and experime-
ntal temperature distribution of the tube surface prove the
sdequacy of the proposed analytical model.

INTRUDUCTION

Reactor safety is concerned with investigation ol the
thermohydraulic problems arising in transient and/eor emergency
conditions of nueclear reactors. These conditions are depart-
ures From normal operating conditions that are not expected
to occur in the lifetime of any particular reactor, but which
may be expected to occur a few times within a large number
of reactors over 30-40 year period [1]. Examples would be
minor or major loss ol primary copolant or minor breaks in Lhe

¢ secandary steam side [1,2]. In Lhis case, the reaclor design
should be such that safe shutdown is achieved without any
offsite consequences. Decay heak in the reactor core must be

' removed without overheating of the Tuel te avoid formation of
hydrogen bubbles as a result_of chemical reaction belween zi:
calloy cladding and steam El]. In olher cases, the cladding
material may be subjected to high temperaltures and pressiure
difference. The combined effect of such factors may lead Lo
local ballooing or swelling of the ciad which means mon-uni
coeling arround some (uel rods.
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In this work, it is assumed that the fuel rod in & press-
urized water resctor 1s subjected to e non-uniform cooling
proceas(hydrcgen or steam cooling and water cooling). For this
purpogse a test device has been designed and constructed to
simulate this situation partly. Temperature distribution in
the test section is obtained theoretically using the proposed

model. Comperison between the obtained theoreticel and exper-
Imental results is than made.

THEORETICAL ANALYSIS

Solld reactor and raedioisctopic fuel elements (and such
others as electrical reslistance heaters) are devices in which
heat ig both generated and conducted. Un the other hand, there
is no heat generatlon in reactor fuel claddings. The problem
of temperature distribution in and heat removal from these
elements are important in evalusling reactor performance. In
the considered case (cylindrical fuel element), heat is gener-
sted and conducted in the fuel material, then conducted in a
ges gap betwsen the fuel and cladding, and then transaferred by

convection to a coolant flowing around the c¢ladding. It is
agsumed thet the cooling process is not uniform around the
cladding. VYo solve this problem analytically, a two dimensional

model is developed which is described in details in reference
f]] Briefly, the cross-sectional area of the fuel rod is
divided inte differential elements in the two polar coordinstes
r and » 88 shown in Fig. 1. Differential equation governing
heat conduction with internal heat generation is applied 1in
each element and then integrated with respect to the directions
r and g and the time (t).

Sc(@1/3t) = (1/r) 3o (rkf-"l )+ (’l/r).;g ( _%%a_% )+ 8

A system of discretization equations in the following form is
then pbtaeined:

Ai i Ti,g T O R e Tien, g 2 C Mo Teon, s Y8 Ty e T g
O Ty T Yy

where

CRi iel and CTJ Jel C radial and tangentional heat conductance

! ! between the faces i,i+]1 and j,j+1

o respectively,

Aij = Cni,i-i-l + Cni~l, + CIJ j+1 + CI,j—l,j + (Qchav/AtL),

S = thermal source strength, and

d

Sav+ (Fcocpv/at) ‘l?j
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Solution of the system of discretization equations s
then obtained using line-by-line method The follawing bound-
ary conditions are applied:

(3T/ar)r=0 = 0 ( an assumption which holds exactly for
uniform cooling ) , and

-kwwr)r- TR T - T

f
o
where
TC = cladding surface temperature
1F = rcoolant temperature
< = heat transfer coefficient hetween coolant and
cladding

At the diameter AC - Fig. 1.
Q1/90)y o = (3/D8)y =0

As an initial condition, grid point temperatures are consid-
ered to be the same as the coolant temperature

EXPERIMENTAL APPARATUS AND MEASUREMENTS

To examine the adequacy of the proposed two-dimensicnal
model some experiments are performed in which a fuel rod is
replaced by an electrically heated rod inserted in a sftainless
steel tube., The tube is cooled from one side by natural conv-
ection in air and from the other side by natural convection
in water.

A schematic diagram of the experimental appearabtus is
sketched in Fig. 2. The Ltest secltion is consisted of a stain-
less steel rod (3) of 75 cm tength and 8,1 mm diameter: The
rod is inserted and fixed within a stainless steel btube (4)
by two insulating rings (%), The stainless steel tube has
length of 50 cmy 141 mm outside diameter and9% mm inside diameter.
The stainless steel rod acts as an electric heater by high
DC current supplied to it by a rectifier unit of Lhe type MCRA
900 with maximum current of 900 amperes and a maximum voltage
of 65 voltis.

The kest section is fFixed horizontally albl the center of
a plexiglas pool (2). The pool is kept containing distilled
water at a certain level in which 1t makes the lower half of
the test section immersed io the water, while the upper half
remains surrouned by the air as shown in Fig. 2. Ihis geome-
try simulates a reactor fuel rod which may he subjected to
non-uniform cooling rates. The test section is connected to

the power supply by two copper Lermipals (8).

The surface temperatures ol Lhe stainless ateel Loube are
sensed by five thermocouples (6} distributed on 1ts periphery
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at different positions as shown in Fig. 2. Two thermocouples
out of the five; one is located at the most top (air side
while the other is placed at the most bottom (water pool side).
The third one is fixed on the tube surface just at the level

of the water surface. The remaining two thermocouples; one

ig placed in between the top one and the thifd one, while the

“vher is located betwaen the batlom thermocouple and the third
onc -

The w>.ar pool temperature as well as the ambient temper—
ature are als: sensed by two thermocoples (17) as shown in
Fig. 2. The userl thermocouples are copper- constant made from
30 gauge wires. 1bege thermocouples are connected to a tempe-
rature recorder (10) with an accuracy of aboub 1°C.

Using the measured values of electric current and voltage
drop across the slainless steel rod, the electric power can
be estimalted. .

RESULTS AND DISCUSSION

The experiment is carried oul under the following condi-
tions:

~ Sleady-state conditions.

~ The electric heating power is 434 W which curresponds to a
a volumetric thermal strength of 17 wami,and

- Ambient Lemperature and water pool temperature (T and T )
are 23 and 35 C respectively. g

o obtain Lhe valuye of the heal transfer coeflficient in
the air gap between the heating rod and the cladding tube, air
is assumed to be stagnent in the gap, which means heal is
assumed to be transferred through the gap by cenduction.
Thermal conductivity of air ab 150°C is aboubt D.U3207 W/m.C
and the air gap is 0.65 mm thick, then one obtaines 57 W/mé.t
as a value for the heat transfer coefficient in the aic gap.

On the other hand, the “information which are given
as input data to get the theorctical temperature distribution
in both an actual nuelesr fuel rod and in the experimental
Lest section arer listed in the table E, 5]

Using these data and applying the snslytical model,
one obtaines the peripheral temperature distribution of the
test tube. Resullts are shown in Fig. 3 plotted on the same
graph with the experimentally obtained dala. According Lo the
figure, there is a ngood agreement between Lhe theory and exper-
iment. The theor€tical temperature distribution is obtained
for values of the heat trnnsfer coefficients in air and water
to be 6-10 and 100-120 W/m2.C, where heat is transferred by
natural econvection [4,6]. Frum Fig. 3, the theoritical temp-
erature on the top point of the test tube (air side} is found
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to be 136-147°C, where the experimentally obtained value for
thias temperature is 146°C. !n water side, the theoretical
valye of the tube surface temperature lies between 128 and
140°C where the experimental value is 128°C. These neglegable
discripances can be explained as due to the uncertinty in the
values of the heat trnasfer coefficients in air and in water.
Fig. 4 illustirates the qualitative picture of natural conve-
ction around the test sectiom.

Data dctual fuel rod Test sectiom
Density, Kg/rn3
fuel rod ' 10200 7800
cladding 6300 7800
Specific heat, J/Kg.K
fuel rod 296 480
cladding j 319 480
Thermal conductivity,W/m.X
fuel rod . 2.59 95
cladding ' 15.13 55
Outside radius of the
cladding (RU), mm 4. 68 5.55
Fuel radius (RF], mm 4.0985 .05 |
Cladding thickness, mm 0.5%0 0.8a8s
Yolumetric heat generation
, W/m3 7.2x108 1.7x107
iap heat transfer coefficiemt -
, w/m?.cC 4500 57

Fig. 5 shows the theoretically obflaimed temperature distribu-
tion in the heating rod aof the tesl section and in an actual
nuclear fuel rod of a 900 Mies pressuried water reactor ti].
The figure indicates that the temperature gradient in an actual
fuel rod much higher tham in the experimental beating rod.
This is because the value of the thermal conductivity of the
rod material (staimnless steel)} is much higher than that of
the fuel material. In addition, the wolumektriec thermal source
strength in an actwal fuel rod is much higher than in the
experimental rod. The same eomclusiom can be obtaimed using
the simple one dimemsional equatiom for heat conduction with
internal heat generation amnd given im the following form [? :
b, - b, = R2/4 K
where tm is the temperabtwre im the center line of a cylindrical

rod and ts is the surface temperature of the bare rod having

a radius (R) and g is the wvolumetric heat generation rate.
Substituting FOE‘%H R, amd ¥ one obtaimes B temperature differ-
ence of less tham 1.27 "C for ke experimental heating rod.



M. 6 Mahgoub, EL-Hadik, Shalaby

CONCLUSIUN

from tha above discussion, the following conclusions may
be drown
1. Values of the heat transfer coefficients in air and in
water affects the surface temperature distribution of the
cladding tube.

2. Temperature distribution inside the experimental heated
rod is more flat than that inside an actual nuclear fuel
rod due to the high thermal conductivity of the expe-
rimental rod material and because of the low heal source
strength in the experiment.

3. h-.eement between the experimental and theoretical results
prove the validity of the proposed two-dimensional analy-
tical mudel in steady-stake operation,.

NOMENCLAT:0F ]

A,d lccasional coefficients
c Specific heat

CT,CR Heat conductance in tangentional and radial
oW direcions.

5,9 Volumetric thermal source strength

1 - Temperature

t Time

K ‘Thermal conductivity

v volume

9 density

Ac heat transfer coefficient

S
L
f
a

ubseripts

Cladding
Fuel, Fluid
air

W water
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Fig.4 Qualitative picture of natural
convection nround the test section
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