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APPROXIMATE ESTIMATES OF THE TEMPERATURE STATE OF CERAMIC NUCLEAR
FUEL IN CYLINDRICAL FUEL ELEMENTS AND THE INFLUENCE OF PROCESSES AND
PARAMETERS OF A NUCLEAR REACTOR CORE

The approximate mathematical model of the temperature state of ceramic nuclear fuels in cylindrical fuel elements was proposed in the form
of linear ordinary differential equation and the boundary conditions. The theory of heat conduction and assumptions about the axial sym-
metry and absence of heat flows along axis of fuel element, which allow to simplify the common equations in cylindrical coordinates, are the
basis of the proposed simplified mathematical model for approximate estimating the temperature state of the nuclear fuel. The intensity of
volume heat sources in fuel element was taken into account by using the average values corresponding with the heat power and the structural
characteristics of a nuclear reactor core. The conception about the heat transfer coefficient was used for modeling interaction between the
fuel and the heat carrier. This heat transfer coefficient depends on characteristic sizes and heat conductions of constituted materials of the
fuel element and allows to estimate influence of these on the temperature state of the nuclear fuel. The analytical solution for the temperature
of a ceramic fuel in cylindrical fuel elements was obtained and was used for researching. It was shown that the heat conductivity of the fuel
has significantly influences both the average temperature and the difference between the inner and outer temperatures in the fuel pellet. At
the same time, other parameters have significant influence only on the average temperature of the fuel pellet. Due to these, it is necessary to
consider the temperature dependence of the thermal conductivities of the materials constituted the fuel elements for more precisely estima-
tions the temperature state of the fuel pellets, which will lead to nonlinear equations will required the numerical methods for their solving.

Key words: ceramic nuclear fuel, fuel elements, temperature state, volume heat sources, stationary thermal conductivity, thermal con-
ductivity, heat transfer coefficient, heat transfer condition, boundary conditions, integration constants.

10. B. POMALLIOB, /1. O. 9IBICOB

HABJIM)KEHA OLIHKA TEMIIEPATYPHOI'O CTAHY KEPAMIYHOTI'O AAEPHOT'O
IMAJIMBA B HUJIIHAPUYHUX TBEJIAX TA BIIVIMBY HA HbOI'O ITPOLECIB I
IAPAMETPIB KOHCTPYKIIIII AKTUBHOI 30HU PEAKTOPA

Ha ocHoBiI MaTeMaTH4HOI MOZIEII TEIUIONPOBIJHOCTI 3 ypaxyBaHHIM sy TillOTe3 CIPOLIEHHS! OTPHMaHi HAaONVDKEH] KiIbKICHI OLIHKU TeM-
MepaTypHOTo CTaHy KePaMi4HOTO SACPHOrO MajinBa B aKTHBHI 30HI SIEPHOr0 CHEPreTHYHOTo peakTopa. JloCiiKeHO BILIHB Ha TEMIepary-
PHHII CTaH SIEPHOrO MajKMBa TEMIEPATYpU TEIUIOHOCIS, TEIUIOBiAavi BiJl OOOJOHKH TBeNla IO TEIJIOHOCIS, TEIUIONPOBITHOCTI 00OJIOHKH,
ra3oBOro HaIlOBHIOBAaYa TBEJIA, KEPAMIYHOTO MAJIMBA, a TAKOXK PO3MipiB nmanuea. Iloka3aHo, 10 TEINIONPOBIIHOCTI MAJMBA 1 KOHCTPYKIIIHHAX
MaTepiaiB TBeJa MalOTh HaHOLIBIINIT BIUIMB HA TEMIEPATYPHUI CTaH KEPaMIYHOTO SAEPHOTO MalKBa.

Ki104o0Bi c10Ba: kepaMivyHe sJepHE MaIUBO, TEIIOBUIUIAIOU] €JIEMEHTH, TEMIIEPAaTypHHUI cTaH, 00'€MHI [DKepesa TeIla, cTalioHapHa
TEIUIONPOBIIHICTE, KOSDII[IEHT TEIUIONPOBIIHOCTI, Koe(hilieHT TEIUIOBiAaYi, yMOBa TeIUIONepeiadi, FpaHNYHI YMOBH, CTali IHTErPyBaHH.

10. B. POMAILLIOB, /1. A. YUBHCOB

HNPUBJINKEHHAS ONEHKA TEMIIEPATYPHOI'O COCTOAHUA KEPAMUYECKOI'O
AJAEPHOI'O TOIIJIMBA B HTUWJINHAPUYECKUX TB3JAX U BJIUAHUA HA HEI'O
MPOIIECCOB U TAPAMETPOB KOHCTPYKIIMI AKTUBHOM 30HbI PEAKTOPA

Ha ocHOBe MaTemMaTH4ecKOl MOJEINH TEILIONPOBOIHOCTH C YYETOM Psiia YIPOLIAIOMNX IHIIOTE3 MOJIYyYeHBI IIPUOIMKEHHBIE KOJINISCTBEH-
HbIE OLIEHKU TEMIIEPAaTypHOI'O COCTOSIHHA KEPaMMYECKOTrO sIEePHOIo TOIUIMBA B aKTHBHOH 30HE SIIEPHOTO 3HEpreTHYeckoro peakropa. Mc-
CIIEOBAHO BIMSHUE HA TEMIEPAaTypHOE COCTOSIHHE SIEPHOTO TOIUIMBA TEMIIEPATyphl TEIIOHOCHTENS, TEILIOOTIAYH OT 0OOIOYKH TBIJIA K
TETUIOHOCUTEI0, TEIIONPOBOJHOCTEH 00OJOYKH, Ta30BOTO HAINOJHUTENS TBAJA, KEPAaMHYECKOTO TOILIMBA, a TaK)Ke Pa3MEpoB TOILIHBA.
IToka3aHo, YTO TEMIONPOBOAHOCTH TOILUIMBA H KOHCTPYKIIMOHHBIX MaTEpHAJIOB TB3JIa OKA3bIBAIOT HaHOOJIbIIEE BIMSHUE HA TEMIIEPaTypHOE
COCTOSIHHE KEPaMHUUECKOTO AAEePHOTO TOIIHBA.

KiroueBble ci10Ba: KepaMHYECKOE SIEPHOE TOILIHBO, TEIUIOBBLICIIONINE IIEMEHTEI, TEMIICPATYPHOE COCTOSHUE, 00bEeMHbBIe UCTOY-
HUKHM TeIlUIa, CTALlMOHAPHAs TEIUIONPOBOJHOCTD, KO3(M(HUIIMEHT TEIUIONPOBOAHOCTH, KOA(D(ULHEHT TEIIOOTAauH, YCIOBUE TEILIONepe1ady,
TPaHUYHBIC YCIOBHS, HOCTOSIHHbIE HHTETPHPOBAHHUSL.

Introduction

The operability of fuel elements of industrial nu-
clear reactors is primarily limited by the temperature
state of their structural elements due to understandable
natural causes, occurring from purposes of the fuel
element and its operating conditions in a core of nu-
clear reactors.

Nuclear power reactors, using cylindrical fuel
rods with ceramic nuclear fuel, are the most common
in the world nuclear power industry at present, which
is well-known [1, 2]. The temperature state of struc-

tural elements significantly limits the operability of
cylindrical fuel rods [1-3]. Therefore the study of the
fundamental regularities of the temperature state in
fuel rods is of considerable interest for nuclear power
industry and engineering. Taking into account the not-
ed circumstances, it seems to be of current interests
the theme of this article, in which approximate esti-
mates were obtained and some fundamental regulari-
ties of the temperature state of ceramic nuclear fuel in
cylindrical fuel elements were established. Obtained
results can be used also for benchmarking the more
complicated approaches [4].
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Purposes of the article

In cylindrical fuel rods of a widely-used design,
the temperature state of a ceramic nuclear fuel is de-
termined by several heat exchange processes, included
the heat transfer between the fuel and the gas gap, the
heat conductivity in the gas gap, the heat transfer from
the gas gap to the shell, the thermal conductivity in the
shell, and the heat transfer from the shell to the mov-
ing coolant. A reliable theoretical assessment of the
temperature state of a ceramic nuclear fuel requires
consideration of all heat exchange processes in a fuel
element, which leads to the complicated mathematical
models in general. At the same time, it is necessary to
have the approximate quantitative assessments, which
will allow to understand the general fundamental qual-
itative regularities of the temperature state of a ceram-
ic nuclear fuel in fuel rods. Such approximate assess-
ments must be based on the simplified mathematical
models, providing opportunities for obtaining the ex-
act analytical solutions, which will allow to use these
approximate estimations for constructing and bench-
marking the more complicated mathematical models
will require the numerical methods. Thus, the purpose
of this article is to build the simplified quantitative
assessments of the temperature state of the ceramic
nuclear fuel in cylindrical fuel rods for benchmarking
further the results, based on the more complicated
mathematical models.

Mathematical model of heat conductivity for
simplified assessments of temperature state

The ceramic nuclear fuel, made as the pellets, is
contained inside the cladding of the fuel element as
shown on the fig. 1. The length L of the fuel element
is significantly greater than the external radius R. of

their cladding (fig. 1); the gap-2 between the fuel pel-
let-/ and the internal surface of the cladding-3 is filled
by the gas with good heat conductivity, usually by the
helium; it is possible that the central hole in the fuel
pellet is absent, i.e. R, =0. The heat, producing in-

side the volume of the fuel pellets due to the nuclear
fission reaction, is transferred to the moving heat car-
rier thru the gaseous gap and the cladding of the fuel
element; the heat carrier moves up along the axis of
the fuel element from down-edge cap toward the up-
per-edge cap of the cladding. The difference between
the average temperature inside the volume of the fuel
pellets and the average temperature of the heat currier
is about 1000 K, but the difference between the aver-
age temperatures of the heat carrier on the level of the
up- and down-edge caps is about 50 K. As result of
these circumstances and well-known the Fourier's Law
of heat conduction, the heat flows along the longitudi-
nal axis are significantly less than the heat flows along
the radius of the fuel element with direction denoted

as r on the fig. 1; the circumferential heat flows are
significantly smaller the radial heat flows too due to
the longitudinal flows of the heat carrier are the almost
symmetrical. Thus, all these circumstances allow to
assume that the temperature of the fuel pellets is de-
pended on the radial coordinate only at least in the
central part of the fuel element far enough from the
down and upper edges of the cladding. Further, the
stationary temperature states only will be considered,
and the well-known equation of heat conduction,
which represent the temperature state of the ceramic
nuclear fuel pellet in the fuel rod, can be wrote con-
sidering with the simplifying assumptions in cylindri-
cal coordinates as follows [5]:
d*T Lldr 0
ar® rdr Ay '
where 7T is the temperature in a point of the fuel pel-
let; O is the intensity of volume heat sources due to

Ry<r<R,, (1)

the nuclear fission reactions; A , is the average heat
conductivity of the ceramic nuclear fuel; R, and R,
are the internal and external radii of the pellet (fig. 1).

Considering the thermal equilibrium on the inner
surface 7 = R, and heat transfer on the outer surface

r=R,, the boundary conditions, for equation (1)
defining the temperature state of the fuel pellet can be

represented in the form [5]:

dT dT:k

W(Rh):o, _kfg (T(Rf)_THC)’ (2)

where k& is the heat transfer coefficient from the fuel
pellet to the heat carrier; Ty is the temperature of the

heat carrier.

It is possible to obtain the analytical solution of
the heat conduction linear equation (1) considering
with the boundary conditions (2):

o,

P2
_+Q.C’

T'=Tye 3

A-4

Fig. 1 — The typical scheme of the fuel element,
containing the ceramic nuclear fuel:
1 — pellet of ceramic nuclear fuel; 2 — gaseous gap;
3 — cladding; 4 — moving heat currier;
5 — upper edge cap; 6 — down edge cap
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The average magnitude of the intensity of vol-
ume heat sources due to the nuclear fission reactions
can be estimated as:

0=

where C =

w
nm RJ%- - Rf ’
where W is the heap power of the reactor; n is the
number of the fuel elements in the core of the nuclear
reactor.

The heat transfer coefficient from the fuel pellet
to the heat carrier is defined by the widths and the heat
conductivities of the gaseous gap and the wall of the
cladding, as well as the heat transfer from the cladding
to the heat carrier [6]:

-1
R, R, R, R R
k= —fln—g+—/1n—°'+—fJ, )

“)

. R/ A R, aR,

where R, is the radius of the gaseous gap and R, is
the radius of the cladding (see fig. 1); A, is the heat

conductivity in the gaseous gap and A, is the heat

conductivity of the cladding; o is the heat transfer
coefficient between the cladding and the heat carrier.

Relations (3)—(5) represent the approximate
quantitative estimation of the temperature state of the
ceramic nuclear fuel in the fuel rod of nuclear reactor.
These relations (3)—(5) give possibilities for research-
ing influences on the temperature state of the fuel pel-
lets such factors as the heat conductivity of the fuel,
the heat conductivity of the gaseous gap, the heat con-
ductivity of the cladding as well as the heat transfer
from the cladding to the heat carrier.

Results of researches the temperature state
of ceramic nuclear fuel in VVER-1000

Industrial power nuclear reactor VVER-1000 is
the most widely used in the Eastern-European coun-
tries and is the basis for designing the next generation
of power nuclear reactor for industrial purposes [7].
The parameters in relations (3)—(5), which are corre-
sponded to the VVER-1000 nuclear reactor, are fol-
lows [7, 8]:

0 =3000 MW, n=50856, L =3530 mm, T =583 K

Rf =3,765 mm, Rg =3,86 mm,R, =4,55mm,

s Y o Y s Y
m-K m-K m-K

The As is well-known [9], the heat transfer coefficient

between the cladding and the heat carrier is about

kW

33<a <35 > .
m--K

(7

Next, it will be considered separately the fuel pellets
with R, =0 and R, =115 mm [7].

It is understandable, that the decreasing the heat
conductivities It is understandable, that the decreasing
the heat conductivities on the nuclear fuel, the gaseous
gap and the cladding will be lead to increasing the
temperature of the fuel pellets. The quantitative esti-
mations for influences of these heat conductivities on
the temperature state of fuel pellet without the central
hole are obtained for data (6), (7) using the relations
(3)—(5) and are given on the fig. 2. It is understood,
that the heat transfer between the cladding and the
heat carrier is have some influence on the temperature
state of the fuel pellets too. The quantitative estima-
tions of this influence, obtained using the simplified
assessments (3)—(5) for data (6) for fuel pellets with-
out the central hole, are shown on the fig. 3.

It is evidently, the central hole must have some
influence on the temperatures of the fuel pellets.
Quantitative assessments for influencing the central
hole on the temperature state can be estimated using
the results, presenting on the fig. 4, which are obtained
considering with the simplified assessments (3)—(5).

1200

1100 '~.~\~: N
R XN

T)K 1000

900 AN

800
0 1 2 3 4
r,mm
Fig. 2 — Temperature fields in the fuel pellets (6)

kW .
m*K
1 —base values (6) of the heat conductivities;

— w_. — W . — W
2=k =150 30, =45 W g, =025

without the central hole for o =35

1200

1100 ~\\\\\ 3
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Fig. 3 — Temperature fields in the fuel pellets (6)
without the central hole:

W2 =501 3 q=20L"
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1200
1100
T.K 1000
900
800
0 1 2 3 4
7,mm
Fig. 4 — Temperature fields in the fuel pellets (6)
without and with the central hole for o =35 kZWK :

1-R,=0;2- R, =115mm

The obtained results (see fig. 2—4) show that the
approximate estimations (3)—(5), which are occurred
from the simplified heat conductivity problem (1), (2),
will can give the opportunities to understand the quali-
tative regularities of influencing the different factors
on the temperature state of the pellets of the ceramic
nuclear fuel in fuel rods of nuclear reactors. Besides,
the approximate assessments (3)—(5) can gives also
some imaginations about the quantitative magnitudes
of the temperature in the fuel pellets.

Discussing the results for temperature state
of pellets of ceramic nuclear fuel

The presented results (see fig. 2—4) about influ-
encing of different factors on temperature state of pel-
lets of nuclear fuel in fuel rods of nuclear reactors are
corresponded for all well-known qualitative regulari-
ties and imaginations about the quantitative magni-
tudes, although all these results was obtained using the
approximate assessments (3)—(5), based on the simpli-
fied mathematical model (1), (2). At the same time,
these obtained results cannot be considered as the ab-
solutely reliable assessments of the temperature state
of the nuclear fuel pellets if fuel rods. The more relia-
ble assessments of the temperature state of nuclear
fuel pellets must be based on the most complicated
mathematical models of the heat conductivity and the
heat transfer in the area of the fuel rods to considering
the assumptions more closely corresponding to the
actual conditions during operating in the nuclear reac-
tor core. Building such complicated mathematical
models requires the sophisticated knowledge and ap-
proaches, which can be substantiated by benchmark-
ing only. The approximate assessments (3)—(5) pre-
sented in this article can be used as the benchmarking
for substantiated the most complicated mathematical
models and approaches for estimating the temperature
state of ceramic nuclear fuel in fuel rods of nuclear
reactors. It is necessary to note, that the quantitative

estimations of the temperature state of the fuel pellet
inside the fuel rod are overvalued due to neglecting
the axial heat flows, which must be directed outside
the fuel elements pellets in the centre of the fuel rod,
because the temperatures above and down theirs must
be lower corresponding the axial distributions of the
volume heat sources due to the axial distribution of
the neutron field in the core.

Results about influencing the heat conductivities
of the fuel element's materials on the temperature state
of fuel pellets are shown that the heat conductivities of
the gaseous gap and the cladding having influence on
the average temperature only, but heat conductivity of
the nuclear fuel having influence both on the average
temperature and the difference between internal and
external temperatures of the fuel pellet. The tempera-
ture state is especially sensitive to the heat conductivi-
ties of the nuclear fuel and the gaseous gap.

The heat transfer from the cladding to the heat
carrier having influence on the average temperature of
the nuclear fuel pellets inside the cladding of the fuel
element. The central hole, made in the nuclear fuel
pellets, leads to decreasing the temperature inside the
pellet.

Conclusions

The approximate estimations for the temperature
state of the ceramic nuclear fuel in cylindrical fuel
rods of nuclear reactor is proposed in this article on
the base of the simplified mathematical formulation of
the heat conduction problem.

The approximate estimations for the temperature
state of the ceramic nuclear fuel in cylindrical fuel
rods of nuclear reactor is proposed in this article on
the base of the simplified mathematical formulation of
the heat conduction problem. It is shown that the pro-
posed approximate estimations are corresponded to
well-known qualitative regularities of influencing the
parameters of fuel rods on the temperature state of the
fuel pellets. At the same time, the quantitative estima-
tions of the temperature state of the fuel pellet inside
the fuel rod are overvalued due to neglecting the axial
heat flows, which must be directed outside the fuel
elements pellets in the centre of the fuel rod, because
the temperatures above and down theirs must be lower
corresponding the axial distributions of the volume
heat sources due to the axial distribution of the neu-
tron field in the core.

The main value of proposed approximate estima-
tions is the opportunities of their using for benchmark-
ing the most complicated mathematical models and
approaches for assessment the temperature state of the
ceramic nuclear fuel in fuel rods of nuclear reactors.
Nevertheless on the base of the used simplified math-
ematical model it can be proposed to develop the im-
proved approximate estimations considering with the
axial heat flows corresponding with the axial distribu-
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tions of the volume heat sources due to the axial dis-
tribution of the neutron field in the core. It can be sup-
posed, that the quantitative magnitudes will be esti-
mated more accurate due to these improved assess-
ments.

It is necessary to consider the temperature de-
pendences of the heat conductivities of the nuclear
fuel and the gas in the gap to obtain the more precisely
assessments of the temperature state of fuel pellets
inside fuel elements of nuclear reactors, because these
heat conductivities having the most influencing on the
temperature state of fuel pellets. This will be leaded to
more complicate nonlinear differential equation of
heat conductivity [4, 10].
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