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Abstract

The problems of reprocessing and long-term storage of spent nuclear fuel (SNF) at nuclear power plants with RBMK
reactors have not been fully resolved so far. For this reason, nuclear power plants are forced to search for new options
for the disposal of spent fuel, which can provide at least temporary SNF storage. One of the possible solutions to this
problem is to switch to compacted SNF storage in reactor spent fuel pools (SFPs). As the number of spent fuel assem-
blies (SFAs) in SFPs increases, a greater amount of heat is released. In addition, no less important is the fact that a place
for emergency FA discharging should be provided in SFPs. The paper presents the results of a numerical simulation of
the temperature conditions in SFPs both for compacted SNF storage and for emergency FA discharging. Several types
of disturbances in normal SFP cooling mode are considered, including partial loss of cooling water and exposure of
SFAs. The simulation was performed using the ANSY'S CFX software tool. Estimates were made of the time for heating
water to the boiling point, as well as the time for heating the cladding of the fuel elements to a temperature of 650 °C.
The most critical conditions are observed in the emergency FA discharging compartment. The results obtained make
it possible to estimate the time that the personnel have to restore normal cooling mode of the spent fuel pool until the
maximum temperature for water and spent fuel assemblies is reached.
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of the SFP slotted overlap, it is possible to place 2.4 times

The life of the operating RBMK-1000 units and the exis-
ting storage conditions for spent nuclear fuel (SNF) at NPP
sites require that the number of SNF storage sites should
be increased. One of the possible temporary solutions to
this problem is to switch to compacted SNF storage in re-
actor spent fuel pools (SFPs). The amounts of fuel stored
in the SFP are increased by transferring SFAs to non-canis-

more SFAs than in standard (canister) fuel storage. Howe-
ver, as the number of SFAs in the SFP increases, so does the
amount of heat released by them. In this regard, it becomes
necessary to carry out thermohydraulic calculations of the
SFPs in order to substantiate the safety of compacted SNF
storage. In addition, it is required that a place for emergency
FA unloading should be provided in the SFP.
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The SFPs are resistant to emergency situations: becau-
se of their stable structure severe accidents in them have
long been considered as unlikely events in which the ope-
rators will have enough time to take adequate corrective
actions. The Fukushima Daiichi nuclear disaster, which
followed the earthquake in Japan on March 11, 2011, re-
newed interest in the safety of SNF stored in SFPs during
loss-of-coolant accidents (LOCAs) (Bernd 2015; Song
and Kim 2014).

In general, there are four different thermohydraulic
scenarios that can arise during LOCAs in SFPs:

- fuel assemblies are completely covered with water;
- partially exposed but undamaged SFAs;

- partially exposed but damaged SFAs; and

- completely exposed SFAs (Kaliatka et al. 2013).

When the SFP normal cooling system is inoperative, heat
is removed from the SFAs due to natural convection of wa-
ter and air and is dissipated into the environment. Evapora-
tion can also play a significant role as the water temperature
rises (Kaliatka et al. 2013; Partmann et al. 2018; Cheng-
Lun 2018; Hung et al. 2013; Wang et al. 2012).

If the water level in the pool is lower than the upper part
of a spent fuel assembly, this does not necessarily lead to
immediate heating of its exposed part. As long as the water
level is not much lower than the upper part of the SFA, the
exposed part can be cooled by the steam flow and the rise in
the water level due to its boiling in the lower part. The cal-
culations carried out in (Gauntt et al. 2000) assume that the
cladding temperature peak in the exposed part of the fuel
assemblies can be < 800 K, even when the water surface
drops 1.5-2.0 m below the upper part of the SFAs. Never-
theless, it should be recognized that the thermohydraulic
phenomena occurring when the SFAs are partially exposed
are complex (Barto et al. 2013; Chen et al. 2014; Ahn et al.
2016; Ogino 2012; Jackel 2013; Cheng-Lun 2018).

This paper considers the following scenarios:

- computational analysis of the thermal hydraulics of the
SFP model during the compacted SNF storage in the event
of disturbances in the SFP normal cooling conditions; and

- computational analysis of the temperature conditi-
ons in the SFP compartment, into which emergency SFA
discharging is provided, in the event of disturbances in the
SFP normal cooling conditions.

A study was carried out concerning modes with the
termination of the SFP cooling and with partial loss of
cooling water in the SFP with the exposure of SFAs by
20, 25 and 50%.

Computational model

Figures 1 and 2 show the layout of SFAs in the SFP during
compacted SNF storage (Fig. 1) and during emergency
discharging (Fig. 2).
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Figure 1. Layout of non-canister SFA placement in the SFP.
AAR = additional absorber rods.

el
($a}

0,

5

\CL\‘
3]

SFAs J‘

Emergency FA

discharging, 63pcs 950 mm

™

T
£
o v
£ L £
o o
Pk Pl
e °
k"
i fu

-
W
LAY
W
LAY

' *
A
Y
A

k¥4
LA

k",

2
(XX

\

FA"

k¥
AN

.m
7 v

FAY it FAN
£

Fi £ P

'. -
.L.
—
Fal fa
W
W
A
—
W

o]
] [ieec] [ s}
SHS

Figure 2. Layout of the emergency FA discharging compartment.
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For the computational model, the SFA was represented
by a solid cylinder 78 mm in diameter and 7 m in height. The
sling model consists of two cylindrical parts: one part with a
diameter of 78 mm and a height of 4.93 m and the other one
with a diameter of 36 mm and a height of 3.57 m. The space
between the SFAs in the SFP was filled with water (or water
and air when the assembly was partially exposed). For the
calculation, the equivalent properties of the SFAs were used.
The equivalent properties of the assembly model were set
from the condition of equality of the maximum temperature
of the SFA model and the fuel element of a real assembly at
the same temperature of the outer surface 7  and at the same
thermal power of the SFA model and all the fuel elements of
areal fuel assembly. In the model with compacted FA stora-
ge in the SFP, the heat release corresponded to a maximum
power of 1.951 MW (Report 01-41-62-53-TX 2011). In the
model under consideration, we took as an assumption a uni-
form SFA axial power distribution, since the “history” of the
operation of the assemblies in the reactor was unknown. For
the emergency FA discharging compartment, the heat re-
lease is 0.781 MW (Report 01-41-62-53-TX 2011). A model
of a spent fuel assembly is shown in Fig. 3.
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Figure 3. Model of a spent fuel assembly.

Results

Numerical simulation of the temperature conditions in the
SFP emergency discharging compartment is the most ac-
ceptable analytical tool, since the experimental study of
such situations is problematic. The calculation was carried
out using the ANSYS CFX software (ANSYS CFX 2011).

The properties of the materials used for constructing
the computational model (fuel, fuel element cladding,
stainless steel, water, air) were taken from (Chirkin 1968;
Rivkin and Alexandrov 1984; Kirillov et al. 2010; Engi-
neering — Handbook (accessed May 20, 2019), ProfProkat
— Handbook of Metals (accessed May 20, 2019)).

The obtained model was used to calculate the tempera-
ture conditions in the SFP during compacted SFA storage
for a stationary state when forced circulation was stopped.
The calculation results showed that even if the SFP was
fully filled with water, the water was heated to the boiling
point. Natural circulation was hindered due to the rather
close arrangement of the SFAs; a significant portion of the
heat was transferred by thermal conductivity.

In order to determine the time of water heating to the
boiling point, calculations for transient conditions were
carried out. It was shown that, when the forced circulation
was stopped, the water in the SFP was heated to 90 °C in
90,700 s (25.19 hours), and it heated up to the boiling
point in 126,500 s, or approximately 35.1 hours (Fig. 4).

For the SFP model, the following options were con-
sidered: exposure of the SFAs in the SFP by 20, 25 and
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Figure 4. Change in water temperature in the SFP upon termi-
nation of forced circulation (compacted storage of SFAs without
water loss in the SFP).

50%, i.e., some of the SFAs are in the water and some
are in the air. First, calculations were carried out for sta-
tionary conditions in order to determine the onset of the
“limit” state, i.e., heating the water to the boiling point
or heating the fuel assemblies to 650 °C. The results ob-
tained showed that only when no more than 20% is expo-
sed, the SFA temperature does not reach the limit value
of 650 °C. With greater exposure of the assemblies, the
SFA temperature noticeably exceeds the limit values. In
all the considered cases, the water temperature reached
the boiling point (7, , = 100 °C). The next step was the
calculation of transient conditions in order to estimate the
time for heating the water in the SFP to the boiling point
and heating the SFAS to the temperature of 650 °C.

As expected, the exposed part of the assemblies in the
air was heated to a higher temperature as compared to the
part in the water. This led to the fact that the upper water
layer was heated rather quickly to the boiling point, while
the lower layers were at temperatures lower than the sa-
turation temperature. The maximum water temperature in
time with partial exposure of the SFAs changed practically
according to a linear law, which was a consequence of the
accepted assumption of a uniform SFA axial power distri-
bution. This time was approximately 7.5 hours (Fig. 5).
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Figure 5. Water heating to the saturation temperature in the SFP
(sealed FA storage, partial loss of water with 50% exposure of
the SFASs).

As for the emergency SFA unloading compartment, the
time for heating the water to the boiling point and heating
the SFAs to 650 °C was significantly less as compared to
the compacted SFA storage compartment. The calculation
results showed as follows: with a decrease in the volume
of water in the SFP to the level of the SFA heads, the boi-
ling temperature was reached in 2.5 hours; when the SFAs
were exposed by 25%, it would take 1.84 hours; and when
the SFAs were exposed by 50%, the water would boil in
1.56 hours (Fig. 6). In some of the considered cases, the
SFAs were heated to a temperature of 650 °C faster than
the water began to boil.

Figure 7 shows the time-temperature dependence of
the SFAs. Thus, for example, when the SFAs were ex-
posed by 50%, their limiting temperature was reached
after 1.12 hours, i.c., before the water was heated to the
boiling point and, when the SFAs were exposed by 25%,
the temperature of 650 °C could be reached in 2.68 hours,
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Figure 6. Changes in the water temperature in the emergency
FA unloading compartment: 1 — decrease in the water level to
the SFA heads; 2 — the SFAs exposed by 25%; 3 — the SFAs
exposed by 50%.

i.e., almost simultaneously with heating the water in the
compartment to the boiling point.

Conclusions

The paper considers the temperature conditions in the
spent fuel pool of a power unit with the RBMK-1000 re-
actor during compacted SFA storage and during emergen-
cy SFA unloading. The authors considered options with
disturbances in the SFP cooling conditions, including par-
tial loss of water and exposure of SFAs.

The calculations showed that, in the case of compacted
SFA storage, when they were exposed no more than by
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