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THERMAL HYDRAULIC METHOD OF OPTIMIZING THE THERMAL RESISTANCE
OF NUCLEAR FUEL OF REACTOR INSTALLATIONS

An original thermal-hydraulic method for optimizing the thermal resistance of thermal conductivity of fuel rod matrix
upgrades has been developed to achieve the maximum burnup depth of nuclear fuel while ensuring safety conditions in
operating and emergency modes of nuclear power plants. Based on the developed method, the boundaries of the
optimization area for upgrades of the thermal resistance of the fuel rod matrix thermal conductivity are determined in
accordance with the accepted optimization criteria and safety conditions. It is established that when optimizing upgrades
to the thermal resistance of nuclear fuel, it is necessary to take into account both normal operating conditions and
emergency conditions with impaired heat removal from the reactor core. It is established that the optimal values of thermal
resistance of nuclear fuel thermal conductivity depend on the design and technical parameters of reactor installations,
composition, and condition of nuclear fuel, accident management systems, and other factors.
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1. Introduction

One of the current approaches to improve the
efficiency of nuclear power plant (NPP) operation is
to increase the depth of nuclear fuel (NF) burnup
[1 - 7] and others. Increasing the depth of nuclear fuel
burnup (DNFB) can be achieved by modernizing the
thermophysical properties of NF, in particular, in
well-known experimental studies, reviewed, for

example, in [8]; it was found that DNFB ~ ;"

(n>0, Aq is the parameter of thermal conductivity

of NF).

Thus, an “artificial” decrease in core thermal con-
ductivity NF increases DNFB (ceteris paribus). In
practice, an “artificial” decrease in A can be
achieved by chemically adding to NF elements with
reduced thermal conductivity [8]. The consequence of

arelative decrease in A (ceteris paribus) is a relative
increase in temperature of NF (TF) and, accordingly,
in DNFB.

However, the negative consequences of a relative
increase of T may be:

increased damage/degradation of NF;

reaching the maximum permissible temperature at
the beginning of intensive melting/destruction of the

fuel matrix (T, ).
One of the approaches to reduce surface damage

to the NF is associated with the development of a
“two-layer” fuel matrix: a central zone of the NF with

reduced thermal conductivity and a surface zone (rim
zone) with increased thermal conductivity of the NF
(e.g., [8]). A relative “artificial” increase in the
thermal conductivity of the core (e.g., by the same
chemical method) determines the corresponding
decrease of T, and surface damage to the fuel matrix.

However, the negative consequences of a relative
increase in the thermal conductivity of the rim zone
may be (ceteris paribus) a relative increase in the fuel

cladding temperature (T,). Under certain conditions

(e.g., heat transfer crisis (boiling) and/or accidents
with impaired heat removal from the reactor core), T,

may reach the maximum permissible temperature for
the start of intensification of the zirconium vapor
reaction with impulsive hydrogen and heat release
(Tom )-

Thus, it is necessary to optimize the modernization
of thermophysical properties and thermal resistance
of NF conductivity to achieve maximum DNFB while
ensuring the necessary safety conditions in NPP
operating and emergency modes.

At present, these issues are not sufficiently stu-
died, which determines the relevance of the presented
work.

The work aims to develop a method for optimizing
the modernization of thermal properties and thermal
resistance of the NF while ensuring safety conditions
for maximum permissible temperatures of the NF
element and fuel cladding in operating and emer-
gency modes of NPPs.
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2. Basic provisions and models
of the optimization method

1. The optimization criterion is the maximum
permissible DNFB while ensuring nuclear safety
conditions:

TFo < TFm’ (1)
Ty < Tom, 2

where T, is the maximum temperature of the NF in

the central part of the fuel rod matrix.
For zirconium fuel element claddings, the maxi-
mum permissible temperature is T,,=1473K. The

maximum melting/fracture onset temperature for
UO, NFis Tg,=3113K [8]. Depending on the level

of NF enrichment, concentration of accumulated plu-
tonium, and other effects, the temperature of intensive
melting/damage of NF can be significantly lower than
3113 K.

2. The optimization parameter is the thermal
resistance of the fuel matrix thermal conductivity:

Re =2t 422, ©
}"r }\‘FO

where 3,, 3, are the thicknesses of the rim zone and
the central zone of the fuel matrix; A,, Ap, are the

thermal conductivity parameters of the rim zone and
the central zone of the fuel matrix.

3. The DNFB optimization method is based on
thermal-hydraulic models of fuel assemblies in two
boundary conditions:

normal reactor operating conditions (NOC);

maximum design basis accident with the main
circulation pipeline (MDBA) separation.

In the NOC mode, the intensity of heat transfer
from the fuel rod surface is maximal, and in the
MDBA mode, it is minimal.

The equations of fuel rod heat balance in quasi-
stationary and one-dimensional heat transfer by
thermal conductivity approximations for the NOC
and MDBA modes [9 - 11]:

TFO - Tb

Olnax ":Tb _TT (amax )]:m = No’ (4)
F g6
Too—T
Olmin '|:Tb _TT (amin ):IZR:O-I-—Rb = Nai (5)
g6

where o O, are the maximum and minimum
parameters of the heat transfer intensity on the fuel

rod surface in the NOC and MDBA modes; T; isthe

max !

coolant temperature; N,, N, are the fuel rod thermal
power in the NOC and MDBA modes; R, is the
thermal resistance parameter of the thermal
conductivity of the gas gap and the fuel rod shell:

Rgy =8y /Ag +8y [k, (6)

where 3, 3, are the thicknesses of the gas gap and
fuel rod cladding; 2, A, are the thermal conductivi-

ty parameters of the gas gap and fuel rod cladding.

Taking into account the adopted provisions, after
the transformations (1) - (5), we obtain the conditions
for optimizing the upper and lower limits of R :

TFm - Tb (amax )

= —Rg, (V)
& Qay [Tb (amax) - TT (amax )] .
T in)—T,
RFZ — Fo (amm) bm + Rga- (8)
Qin 'Tbm — Olin 'TT (amin)
The area of acceptable optimization
Rez2 <Rg <Ry 9)

When ensuring safety conditions in operating and
emergency modes

TFo (amin) < TFm; Tb (amax ) < Tbm'

Safety conditions for preventing a boiling crisis on
the surface of the fuel cell:

(10)

T, <Ts(P), (11)

where Tq(P) is the saturation temperature of the
coolant at the current pressure P.

3. Results and discussion

The analysis of the established area of permissible
optimization of R- and the necessary conditions for

the safe modernization of thermal resistances of NF
(7) - (11) lead to the following conclusions:

1. In NOC modes, relative increases in thermal
resistances of the central zone of the fuel matrix
(ceteris paribus) increase the maximum core tempe-
rature of NF and, accordingly, the DNFB (positive
effect for operation). However, the relative increase
in T (ceteris paribus) determines the relative

increase in fuel cladding temperature (Tb) and the

possibility of safety violations (negative effect).
2. In NOC modes, a relative decrease in thermal
resistance of the thermal conductivity of the rim zone
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of the fuel matrix (ceteris paribus) determines
positive safety effects of a relative decrease in
maximum T. and surface damage of the NF. But in
this case, there is a relative decrease in DNFB and a
relative increase in T, (negative effects).

3.In emergency modes with impaired heat
removal from the reactor core due to relatively
increased initial values of T, and or T, as a result of

core upgrades, safety conditions (1), (2) may be vio-
lated. For example, the results of MDBA modeling in
NPPs with VVER-1000 by different deterministic
codes and code users established that the maximum
fuel rod cladding temperature with an unmodernized
core can reach 1373 K during an accident, which
meets safety conditions (2) [8]. However, if, as a
result of R modernization, the fuel cladding tempe-

rature in NOC modes was 100 K higher than in
unmodernized NF, then safety condition (2) would be
violated.

Thus, when upgrading R- of a NF, it is necessary

to take into account not only NOC but also the condi-
tions of emergency modes.

The method presented in this paper determines the
region of optimal values R of NF upgrades to

achieve maximum DNFB while ensuring the required
safety conditions in NOC and emergency modes with
violations of heat removal from the reactor core.
Optimal values R of NF depend on the design
and technical parameters of the NPP and reactor core,
composition and condition of the NF, accident
management systems, and other factors.

4. Conclusions

1. The original thermal-hydraulic method for
optimizing the thermal resistance to the thermal
conductivity of fuel rod upgrades was developed to
assess and achieve the maximum DNFB depth while
ensuring safety conditions under normal operation
and at the maximum design basis accident at NPPs.

The optimization criterion is the maximum burnup
depth of NF permissible under safety conditions. The
optimization parameter is the thermal resistance to the
thermal conductivity of the fuel rod matrix. Safety
criterion — maximum permissible temperature of the
beginning of intensive melting/destruction of NF; the
maximum permissible temperature of the fuel rod
cladding at the beginning of intensification of the
vapour-zirconium reaction, conservative conditions
for the beginning of the coolant boiling crisis on the
fuel rod surface.

2. The thermal-hydraulic method makes it pos-
sible to determine the boundaries of the optimization
area for upgrades of the thermal resistance to the ther-
mal conductivity of the fuel rod matrix in accordance
with the optimization criteria and safety conditions.

3. The analysis of the study results showed that
when upgrading the thermal resistance of NF, it is
necessary to take into account both NOC and emer-
gency conditions (including the maximum design
basis accident) with a violation of heat removal from
the reactor core.

4. The dependence of optimal values of thermal
resistance to the thermal conductivity of NF on the
structural and technical parameters of reactor instal-
lations, composition and condition of NF, accident
management systems, and other factors is established.
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TEIUIOTTAPABJTYHA METOJ ONITUMIBAIII TEPMIYHOI'O OIOPY SAAJEPHOI'O IAJIMBA
PEAKTOPHUX YCTAHOBOK

Po3pobiieHO opuTiHATBHAN TETUTOTIAPABIIYHAN METO]] ONITUMI3AIlil TEPMITHOTO OMOPY TEILIOPOBITHOCTI MOJIEpPHI-
3aliif MAaJMBHAX MAaTpULb TBENIB IS JOCATHEHHS MAaKCHMAaNbHOI TIMOMHU BHTOPSHHS SICPHOTO MNAIMBA IPH
3a0e3medeHHi yMOB Oe3nekd B poO0oUnX Ta aBapiifHUX pekuMax sIIEpHHUX €HeproycTaHoBOK. Ha ocHOBI po3po06iieHOro
METOJy BU3HAYEHI MeXi 007acTi onTuMi3amii MOAepHi3aidi TEPMITHOTO OTIOPY TEIDIONPOBIAHOCTI MAIWBHOI MaTPHIL
TBEJA BIAMOBIIHO MO0 NPUHAHATHX KPHUTEpiiB omTuMmizamii Ta ymoB Oe3meku. BcraHOBNIEHO, IO TpHM ONTHMI3alii
MOJIEpHI3alliil TEepMIYHOTO OMNOpYy SJEPHOr0 MaliuBa HEOOXIAHO BPAaxOBYBATH SK PEKHUMH HOPMAIbHHUX YMOB
eKCILUTyaTalii, Tak 1 aBapiifHi pe)KHMMHU 3 TOPYLICHHSIM Bi/JIBEJICHHS TeIUla BiJi aKTMBHOI 30HU peakTopa. OnTuManbHi
3HA4YEHHS TEPMIYHOT'O OIOPY TEIUIONPOBIIHOCTI SAEPHOTO MAJIKMBa 3aIeKaTh Bl KOHCTPYKLIHHO-TEXHIYHHUX MapaMeTpiB
PEaKTOPHHUX YCTAaHOBOK, CKJIay Ta CTaHy SepHOTO MaJIMBa, CHCTEM YIPaBIIiHHS aBapisiMU Ta iHIIHUX (HaKTOPIB.

Kniouosi crosa: peakTop, TEpMIYHHUHN OIIp SIEPHOTO MAJIMBA.
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