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EFFECT OF A COOLANT TEMPERATURE
JUMP ON A CLAD FUEL ROD

E. Lorenzini and M. Spiga ' UDC 536.242

An analytic expression is derived for the time dependence of the temperature distribution in
cylindrical clad fuel elements. The transient state results from a jump in the coolant temper-
ature.

We assume that the coolant temperature in a nuclear reactor operating ina steady state is instantaneously
increased from Ty to TF + AT. Such an increase can arise because of leakage of core coolant, as the result
of an accident, or for other reasons. It is assumed that the heat release (in fission) rate remains unchanged,
and consequently the temperature of the fuel and cladding increases until a new steady state is reached. The
solution of the transient problem resulting from such a hypothetical accident is important for two reasons.
First, it is expedient and necessary to know a priori whether the temperature of the fuel or cladding at the
end of the transient process reaches dangerous values which imperil the effectiveness and safety of the oper-
ation of the facility [1]. Second, it is important to establish from the variation of temperature with time
whether the material, which wasalready subjected to a heat load because of the spatial temperature gradient,
experiences further heat loads as a consequence of the accidental jump in temperature. Heat loads are par-
ticularly dangerous in a transient process.

Thus, the present problem is reduced to an emergency situation which can occur in a nuclear reactor,
and its solution would permit an appropriate choice of materials and operating conditions of the facility. We
assume that the fuel element and cladding are homogeneous and isotropic and have constant physical charac-
teristics. In cylindrical coordinates the heat-conduction equations for a fuel element and cladding are, re=
spectively,

ﬂ- 02.9-1 _l_ a'éi 6261 ] __ 061 1)
% { e TF o T em T ecos = GEs (
B, , 1 a8, &b, _ 08, 2)

@ TF & T o@ ~ 9Fo

The functions 51 and ??2 and the parameters in Egs. (1) and (2) are defined as follows:
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8, =T;—(Tr+AT), 8, =T, —(Tr + AT), Fo=q,

R
E=1r/Ry, L=2/Ry, g0 = qoR/K;, (3)
Bi = AR /K., b=Ry2(L 4+ 98), Hy=K;/K,.
The origin of the cylindrical coordinate system is located at the geometric center of the rod, and the ¢ axis
coincides with the axis of the rod.
According to [2, 3] the boundary and initial conditions of the problem have the form
9B,/0E =0 at E=0, (4)
o L+8
61=0 at C‘—‘ :*:Cextr: + B (5)
Ry
98,/0r at =0, (6)
ae, . —t 7
_73-&—+B192=0 at E=E = Ry/Ry, (M)
62’—-—0 at §= icextrr (8)
30,000 =0 at [ =0, (9)
B, =0, at E=1, (10)
b, _ a8, —1 1y
Ho == = 5=1
61 (E» gv FO) = 61 (g’ Cn 0)’ Fo = 0’ (12)
6,& L, Fo) =8 L 0), Fo=0. s)
The functions 5’1 (¢, ¢, 0) and 52 (¢, £, 0) for a steady-state problem are easy to find by the method
used in [2, 3]:
B & 0) = coshit [ 1o B) + % | —ar. 14)
‘ n2h?
8, &, L 0) = D cosBoL [Clo (BiE) + Ko (BeE)] — AT (15)
The constants 8, C, D, and A are given by Eqgs. (27)-(30). The solution of Eqgs. (1) and (2) is given
by the sum of two functions '
B, =0,+861, (16)
52292+9;» (17

where 6, and 0, are solutions of Eqs. (1) and (2) for the steady state (Ty + AT is the coolant temperature);
GT and 0’{ are solutions of the homogeneous differential equations corresponding to Egs. (1) and (2). The
uniqueness of the solutions 8, and 6, is proved in [4].

The functions 6, and 6, describe the temperature distribution in the rod at the end of the transient pro-
cess

0,@ 0 =0, b, co)and6,E, 8) =8, ¢ L, o)

and satisfy the same boundary conditions as the functions 51 and 52; their analytic expressions are given in
[2] and [3]. They differ from the functions 6(§ &, 0) and 6,(%, &, 0) only in the presence of AT.

Let us now determine the functions 6% and 0’;, which are the solutions of the following system of homo-
geneous differential equations:

o [O% L o0 001 ]_ 06

o, | OE E oF o |~ oFo’ (18)
0%, 1 98, | 0%, _ 36,

oE2 +-§— O + 2 = gFo {19)

Identical boundary conditions are imposed on the functions 67, 0’; and 6,, 6, The initial conditions for 6"{ and
0’; have the form
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0i = — AT for Fo=0, (20)
0 = — AT for Fo=0. (21)
It is clear that the solutions 67 and 6? do not depend on the source qg.

The solutions of Eqs. (18) and (19) can be found by the method of separation of variables, As a result,
we have

e; = z 2 Amn €os pnCJo (ng) exp [— (P',%, + ﬁf,) FO], (22)

n=0 m=1

2 Byn €08 B8 [Condy (Umf) + Yo (nmB)} exp [— (an -+ ﬁf‘) Fo]. (23)
We determine the constants Cp, and uy, from Egs. (7), (10), and (11), and‘ Bp from Eqgs. (5) and (8).
The determination of the constants Amn and Bmyn requires using (10), (11), (20), and (21), the orthogonality
and completeness properties of a set of trigonometric functions [5] in the domain | — £extrs gextrl , and or-
thogonality of an appropriate linear combination of Bessel functions [4]. The complete solution has the form

ﬁMa

= | A1)+ oz | cospi + 2 ) A €08 Ballo (4nd) €5 [— (i -+ B2) Fol, (24)
n=0 m=I1
8, = D cosBotCly (BeE) + Ko (BeE) -+ 2 2 B c08 BalComdo () + Vo (k) exp [— (u2 -+ B2) Fol. (25)
n=0 m=1

The eigenvalues iy, are solutions of the equation

[

[(_I;— - 1) Ji (1) Jo (p) Bi Y, (pgy) - nYq (ugg) + Bi Jy (n&e) — pds (Eo) Jy () Yo (1)

~ M] | 1B 480 — v a1 = 0. (26)
H,
The values of the coefficients in Egs. (24) and (25) are:
Ba= (2n+ 1) forn =0, 1, 2,3, ..., (27)
xtr :
C= BoK1 (Boo) — B.i Ko \BoE0) , ' (28)
Bol 1 (BoEo) -+ Bi 1o (Boko)
Al (By) Ho , (29)
CI(Bg) — Ky (Boy
_ _9s CI, (Bo) — K1 (Bo) , (30)
(@2 [CIy (Bo) + Ko Bol Hols (Bo) — Io Bo) [C11 (Bo) — Ki (Bo)]

_ B (nfo) — Bi Y, (o) (31)

" Bidy (ko) — 1 (o)
Gm — CmJo (p’m) + YO (P"m,, , (32)

Jo (Um)
I’m —21— { Kf [J (P“m) + "% “"m)] + _—GIS;—— E[z) [(Cm']i (P«mgo) + Yi (”mgo))z + (Cm'lo (”mgo) + YO (ngo))ZI -
— = Cod (1) + ¥ (o + Codoim) + Yo () } (33)
. 2AT (— 1)*
S i Lm Yy (ko) — Yi (B
A= — (K e g2 ) Ju i K g 8, o B ) — Vi o}

To describe and analyze the results obtained we present temperature profiles in a cylindrical clad fuel rod
(Figs. 1-4). The profiles were calculated by using Egs. (24) and (25) with the following values of the parame-
ters: Bi =1, 5 Hy = 0.2, 0.5; a; = 0.068, 0.135, 0.270 em?%/sec for qg = 600°C, &, =100, b = 0.0045, £, = 1.1,
AT = 60°C.

For greater clarity the time in seconds rather than the Fo number was chosen as the independent vari-
able. The time in terms of the Fo number is given by the relation Fo = 0.541t for H, = 0.2 (Figs. 1, 2, 4),
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Fo = 0.216t for Hy = 0.5 (Fig. 2b), Fo = 4a,t (Fig. 3).

It follows from Fig. 1a, b that the values of the steady-state temperature (at t =0 and t =) increase
with a decrease in the Biot number. In addition, for large values of the Biot number the temperature reaches
a steady state more quickly (t = =). Physically this can be explained by the fact that if the removal of heat
from the wall is equal to the inflow of heat to the wall, then with an increase in the heat-transfer coefficient
(i.e., with an increase in the Biot number) the temperature difference between the cladding and coolant is de-
creased, and consequently the cladding temperature is decreased,

As a result the temperature of the fuel element reaches lower values., Similarly, for a decrease in
the thermal conductivity of the cladding (i.e., with an increase in the Biot number) when the linear power of
the fuel element, the external temperature of the cladding, and the heat-transfer coefficient remain constant,
the rate of rise of temperature between the end surfaces of the cladding increases, Consequently, as the tem-
perature at the inner surface of the cladding increases, the whole temperature distribution increases. There-
fore, it is obvious that the Biot number is a measure of heat-transfer effectiveness.

Thus, the higher the Biot number the lower the temperature in the fuel rod, and the more rapidly the
transient state is ended. It is found also that the temperature increases very much more rapidly at points
farther from the fuel rod axis. This results from the fact that the temperature of the coolant is increased
suddenly. The perturbation of the coolant temperature is propagated toward the center of the fuel element
with a finite velocity. ‘

Variations of temperature with time are shown in Fig. 2a. It is clear from the figure that for Bi = 5 the
transient state at the outer surface of the cladding (£ = 1.1) lasts 0.5 sec, and the temperature at the rod
axis (& = 0) reaches an asymptotic value corresponding to the steady state in 2 sec. Figure 2a also shows
the variation of temperature with time at a certain point of the cladding in contact with the coolant (§ = 1.1)
for two different values of the Biot number. Thus, we see that the higher the Biot number the lower the
steady-state temperature, but the shorter the transient state. From this there follows the very interesting
conclusion that it is desirable that the Biot number have a high value in a nuclear reactor, since in this case
the materials will "work" at lower temperatures. However, in an emergency (jump in coolant temperature)
when the transient state is shorter, high thermal stresses develop in the material. It is clear that the cladding
experiences a higher stress than the fuel element itself, since the temperature in it rises more rapidly.

Thus, it is necessary to choose materials and system parameters so as to produce a compromise in
which the steady-state temperature is appreciably lower than the critical temperature, and random thermal
stresses do not impair the mechanical properties of the materials. :

Figure 2b shows the time dependence of the temperature at a certain point on the rod axis (§ = 0) and at
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Fig. 1. Temperature 9 as a function of the dimensionless radial
coordinate £ at several values of the time for Bi equal to a) 1
and b) 5; H;= 0.2, { =0,
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Fig. 3. Temperature 9 as a function of the-dimensionless radial
coordinate £ for several values of the time and three different
values of the thermal diffusivity a, of the cladding (Bi=1, H, =
0.2, =0: 1) t=0; 2) t=1, a, =0.068; 3) 1, 0.135; 4) 1, 0.27;
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Fig. 4. Temperature 9 as a function of the dimensionless axial

coordinate ¢ for several values of the time (Bi = 1, H; = 0.2, § =
0): 1)t=0; 2)0.5; 3)1; 4)t ==,



a certain point on the outer surface of the cladding (§ = 1.1) for two different ratios H; of the thermal conduc-
tivity of the rod to that of the cladding. It might seem that the Biot number and the ratio H, would affect the
temperature distribution differently. Actually the steady-state temperature increases with an increase in Hy,
whereas the transient state is prolonged. Thus, it is necessary to choose materials which can withstand
thermal loads under steady-state conditions and mechanical loads during the transient state.

Figure 3 shows the radial temperature distribution before the perturbation (t = 0}, 1 sec after the per-
turbation occurred, and at the end of the transient (t ==) for several values of the thermal diffusivity a, of
the cladding. As was shown, the thermal diffusivity does not affect the steady-state temperature distribution
(t =0 and t ==), but only the transient distribution. It is quite clear that the rate of rise of temperature in-
creases with increasing «,. Therefore, it is natural to take a rather small value of ¢, in order to avoid ex-
cessive thermal overloading.

It can definitely be stated that in problems of the type considered, the choice of Biot number and the
ratio H, should be based on a compromise when possible without taking too high a value of the thermal dif-
fusivity a4 (taking account of requirements imposed on other units of the facility)..

Figure 4 shows that the axial temperature curves at various times are congruent with the steady~-state
curve (t = 0 and t ==), This can be understood physically from the fact that the perturbation actually
reaches all points on a line parallel to the axis with the same delay time.

The present work is a development and completion of research started in {6].

The numerical calculations were performed on a Cyber-76 computer at the Interuniversity Computation
Center of Northeast Italy with the permission of the CNR.

NOTATION

r, z, radial and axial coordinates: Ry, Ry, radii of fueled region and rod; L, half-height of rod; 6, extrap-
olation distance; q;, heat release at center of rod; h, heat-transfer coefficient; Ky, Kq, thermal conductivi-
ties of fuel and cladding; «, @y, thermal diffusivities of fuel and cladding; Ty, Te, temperatures of fuel and
cladding; T¥, coolant temperature before jump; AT, jump in coolant temperature; 51, 52, temperatures of
fuel and cladding according to Eq. (3); GT, 0’2", temperatures of fuel and cladding according to Egs. (16) and
(17); t, time; Jy Jy, Zeroth- and first-order Bessel functions of the first kind; Y, Yy zeroth- and first-order
Bessel functions of the second kind; I, Iy, zeroth- and first-order modified Bessel functions of the first kind;
K Ky, zeroth- and first-order modified Bessel functions of the second kind; Bi, Biot number (3); Fo, Fourier
number (3); {extr, extrapolated height according to Eq. (5); 4, eigenvalue, Eq. (268); 8, eigenvalue, Eq. (27).
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