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A complex approach has been developed to increase the design time of the fuel campaign of nuclear reactors,
based on increasing the nominal power and upgrading the thermal resistance of fuel elements. Increasing the
nominal power of the reactor can be ensured with upgrading the neutron-physical parameters of nuclear fuel. It has
been recognized that the maximum permissible increase in the nominal power is determined by the conditions for
the start of thermoacoustic instability of the coolant in the reactor core that can lead to deformation and leakage of
the fuel elements. The maximum permissible increase in the nominal power (other things being equal) qualifies the
maximum time of the fuel campaign as no more than 15 months. Increasing the time of the fuel campaign with
upgrading the thermal resistance of fuel elements can be ensured by optimizing the thermal resistances of the two-
phase fuel matrix model. The optimization criterion is the identity of the fuel cladding temperature of the design and
upgraded thermal resistances of the fuel elements in the reactor operating modes at the design nominal power.
Optimization parameters are the thermal resistances of the surface and central zones of the fuel matrix. The
maximum time of the fuel campaign with upgrading the thermal resistance of the fuel elements is 18 months. It has
been recognized that a complex approach to increasing the time of the fuel campaign, based on increasing the
nominal power and upgrading the thermal resistance of the fuel elements, can provide a maximum time of the fuel
campaign of no more than 21 months. The qualified maximum time of the fuel campaign is determined assuming

the independence of the burn-up rate of nuclear fuel from temperature. This may be the subject of further study.

INTRODUCTION

Increasing the time of fuel campaigns (TFC) of
nuclear power plants (NPPs) is one of the promising
approaches to increasing the efficiency of operation of
Ukraine's nuclear power industry, because an increase in
the time of reactor operation at power (other things
being equal) determines an increase in the main
indicator of NPP operation efficiency — the installed
capacity utilization factor (ICUF).

The prospects of industry-specific TFC programs
were previously considered by NNEGC Energoatom on
the basis of advanced international experience [1-6].
However, due to various circumstances, TFC programs
have not found widespread application in the nuclear
power industry of Ukraine.

In today's extreme conditions, Ukraine's energy
sector has suffered significant losses of energy capacity,
which determines the particular urgency of increasing
the ICUF of Ukrainian nuclear power plants (including
through the implementation of industry TFC programs).

The implementation of NPP TFC programs requires
qualification  (substantiation) of the maximum
permissible TFC while ensuring the necessary safety
conditions in the operating and emergency modes of the
NPP, which determines the relevance, goal and
objectives of the presented work.

APPROACHES TO QUALIFICATION

OF EXTENDED TIME REGIME
OF REACTOR FUEL CAMPAIGNS

In the general case, the TFC tyi is determined with
the depth Hr and the rate v = dHg/dt of nuclear fuel

burn-up [1, 5]:
H
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where 1 is current operating time of nuclear fuel.
In the case of stationary conditions of the TFC for
He ta Vg, expression (1):
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According to the results of experimental studies (a
review of which can be found, for example, in [3, 6, 7]),
the empirical dependences for determining Hr and vg in
the general case have the form:

He = ClTFn ) 3
v. =C,T!, 4)
where C;, C,, n, | are empirical coefficients, which in
general depend on the neutron-physical and
thermophysical properties of nuclear fuel.
Considering (3) and (4), TFC (2) is:
t =C,C, T ®)

Basic qualification provisions and assumptions.

1. The steady-state operating mode of the nominal
reactor power is simulated.

2. Heat transfer with thermal conductivity in the fuel
element is modelled in a one-dimensional linear
approximation, justified for a fuel element diameter
much smaller than its height [4-7].

Taking into account the assumptions made, the
equation of the fuel element heat balance in the steady-
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state mode of the reactor's nominal power is [3-7, 11]:
N = fo(Re,Ry R, )T = T, (6)
where

fr = (RFAFY1 +(RgAF)4 + (ROAOY1 + (%)711 @)
Re =8¢/Ar, Rg = 8¢/Ag, Ro = 80/Ao is thermal resistance of
the fuel matrix, gas gap and fuel element cladding; Ar,
Ao is surface area of the fuel matrix and fuel element
cladding; 8g, dg, 8o is thickness of the fuel matrix, gas
gap and fuel element cladding; A, Ag, Ao is thermal
conductivity of nuclear fuel, gas gap and fuel element
cladding; N is thermal power of fuel element; Tg, is
temperature of nuclear fuel in the central zone of the
fuel matrix; Ty is coolant temperature at the reactor core
inlet; o is heat transfer coefficient on the fuel element
surface.

After transforming equation (6), we obtain:

T, =Nf +T,. (8)
Considering (8), TFC (5) as to the temperature of
nuclear fuel in the central zone of the fuel matrix:

tre = Clcz_l(NfR_l +TT)n_I : )

Thus, the TFC can be regulated with the thermal
power and thermal resistance of the fuel elements.

The efficiency indicator of implementing the

increased TFC strategy is the ratio of the modernized
TFC (m) to the design TFC (D):

_ tr (M) .
" tw(D)
Taking into account the solution (9) obtained with

the developed method the efficiency indicator of the
increased TFC strategy for NPP is (10):

_ _ n-I
P — [Clczl(Nle+TT)] (m)
e n—I '
cC N+ (D)
Condition for successful qualification of the
increased TFC strategy is:
P,>1. (12)
The strategy to increase the TFC can be
implemented with two independent approaches:
Increasing the nominal reactor power N;
Increasing the temperature of the nuclear fuel T

with upgrading the thermal resistance of the fuel
element.

Approach 1. Increasing the nominal reactor power.

Increasing the nominal reactor power (other things
being equal) provides a relative increase in Ty, and
accordingly the depth of nuclear fuel burn-up. However,
a significant increase in the nominal reactor power can
lead to a violation of normal operating conditions due to
boiling and two-phase coolant. In particular, when a
stable vapour phase forms on the fuel element surface
(boiling crisis), heat exchange conditions deteriorate,
that can lead to a significant relative increase in the fuel
cladding temperature and its subsequent damage/
destruction.

According to various estimates (for example, [1-
11]), reserve before the coolant boiling crisis conditions
in the WWER core is more than 200% of the design
nominal power. A significant reserve as to the boiling
crisis conditions allows us to assume the possibility of a

(10)

(11)

significant increase in the nominal power of the reactor
to increase the TFC.

However, this approach has the following
limitations/disadvantages.
1. An increase in the fuel element cladding

temperature 7, due to increased nominal power in
reactor operating modes may lead to a violation of
safety conditions in emergency modes. Thus, according
to individual results of modelling with deterministic
codes of a maximum design basis accident with a
rupture of the main circulation pipeline, the “reserve” to
the maximum permissible fuel element cladding
temperature at the beginning of the intensification of the
steam-zirconium reaction (1200 °C) may be less than
100 °C (for example, [4, 5, 11]).

2. At thermal loads on the fuel element surface,
much lower than the thermal loads of boiling crisis
conditions, conditions of thermoacoustic instability
(TAI) of the coolant in the reactor core may occur [12].
Under TAI conditions, high-frequency (hundreds of Hz)
and high-amplitude (maximum amplitudes up to 50% of
the average value) pressure fluctuations occur in the
WWER core, which can lead to deformations/damages/
destruction of fuel element claddings.

The “lower” boundary of the area of the TAI start
N1 in the WWER core was determined in [11, 12]:

N, =1.25N,
where Np is reactor design nominal power.

At the maximum increase in the nominal reactor
power Nra (13), the qualification parameter for
increasing the TFC (11) is:

n-1
o_ [ClCz’l(l.ZSNDfR’1+TT2]| (m). w
[CC (N, fe +T) | (D)

In the limiting case of the independence of the
nuclear fuel burn-up rate (4) from Tg(l = 0), as well as
the linear dependence of the nuclear fuel burn-up depth
(3) from Te(n =0) and C;C,* = const, it follows from
the TFC qualification parameter (14) that the maximum
TFC with an increase in the nominal reactor power is no
more than 15 months.

When 1>n, the qualification condition for
increasing the TFC (12) is not met (P, < 1).

Approach 2. Increasing the TFC with upgrading the
thermal resistance of the fuel element.

According to the efficiency indicator of the
increased TFC strategy (11), an increase in TFC can be
ensured with appropriate modernization of the thermal
resistance of the fuel element (Rrg, Rrg, Rro ).

Such a strategy for increasing the TFC can be
implemented using the example of a promising two-
zone fuel matrix [8, 9], which consists of:

- Central (main) zone with reduced thermal
conductivity, which provides a relative increase in T
and the depth of nuclear fuel burn-up;

- Surface (rim-) zone with increased thermal
conductivity, which reduces damage to the fuel matrix
surface.

However, the implementation of the concept of a
two-zone fuel matrix can be effective for the increased
TFC strategy while ensuring safety conditions in both

(13)
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operating and emergency modes of the NPP.

In this case, the identity of the nominal power and
fuel element cladding temperature for the design and
modernized thermal resistance of the fuel element may
be the safety criteria (conditions):

Nm(RTFm) = ND(RTFD)l TOm(RTFm) :TOD(RTFD)' (15)

Ensuring safety conditions (15) and increasing the
depth of nuclear fuel burn-up determines the need in
this case to optimize the thermal resistance of the
central and rim-zones of the fuel matrix. Then the
optimization criterion is the safety conditions of
modernization (15), and the modernization parameters
are the thermal resistances of the central and rim- zones
of the fuel matrix.

In the general case, the fuel element heat balance
equation in the design and modernized operating mode
of the reactor at a power [7-11] are:

Nep = A |:R|;10 (TFDO _TFDr)+ R(-)lD (TFDr —Too )]"' ah, (TOD _TT)'

(16)
NFm = A\:[RFlm (TFmO _TFmr)+ Ré)lm (TFmr _TOm ):|+0!Ab (TOm _TT)’

(17
where Nep, Ngy is power of nuclear fuel elements in
design and modernized operating mode; Ag, Ao iS
surface area of the fuel matrix and fuel element
cladding; Trpo, Trmo IS maximum temperature of nuclear
fuel in the design and modernized operating mode; Tepy,
Teme is nuclear fuel temperature on the surface of the
fuel matrix in the design and modernized operating
mode; Top, Tom is fuel element cladding temperature in
the design and modernized operating mode.

Thermal resistances of thermal conductivity of fuel
elements in the design and modernized mode in a linear
approximation (justified for a fuel element diameter
much smaller than its height) are:

8ep 8y O dy 8,

Rp=—", R, =—"24+F R =—+—"
FD oD 7\‘ }\’

=R
Fm Om 1
Ao Ao Mg 9 0

(18)
where Agp is thermal conductivity indicator (coefficient)
of nuclear fuel in design mode; Aqo, Ag is thermal
conductivity indicator in the central and rim-zones of
the fuel matrix; A4, Ao is thermal conductivity of the gas
gap and fuel element cladding; Sgp, Sro, O, Og, Oo IS
thickness of the fuel matrix, central zone, rim-zone, gas
gap and fuel element cladding.

After transforming equations (16) and (17) taking
into account (11) and (18), we obtain that the
optimization criteria (15) for the maximum 18-month
fuel campaign can be ensured under the condition of
modernization:

optR;, =1.5R, oo

(19)

FDO ~— 'FDr

The main advantages of approach 2 over approach 1
for the strategy of increasing the TFC of NPPs are as
follows.

1. No need to increase the nominal reactor power.

2. Possibility of qualifying for longer fuel
campaigns.

The complex approach of the increased TFC
strategy is based on the results of both approaches to

increase TFC — increase in nominal power and
modernization of the thermal resistance of the fuel
element. Taking into account (7), (8), (11), and (19), the
maximum efficiency indicator of the strategy of
complex TFC increase is:

maxp, = N fon + Ty (20)
" Npfep+Tr
where
fem = (OPtR, A) ™ + (RgDA:)_l +(RopAo) ™+ (aA,) ™,
(21)
feo =(RFDA:)_1+(RgDAF)_1+(RODAb)_1' (22)

Thus, taking into account (13) and (19), a complex
approach to increasing the TFC with increasing the
nominal power and upgrading the thermal resistance of
the fuel matrix of the fuel element can ensure the
maximum time of the fuel campaign up to 21 months.

CONCLUSIONS

1. A complex approach has been developed to
increase the design time of the fuel campaign of nuclear
reactors, based on increasing the nominal power and
upgrading the thermal resistance of fuel elements.

2. Increasing the nominal power of the reactor can
be ensured with upgrading the neutron-physical
parameters of nuclear fuel. It has been recognized that
the maximum permissible increase in the nominal
power is determined by the conditions for the start of
thermoacoustic instability of the coolant in the reactor
core that can lead to deformation and leakage of the fuel
elements. The maximum permissible increase in the
nominal power (other things being equal) qualifies the
maximum time of the fuel campaign as no more than 15
months.

3. Increasing the time of the fuel campaign with
upgrading the thermal resistance of fuel elements can be
ensured by optimizing the thermal resistances of the
two-phase fuel matrix model. The optimization criterion
is the identity of the fuel cladding temperature of the
design and upgraded thermal resistances of the fuel
elements in the reactor operating modes at the design
nominal power. Optimization parameters are the
thermal resistances of the surface and central zones of
the fuel matrix. The maximum time of the fuel
campaign with upgrading the thermal resistance of the
fuel elements is 18 months.

4. It has been recognized that a complex approach to
increasing the time of the fuel campaign, based on
increasing the nominal power and upgrading the thermal
resistance of the fuel elements, can provide a maximum
time of the fuel campaign of no more than 21 months.

5. The qualified maximum time of the fuel campaign
is determined assuming the independence of the burn-up
rate of nuclear fuel from temperature. This may be the
subject of further study.
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KOMILTEKCHMI IIAXII KBAJI®IKALI MABUINEHOI TPHBAJIOCTI
MAJIMBHOI KAMIIAHII SIIEPHUX EHEPTOYCTAHOBOK

B.I. Cxano3sybos, 10.0. Komapos, I0.C. Kayapcokuii, €.B. Ma3yp, B.IO. Kouncsa

Po3po06iieHO KOMIDTEKCHUH ITiIXiJ] ITiIBUIIEHHS MPOEKTHOI TPHUBAIOCTI MAIMBHOI KaMIIaHii SIepHUX PeakTOpiB,
mo 0a3yeTbesl Ha MIIBUINCHHI HOMiHAIBHOI MOTYKHOCTI Ta MOJEpHi3allii TepMidHOTO Ormopy TBexiB. [1iABHICHHS
HOMIHAJIEHOI TOTYXXHOCTI peakTopa Moxe OyTH 3a0e3ledeH0 MOJCpHi3alli€r0 HeUTPOHHO-(PI3UYHUX MapaMeTpiB
ANEPHOTO MannBa. BcTaHOBIICHO, 110 TPAaHWYHO JOMYCTHME IiIBUICHHS HOMIHAJIBHOI IMOTY>KHOCTI BH3HAYA€ThCS
YMOBaMH IOYATKy TEPMOAKYCTUYHOI HECTIHKOCTI TEIJIOHOCIS B aKTUBHIN 30HI PeakTopa, sIKi MOXXYTh IPU3BECTH JI0
nedopmalii Ta MOPYIICHHS TEPMETHYHOCTI TBENIB. [ paHUYHO MOMyCTHME MiABHIICHHS HOMIHAIBHOI MOTYKHOCTI
(3a iHIIMX pIBHUX YMOB) KBani(ikye MakCUMajbHY TPUBAJICTh MaJMBHOI KammaHii He Oubinoro 3a 15 micsuis.
[TinBuILIEHHST TPUBAJIOCTI NaJMBHOI KamIlaHil MOJEPHI3aI[i€l0 TEPMIYHOI'O OIOpY TBENIiB MOXe OyTH 3abe3rnedeHe
ONTHMI3al€I0 TEPMIYHUX OMOPIB JBoGa3Hol Moxeni nanuBHOl MaTpuui. Kputepiil ontuMizamii — i€HTHYHICTH
TemrepaTypu OOOJIOHOK TBENiB NPOEKTHUX 1 MOJEPHI30BAHMX TEPMIYHUX OIOPIB TBENiB Y POOOUUX pEKUMAX
peakTopa Ha NPOEKTHIH HOMIHaNBHIM moTyxHocTi. [lapamerpu onTuMizamii — TepMidHI ONMOPH MOBEPXHEBOI Ta
[EHTPAIBHOI 30H MaJHBHOI MaTpwii. MakcHManbHA TPUBANICThH IMAJHMBHOI KaMIIaHIi MOJEPHI3AIEI0 TePMIdHOTO
oropy TBeNiB — 18 MicAIiB. YCTaHOBJIEHO, IO KOMIUIEKCHHH ITiXiJ] MiABHIICHHS TPUBAIOCTI MAJMBHOI KaMIaHii,
mo 0a3yeThCs Ha MIABHUINCHHI HOMIHAJBHOI IMOTY)KHOCTI Ta MOJEpPHI3alii TEpMIYHOTO OIOPY TBENIB, MOXE
3abe3reuyBaTH MaKCHMajbHy TpPUBAIICTh IalNMBHOI KaMmaHii He Oinpmy 3a 21 Micsus. KsamidikoBany
MaKCHMaJIbHy TPHBAIICTh NMAJMBHOI KaMIlaHii BCTAHOBJIEHO IPH JOMYNIEHHI HE3aJIeKHOCTI IIBUIKOCTI BUTOPSIHHS
SJIEPHOTO NaJIMBa B/l TEMIEPATypPH, IO MOXKE OYTH MPEAMETOM IOaIbIIOr0 BUBYEHHS.
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