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Abstract —Nuclear reactor core is usually made up of cylindrical fuel elements that contain fuel pellets, helium gas gap and cladding
material. In this paper our goal was to analyze the temperature drop from the centerline of the fud where the maximum temperature
occurs, to the gas gap and then finally to the cladding surface. The geometrical, physical and thermal properties of the fuel element are
known. The Nuclear fuel element used in this calculation was UO2, which is the standard fuel element for Light Water Reactors. We
used two techniques to solve this problem. The First Technique was to try to obtain an exact solution of the steady state analysis using
the classical heat conduction equation. The second approach was to use FEA which is inbuilt in ANSYS APDL, where the partial
differential equation is automatically solved numerically using finite different method. The results were compared and the conclusion
was that the addition of gas gap between the pellet and the cladding material further contributes to the increase in the centerline
temperature. The bigger the thickness of the gap, the higher the centerline temperature, this is due to the fact that the thermal
conductivity of helium gasis very low, henceit is not very good at carrying heat from one surface to another. Thisis partly the reason

why the thickness of the gas gap isusually very small.

Keywords Nuclear Fuel Ele; ANSYSAPDL ; FEA.

. INDTRODUCTION

The main problem of fuel rod behavior modeling et
determination of the heat transfer coefficientstta gas gap
between fuel and cladding and from cladding surfadbe coolant
[1]. When designing a nuclear power plant, the Waton of the
power produced in the reactor core and its rembyahe coolant
are very important. Coolant is circulated through tore and heat
flows from the fuel rods to the coolant [2]. Theudst of heat
transfer of fuel element along the radial axis &apount to the
safety of a nuclear reactor. This is due to thé tlaat when heat is
not properly transferred between the layers of ragethat make
up the fuel element, the integrity of the fuel asbly structure
would be compromised. This is the reason why therntal
conductivities, specific heat capacities and dessitf these layers
of materials that make up the fuel element are lhigbnsidered
when choosing them. Though Uranium dioxide fuethis most
widely used fuel in modern nuclear power plantshas thermal
conductivity problem. The low thermal conductivitgually aid
the formation of cracks in the pellet, however thegativity is
equally balanced by its high melting point.

A. THERMAL CONDUCTIVITY:

Thermal conductivity of UO2 is an essential paranét the
determination of reactor behaviour, poor thermalduetivity will
create a large difference between the centerlimpéeature and
the surface temperature during the removal ofdisgieat in the
reactor [1]. Ironically, both UO2 and helium gashaw thermal
conductivities, that is why the cladding materidhieh shares a
contact surface with the coolant, usually has higlermal
conductivity. The high thermal conductivity enabliaster heat
removal from the fuel element to the coolant, sat throper
cooling could take place. If the cladding matehiak low thermal
conductivity, it would create a situation where thenterline
temperature gets very close to the fuel meltingnipoihereby
reducing the available power. Thermal conductiv@tythe main
thermal parameter when considering steady statedogaluction
of fuel.

B. SPECIFIC HEAT AND DENSITY:

Apart from thermal conductivity, two other thernparameters
that play prominent role in describing heat trangfiefuel rod is
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the density and specific heat, they are more aativeansient case, Wherep is the densityc, is the heat capacity at constant
but less active in steady state. pressurek is the thermal conductivity ar@ is the volumetric heat

density in the fuel pellet.

Il. FORMULATION OF ANALYTICAL RESULT . . . .
Equation (1) is the transient equation of the fued

The classical equation of heat conduction in cyloa conduction.

coordinate without the axial and azimuthal terms . L .
If the conduction equation is time independentntive have

1 9 aT oT heat equation that is in steady state with intehesdting §'"'),
55 Ry |74 =0C,—— @ hence we the poisson equation of heat conductiotinéopellet and
R; OR oR; ot Laplace equation of heat for the cladding material.

Gas Gap
Cladding «—}- Fuel Pellet
Figurel. Geometry of Nuclear fuel element
1 d dT
d o Rte d e+ q =0 2
Rfe Rfe Rfe
d dT,
= | Regr |=° 3)
Rfe Rfe
d dT,
Re—=-|=0 (4)
drR,, drR,

Wherekg,, Ty, and T, are the heat conductivity and temperature of tiek fellet and temperature of the cladding.

By taking boundary conditions, we can solve thadyestate case, analytically.

dT
=0 )
dR,, R0
dT dT,
kfp — - kgg S ©)
d Rfe fe= pr d Rfe Rfe = pr
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dT, dT,
Kag| = =ky| === @)
% dee Rie=Ryy | fe Rie=Ryy
T (pr) =Ty (pr) (8)
dT
kcl - d?(:s ] = h(TcI (Rcl) _Tcool ) ©)
Rie=Ry
Tos (R )= Tu Ry, ) (10

The boundary conditions (5), (6), (7), (8), (9) &i@) shows
that (a) temperature is constant at the innermast @f the fuel
pellet, hence temperature gradient is zero, (theatayer between
the pellet outer diameter and the gas gap innenetier, the heat
flux is constant or the linear heat density is ¢ans (c) at the
layer between the outer diameter of the gas gaprared diameter
of the cladding, the heat flux is also assumedet@dnstant, (d) at

Solving equation (2)

the boundary between pellet and the gas gap, thgeti@ture is the
same. (e) at the outer boundary between the clgddid the
coolant, the thermal flux depends on the tempeeadifference of
the cladding and the coolant, and the heat tragsfefficient of the
coolant, (f) at the boundary between the gas gaptlaa cladding,
the temperature is the same.

1 d de m
—  —~ |k.R. — P |=- 11
fe dee P dee q ( )
dT R
fp:_q e, @ 12)
dR,, 2k, kR
Applying boundary condition of equation (5), we bav
mR 2
a=9"r _g
2
We therefore have:
dT R
b _ _ 0 Ree (10)
dR, 2k,
Solving (3)
dT,
d Rfe £ | = 0
drR,, drR,,
dT
— 9 = ﬁ (11)
dee Rfe
Applying boundary condition in (6) we have:
-q'R
Kip 9% |- Koy B (12)
2kfp Ri
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q'Ry’
Bz (13)
99
dT,
w_-_1 .09 R’ (14)
dR, Ry 2k, "
Tog (Re)= -1 R, In(Re)+ ¥ (15)
2k,
Solving equation (4)
da R dT, =0 (16)
dR,, drR,,
dee Rfe
Applying boundary condition in (7) we have:
dT, dT,
k 99 - cl 18
gg( dRJ kc{ deeJ (18)
Rre=Ryg Rie=Rgg
kgg[_ i% przj =k, (iJ (19)
Rgg 99 Rgg
5o GRy
2K
R 2
chI - _ q fp (20)
dee 2kcI Rfe
T,(R,)= —Zq— R, In(R, )+ & (1)
cl
Integrating equation (10)
Tfp (Rfe) =- 4(1 R%fe +n (22)

fp

Tfp (pr ) = ng (pr )

Applying the boundary condition in equation (8)

qd o2 _ 9
- Rtw+n=—"T"RnINIR,. )+ 23
ak, " T " Ro)+y @
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Applying the boundary condition in equation (9)

q 2 |- qd o
k., ——R =h -——R°pIn{R.. |+ &-T
CI[ZKCI Rd fpj [ 2kc| fp ( fe) coolJ

e= 9 mo o+ 9 R
2hR, ot 2, " (R)+T.

Hence the cladding temperature distribution is ithaus:

T, (Ry)= =1 R?, + 9 R In( Ry j+T
2th, Tk, R

Applying the boundary condition in equation (10)

R,
y_—R2 — fpln(— +T,,
2hR, 2k Ry, '
y=——R%,

) T | 2
+ 4R R —R InlR._)+T
2thI 2k, i [Rgg] 2k, i ( g) cool

The gas gap temperature distribution is given thus:

Tog (Rfe) = R*n q R*p [ i ] ——R% |n[§J + T
ZhR, Zk Ry ) 2Ky R

From (23), we have

_% R In(Rgg)

99

_q szp+/7: q

szp+ q szp In & +—q szp In ﬁ +T
4k,

2hR, 2k, R, 2k R

n= q R%p + q R%r q R%, In & +q—R2fP|n & + Tl
4kfp 2th| 2k R‘Jg 2k R

From (22), we have
The fuel pellet temperature distribution is givhnog:

Tfp (Rfe) == 4?<f
P

4k, 2hR, 2k Ry

Fuel geometrical and thermal parameters used i®w#iidation exercise are as follows:

R’ + g Rifp +—— a R%% q N R szpln
2kgg

(24)

(25)

(26)

@7)

(28)

(29)

(30)

(1)

&j +Tog (32

R

fp
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TABLE 1: TABLE OF PARAMETERS

Volumetric heat density of fuel (q") | 4000000W/m3
Heat transfer coefficient (h) 100W/m?K
Fuel pellet radius (Rep) 0.015m
cladding radius (R¢) 0.0181m
Gas gap radius (Rgg) 0.0151m
Gas gap thickness (Rgg — Ryp) 0.0001m
Cladding thickness (Rg — Rgg) 0.003m
fuel element length (H) 0.01m
coolant temperature (Tcq01) 300°C
density of the fuel (pf) 10950kg/m?3
density of cladding (pg) 6550kg/m3
specific heat capacity of fuel (cyf) 236]/kgK
specific heat capacity of cladding (c,) 285.8]/kgK
thermal conductivity of fuel (k) 6W/mK
thermal conductivity of gas gap (kgg) 0.1513W /mK
thermal conductivity of cladding (k) 21.5W/mK

TABLE 2: DEFINITION OF SyMBOL OF PARAMETERS

Thermal conductivity of fuel pellet

kgg (W / mK Thermal conductivity of the gas gap
K, (W / mK Thermal conductivity of cladding
a ,,3 ,y,é, &n Integration constants
pr (m Radius of the fuel pellet

Radius of the fuel element

)
Ric (m)
Reg (m)

m

Radius of the gas gap

R, (m)

Radius of the cladding

h (\N/mZK)

Coefficient of heat transfer

q w/m?)

Volumetric heat generation rate

TCOOI (OC)

coolant temperature

Ty (pr) (OC) Temperature distribution of the fuel pellet
ng (Rgg ) (0 Temperature distribution of the gas gapp
Ty (Rd ) (OC Temperature distribution of the cladding

I11. ANALYTICAL RESULTS

We can now plot the temperature as a function dfugto
observe how it changes within the fuel element fithm pellet to
the gas gap and then to the cladding, especiallyeapoint where

the pellet and the gas gap overlap and where teegga and
cladding overlap. In this work, our fuel elemenagsumed to have
infinite length. This is the essence of the boupdeondition
imposed to ease the analytical calculation. Theiltieg graph
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below showed a good behavior of the model, whici e of result. As can be seen from the graph belowptbtting is quite
validated using ANSYS APDL. simple with simple labeling system. Therefore | say that while

The PTC-MATHCAD toolbox was used to compute and plo PTC_MAT.H CAD h elped to solye th? Anal_ytlcal SOlUtioANSYS
APDL assisted with the numerical simulation result.

the analytical solution it is user friendly commgtienvironment
with a lot of symbolic solution which provides accarate analysis

Using PTC-MATHCAD worksheet we plotted the analgtiResults thus:

e Ty (pr)

Ty, (Ryy) :=609.67—1.666-10° Ry,* — T yg (Ry,)

560.5. T R
R;,=0,0.00001..0.015 i c,(( C,))
. C
Tyg(ngg)‘=552.41+2974.2 111(0'0101) ) 0002 0004 0006 0008 001 0012 0014 0016 0018 002
99
R,,:=0.015,0.01501..0.0151 Ry, P
T, (Re)=548.618+20.973 111(0'0181 ) R,,
cl
Rcl

R,

c

1:=0.0151,0.015101..0.0181

Figure 2. Temperature distribution of faldment

IV. NUMERICAL SIMULATION OF THE STEADY STATE CONDUCTION OF NUCLEAR FUEL ROD USING ANSYSAPDL

The parameter of the fuel rod are as stated egatttiersimulation was done on 3-D platform

ANSYS | ... ANSYS
18,2 = [18.2

ACACEMIC

§73.043

566.937

$60.831

554.725

548.619 (x1

3 DISP.S € 629
—
548.619 562.187 5$75.754 589.322 €02.89
555.403 568.971 582.538 596.106 609.674
Figure 3. Temperature distributiamiour Figure @miperature distribution graph
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ANSYS
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Figure 5. Thetrhax distribution contour

V. DISCUSSION OF RESULTS

From the results obtained above, we can say thdtave been
able to use method of computation to investigagetdimperature in
steady state heat conduction of nuclear fuel elémbn the
analytical calculation, we formed the model based certain
boundary condition that was derived previously, ngsithese
boundary conditions. We were able to obtain theplyl
representation using PTC-MATHCAD Tool. In the seton
calculation, we used ANSYS APDL platform where vetested
thermal analysis, 8 node 78 as element type, iegutie thermal
conductivities for the three layers of materiattamgle as element
geometry, meshing tool, defined loads and the sothe current
LS. The solution obtained was in good agreemenh wite
analytical solution.

V1. CONCLUSION

In this paper, one of the major observations wasribrease in
the center temperature with increase thickneskefias gap. This
observation was noticed in the Simulation using AISSAPDL.
The increase in the centerline temperature obsemrezh the gas
gap thickness is increased, was due to the lowtileronductivity
of helium used for the gap. Hence in the fabricatiof
conventional nuclear fuel element, the gap is Uguary tiny to
minimize the rate of increase of the centerlinegerature while
also serving its purpose. Hence we observed thahef fuel
element were modeled using the same parameterfisasout
without the tiny gas gap, the maximum temperatureulds
decrease. The rate of increase or decrease widndepn the rate
of increase or decrease of the gas gap thickness.

The two results obtained from the two methods d¢dutation
validate each other.

Figure 6. Thermal flux distribution graph
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