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Thermal conductivity of uranium dioxide by nonequilibrium molecular dynamics simulation
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The thermal conductivity of U@pellet, which is used as nuclear fuel, was calculated using the nonequi-
librium classical molecular dynamics method by Evans and Morriss. The result of calculation from 300—-3000
K obtained presents the same tendency as experiments below 2400 K. Above 2400 K, a different tendency was
observed in which the electron conduction was not negligible. The thermal conductivity using the nonequilib-
rium molecular dynamics method was calculated with about 1/10 number of simulation steps compared with
the equilibrium molecular dynamics simulation. It was found that the nonequilibrium molecular dynamics
simulation is quite effectivg.S0163-182@9)04925-5

. INTRODUCTION Ar, which is a typicalL-J crystal calculated by the equilib-
rium molecular dynamics simulation, with the result of using
The thermal conductivity of nuclear fuel pellets is an im- nonequilibrium molecular dynamics simulation.
portant physical property for the temperature analysis in Second, the nonequilibrium molecular dynamics simula-
nuclear reactors. Recently it has become an especially impotion was applied to a Coulomb system, and the thermal con-
tant subject to make clear the mechanism of a fall of theductivity of the UG pellet was evaluated.
thermal conductivity in a high burnup fuel and mixed-oxide
(MOX) fuel which is presently planned to be used in a light [l. SIMULATION ALGORITHM OF NEMD
water reactor. —_ .
About the former, the reason has been explained by the. The _method of the nonequmbnum_molecular dynamics
fact that FP(fission produdt was accumulated into the fuel Simulation(NEMD) of Evans and Morriss uses the external

) " : force to each particle and the movement of a particle is
pellet, or the defedtvacancy or interstitialwas increased by solved by the equations of motidr
irradiation. But it has not yet been resolved. For the latter, y q '
the thermal conductivity of MOX pellet is being evaluated P
smaller compared with a UQpellet. However, the physical r=
basis and the theoretical mechanism of the fall of thermal
conductivity are still not clear. There are such few data inand
higher temperatures than 1800 K. In such a high-temperature ) -
region, the thermal conductivity of MOX pellet may not be Pi=Fi+Dj Fex(t) — ap;, 2
in the same behavior as that of a U@ellet.

Thermal conductivity has already been calculated for th
L-J crystal with Kubo formula. And the formalism of ther-
mal conductivity of disordered harmonic solids was imple-
mented in Ref. 1. The formalism will become very important
for us to calculate the thermal conductivity of MOX pellet at
the high-temperature region. The present work is to clarify g 1 . o , -
the characteristic of important physical properties as thermat; Z Emirizz Z ri-pi= EI Fi+ (Fi+Dj- Fexd(t) — ap;) =0.
conductivity and thermal expansion by using molecular dy- 3)
namics simulation. However, since in Coulomb systems the
time correlation function of energy currents shows an oscil-

o +Ci- Fox(D), 1)

where C; and D; are parameters, which should be set for
Seeds of physical quantity under considerati@ris a control
parameter which keeps system temperature constant, and it
can be determined by the time derivative of the kinetic en-
ergy and setting it equal to zero:

latory behavior and keeps its memory for a long time, the 2 [ Fitri (B Fex(1)]
calculation of the thermal conductivity with a high accuracy = — _ (4)
is very difficult. Then, in this work, we adopt the nonequi- S i,

- 1 I

I

librium molecular dynamics simulatiotNEMD) by Evans

and Morriss by adding the external force in the equations of - -

motion to each particle. We now show how to determin€; and D; parameters
First, we have compared the thermal conductivity of solidbelow in the case of=0. In the linear response theory, Eq.
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(5) is obtained for an arbitrary physical
B({ri,pi}i=1....n) usingHg (Ham|lton|an of the internal en-

observable Since the average of the energy current in the equilibrium
state which does not contain the external force is equal to

ergy with no external foroe®

1 [t .
<mf48%¢+aﬁﬁmdxsu»mw», 5)
where
_N Ipil2
Ho=2, | S+ () |, (6)

(B); and (B)eq indicate an average value & at time t(t
>t,,), an average value d beforet,,, respectively. The
time derivative of Eq(6) becomes

pi- Py

R @

N N
HO:;[VpiHO'bﬁ_VHO'r 2
When Eqgs(1) and(2) are substituted into Eq7), we obtain

pi- (Fi+ Dy Fex)

zéi{__J__L____E.

m;

P
ﬁ + Ci : Fext(t)

ext)

£

—Elérﬂdﬁﬁ-

= ()
|
Hereaﬁer&i is set equal to zero,
Thus we obtain
N >
i (D Faxt
HOZZ pl ( | -ext( )) (10)
i=1 m|
D; is defined so as to satisfy EqL1), where Ji_, is the
energy current.
N >
Pi- (Di- Fex(t))
=2 T Yo Fedd. (4D

Using theseC; and D;, we can obtain the formula for the

thermal conductivity. By substituting
B=Jk=0 12

and
HO:‘]E=

0’ Fext(t) (13)

into Eq. (5),

1
(U= (e o |, Ao Fert )
(14)

If in Eqg. (14) the external force is set only to one direction,

we obtain the energy current for that direction:

ext

(Jk=0)t=(Jk=0)eqt K TJ ds(Ig_o(t) Ig=o(S)).

(15

zero, Eq.(15) becomes

ext

k=o= KaT (16)

o] astap o500

On the other hand, with the Kubo formUlthe thermal con-
ductivity X\ is given by

—— | ds(J5_o(S)Ik=o(0)). 1
VkBTZJ. (35— o(S)I5-(0)) (17
From Egs.(16) and(17), we obtainh:
i 1
= 'mVTF (Jp=olt - (18
Using the heat fluxy(F..) which is defined by
1
w(Fext):tlmv_T<‘Jk=0>ta (19

we obtain a linear relation betweén,,; and ¢/(F..) with a
coefficient\:

P(Fex) =NFext- (20)

We calculate the heat flux with variols,,;, and\ is ob-
tained by the slope of the fitting line ¢fe,; and ¢(Feyy) -

11l. NUMERICAL CALCULATION OF THERMAL
CONDUCTIVITY
A. Argon

1. Equilibrium molecular dynamics in Ar

We have carried out an equilibrium molecular dynamics
simulation with usual equations of motion:

- P
ri=— 21
~m (21
and
pi=Fi. (22
Here, we used the following model potential for Ar.
o 12 o 6
ri)=4e | —| —|—] |, 23
Urij) €<|rij|) (|rij|) @3
where
o=3.405(A) (29)
and
€=119.8(K). (25)

The calculation conditions of the equilibrium molecular dy-
namics simulation are number of particles, 256; fcc lattice
constant, 5.3091 A; total simulation steps, 100 000; unit time
step, 5.0 fsec; algorithm, Geé6 value 1st order tempera-
ture, 72.875 K. The energy curredft) is given by the fol-
lowing equatior:
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FIG. 1. Autocorrelation function in Ar-EMD calculation. FIG. 3. Heat fluxes as a function of the external force in Ar-
NEMD calculation.
S [lel? g 3
i .
=2, .[Ww( r|+5 2 2 (rr)Fy, (26 5o 1
~ : =) B,=Dr - N 2 (28
J=
where the minimum image condition was used. Then, the d
instantaneous thermal conductivityt) at timet is obtained an
by
1 00
1
1 D §m|r|2+ ; ¢(r|j) 10
At)=— J(0)). (27) . 0 0 1
Vkgr
! % 0 0
: . = X
We show the autocorrelation function of the energy cur- 2= %l

rent IMkgT2(J(s)J(0)) in Fig. 1, and the integral of the N
autocorrelation function in Fig. 2. From Fig. 2, the thermal _ 0 1 2 0
conductivity A at 72.9 K for Ar is estimated to be 0.286 2 1= Fyii

Wm~ 1K™ which is also shown in Fig. 4.

N
1
0 0 52 Faii

In the nonequilibrium molecular dynamics method, we set (29)
i as

2. Nonequilibrium molecular dynamics in Ar

(o)

The conditions of the nonequilibrium molecular dynamics
simulation ar& number of particles, 500; fcc lattice constant,
5.3091 A; total simulation steps, 10000, unit time step, 5.0
fsec; algorithm, Geaf6 value 1st order temperature, 40,
50, 60, 70, and 80 K.

We show the relation betwedn,,; and ¢(F.,, obtained
by the nonequilibrium molecular dynamics calculation in
Fig. 3. The straight lines in Fig. 3 are obtained by least-
square fitting ofF,; and ¢(F .,y at each temperature. Thus
we have obtained the thermal conductivity by the present
molecular dynamics calculation, and show them in Fig. 4
with some experiments®

0.4

Integral of auto correlation function

B. Uranium dioxide

0 N L N L " L . L

1. Equilibrium molecular dynamics inUO,

We have used the UOmodel potential fitted by J.R.
Walker and C.R.A. Catlow, which is essentially of the Born-

FIG. 2. Integral of autocorrelation function in Ar-EMD calcula- Mayer or Buckingham formula. We have also used Coulomb
tion. potentials in addition to this short-distance potentfdf*
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Time [psec]
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FIG. 4. Thermal conductivity of Ar.
2
B(rij)= ° £+A e 18— S (30)
" 47T€0 r”

rij

In Table I, potential parameters used in these works were
listed. In the computer simulation of Coulomb forces, we

have used the method of Ewald as usual.
For Coulomb potentials, the equation of the energy cur-
rentJ(t) is expressed By

= [Ipl? -
)= E [—'+<b .>}ri
N Sxx Sy>< Szx
47760 2 il Sy Sy Sy, (3D
S: S: Su
where
N
_E E . erfC(K|rij|) n 2_Ke_"2|rij‘
Sab 2] |r |2 4 |rj] J
Ml Iyl e Inil/Bij— GC% (32
Bij |rij|
_ . 2h2,.2
a hb e~ 7 |h|“/ k 772|h|2
~Zi> 1+
m |hl [ | h|? K2
TABLE |. Potential parameters of UQO
i-j A [eV] B;; [A] Cij [eVA?]
0>~ -0*~ 50259.33984 0.15285 72.65339
u4t-0?- 873.32735 0.40369 0.0
UAt-urt 0.0 0.0 0.0

URANIUM DIOXIDE BY ... 295

Auto correlation function
(10" Wm 'K 'sec’!]

0.2 0.4 0.6

Time [psec]

FIG. 5. Autocorrelation function in UPEMD calculation.

N
cog2mh-ry) >, Z;sin(2wh-r))
j=1

N
+ sin(2wh-r) X, Z;cog2mh-r)) |.
=1

The conditions of the equilibrium molecular dynamics simu-
lation of UQO, are number of particles, 1,500; lattice
constant®1°5.588 688 06 A; total simulation steps, 200 000:
unit time step, 1.0 fsec; algorithm, Gedr value 1st order
temperature, 2100 K. The system size was determined by the
accuracy of the Ewald summation. And there is no signifi-
cant dependence of the system size in our results when N
768.

We show the autocorrelation function of the energy cur-
rent 1IMkgT%(J(s)J(0)) in Fig. 5 and the integral of the
autocorrelation functioi(t) in Fig. 6. From Fig. 5 we see a
significant oscillatory behavior in the auto correlation func-
tion of UO,, which indicates a remarkable contrast with that
of Ar. This oscillation continues to about 1& sec. There-
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FIG. 6. Integral of autocorrelation function in J&MD calcu-
lation.
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FIG. 7. Heat fluxes as a function of time stép) T=900 K, Fo,=0.005 A %; (b) T=900 K, Fo,=0.01 A% (c) T=900 K, Fgyy
=0.02 A%; (d) T=1800 K, F,,=0.01 A% () T=1800 K, F4,=0.02 A L; (f) T=1800 K, F4,;=0.03 A™%; (g) T=2700 K, Fey,
=0.01 A% (h) T=2700 K, F4,=0.02 A% (i) T=2700 K, F,,=0.03 AL

fore simulation over several 100000 steps is needed to caknd S,,, are the same as in E¢32). At the presence o
culate the autocorrelation function. Therefore it is actuallyintroduced in Eq(2), when the system temperature has been
difficult to calculate the thermal conductivity through the changed from a desired temperature by unexpected numeri-
equilibrium molecular dynamics simulation. So, it becomescal errors, it is not always possible to return to the desired

advantageous to use the nonequilibrium molecular dynami%mperature_ |nstead, we have used the method Of Node
simulation for Coulomb systems, as we will show below. Hogver thermostat contréf:t’

2. Nonequilibrium molecular dynamics irJ0, _ The .conditions of nonequilibrium molecular dynamics
R simulation of UQ are number of particles, 1500; total simu-
In Coulomb systems, we s& as follows*>14 lation steps, 20000 from 300 to 900 K, and 10000 from
N 1200 to 3000 K; unit time step, 1.0 fsec; algorithm, Gégar
B =5 i S (33) value 1st order temperature, from 300 to 3000 K. We have
TONS&E T used the lattice constarit at each temperature obtained
by13,15
where
e 100 L=5.47x10 %0.997+1.0x 10 °T
o Pi ~
D?={2—'rm+‘1>(|ril)} 010 +4.0x 10Pe6.9<10 “UkgT) (). (35)
0 0 1
S Sy S, In Fig. 7 we show the heat fluy and the average of the
1 X X X heat flux¢ as a function of time step in 900, 1800, and 2700
Are Sy Sy Sy, (34 K. We have calculated the average of heat flaxvith in-

2 Sz Sz stanteneoug’s att=t; as follows:
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0.15 TABLE Il. Thermal conductivity of UQ.
090K Y =3.640 Feyy
O1800K W =2.294 Feyy TemperaturdK]  Thermal conductivitf W m~*K 1]
& A2700K Y =1.847 Foxy 300 7.901
‘g 01 o 600 4.864
B 900 3.640
= 1200 2.768
] 1500 2.567
§ 005 | (2] 1800 2.294
a 2100 2.073
2400 1.891
| 2700 1.847
0 ) . ‘ . . . . 3000 1.718
0 0.01 0.02 0.03 0.04

External force [10"°m™']
behavior. However, the thermal conductivity with the same
FIG. 8. Heat fluxes as a function of the external force inlattice constant in this temperature range yields values
UO,-NEMD calculation. smaller than experimental ones.
For Ar, the same values were also obtained using the
_ 1 N equilibrium molecular dynamics simulation. It is concluded
=y > Pli=,- (36)  that the evaluation of the thermal conductivity by the non-
=1 equilibrium molecular dynamics simulation is quite useful.
From Fig. 7,4 (gray ling is intensively changed according

to t, but the averages (black line converges to a fixed B. Thermal conductivity of UO,

value. _ We have calculated the thermal conductivity of 4@t
We show the relation betwedfe,; and #/(Fex) by the  temperatures from 300 K up to 3000 K by the nonequilib-
present nonequilibrium molecular dynamics calculation ing,m molecular dynamics simulation. At the range of tem-

Fig. 8. The straight lines in Fig. 8 are obtained by least-perature from 1200-2100 K, the result was in good agree-
square fitting ofF ¢, and ¢/(Fey) at each temperature. The ment with experiments. However, at other temperature

values of the thermal conductivity at 900, 1800, and 2700 Kange, the same agreement between calculation and experi-
are obtained 3.747, 2.294, and 1.862 WiK™*. In Fig. 9 ment is not always as good as above.

and Table Il we show the thermal conductivity obtained by  apove 2400 K, the thermal conductivitgexperiments
the present 2rrl139IecuIar dynamics calculation together withshows an increase as the temperature increases because of
experiments?” the contribution of the electron conduction. In the present
calculation, we did not take into consideration such effects.
IV. DISCUSSIONS Below 1200 K, a reasonable agreement was obtained be-
tween the present result and experiments. But the absolute
value of calculation is a little smaller than experiments. A
Thermal conductivity of Ar obtained by nonequilibrium partial reason for this is considered by the conditions used in
molecular dynamics calculation at temperatures from 40 Khis calculation that the external force are not small enough
up to 80 K shows the same tendency as the experimentéb estimate a correct linear relation betwdey, and . On
the other hand, using a weak external force, the oscillatary

A. Thermal conductivity of Ar

12 behavior of the heat flux becomes stronger. Thus in order to
L, 0T mgig XZ?? obtain an accurate thermal conductivity, many simulation

10 0  Prosonr caleulation : EMD steps are necessary. At low temperatures, simulation steps in
[ ®  Present calculation : NEMD the present calculation may not be enough.

C. Melting point of UO,

We show the mean-square displacement at several tem-
peratures in Fig. 10. It is seen that(6xide) atoms are dif-
fusive, while U(uraniunm atoms are not. Such structural na-
ture is similar to that of the solid electrolytes. We have also
calculated the mean-square displacement at higher tempera-
tures, and tried to find the temperature where the frame of U

Thermal Conductivity [Wm"'K™]
=}

o L . . . ‘ . is collapsedmelted. If we estimate the melting temperature
0 600 1200 1800 2400 3000 by the col_lapse of the f_rame, it is aboqt 1000 K higher than_
Temperature [K] the experiment one. Since the potential parameters used in

this work are fitted at 300 K, they may not be good for the
FIG. 9. Thermal conductivity of UQ estimation of the melting point where the lattice expansion
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FIG. 10. Mean-square displacement of 4J@) T=1500 K; (b) T=1800 K; (c) T=2100 K; (d) T=2400 K; (e) T=2700 K; (f) T
=4100 K.

may be considerable. In addition, an over heating propertyonfirmed that the thermal expansion coefficient of Lib-
becomes important especially for a small system as used iained by using the present potential model is not in good
the present work. agreement with experiment¥ And we want to clear the rea-
son why the thermal conductivity of the MOX pellet is a
D. Others little smaller than that of UQ We infer the reason that the

) ] : . MOX system has some amorphous characteristic because of
The present work is nothing but a first step to discuss thes; atom is not placed periodicaf.

thermal conductivity of MOX by molecular dynamics simu-

lation. In this work, we have sucgegded in evalua}mﬁ@f ACKNOWLEDGMENTS
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