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Abstract

The paper presents the results of studying the peculiarities of heat and mass exchange in cold traps for the sodium
purification of impurities in fast reactor circuits both in dedicated test areas simulating various trap components (iso-
thermal sump, nonisothermal sump, filters, final cooling area) and in trap prototype models. As a result, a scientific
rationale has been formed for developing traps of a unique design for various reactors. The impurity capacity of the
traps is three to four times as high as that of the best foreign counterparts. Tests have shown these to be highly efficient
in purifying sodium of oxygen and hydrogen and much less efficient in sodium purification of corrosion products and
carbon. Taking into account the leakage of radioactive sodium during operation of the BN-600 reactor primary circuit
traps, a decision was made to install the purification system in the reactor tank to improve the safety of the large fast
reactor. It was resolved to exclude the accumulation of hydrogen in the primary circuit traps in nominal conditions. Two
trap designs, with argon and sodium cooling, are discussed. It has been shown that operation of the reactor purification
system with argon cooling will require 20 trap replacements during the reactor operating life and seven replacements
if the deposition of hydrogen into the primary circuit cold traps is excluded. The sodium-cooled version of the trap
built in the reactor tank has the same overall dimensions as the argon-cooled trap. The cooling sodium circulates in two
trains: outside the jacketed working space body (up to 30% of the flow rate) and in the coil inside of the working space
(up to 70% of the flow rate). Updates have been proposed to the trap design based on the calculations using the codes
simulating the in-trap processes of heat and mass exchange.

Keywords

Fast reactors, sodium coolant, cold trap, reactor tank, experiment, codes, thermal hydraulics, mass exchange, impurities,
oxygen, hydrogen, argon cooling, sodium cooling

Introduction
dll been under way since the time the first fast-neutron so-

dium-cooled reactors were built. The peculiarities of the
Cold traps are the main devices for the purification of so- hydrodynamic processes involved in the heat and mass
dium in the fast reactor circuits. Studies in this field have exchange in such traps were investigated. Studies were
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conducted both in dedicated test areas simulating diffe-
rent cold trap components and using prototype models of
ex-vessel traps designed at IPPE and OKBM. An empiri-
cal approach was used primarily which has made it possi-
ble to achieve good results.

A domestic cold trap of a unique design has been de-
veloped and justified the performance of which surpasses
that of the best foreign counterparts (Kozlov et al. 1983,
2007). This trap design consists of three serially connect-
ed areas: the nonisothermal sump area, the final cooling
area, and the isothermal filter area (Fig. 1).

To improve the reactor safety, given that radioactive
sodium leakage had been taking place during operation of
the BN-600 reactor primary circuit cold traps, a decision
was made in the process of developing the large fast-neu-
tron sodium-cooled reactor to install the purification sys-
tem in the reactor tank (Rachkov et al. 2010, Vasilyev et
al. 2016). The purification system’s key components are
the cold traps built in the reactor tank.

Comparing various cold purification systems shows
that trap compartments and heated sodium pipelines are
required for ex-vessel cold traps, while in-tank cold traps
require spent trap storage pits and a trap recharging sys-
tem. A combined purification system version has been pro-
posed which comprises one fixed large-size ex-vessel trap
and two replaceable in-vessel traps of a limited capacity.

The development of the in-tank trap is based on earlier
findings in the field of sodium coolant technology. The
goal is to improve the trap in terms of safety, cost effec-
tiveness and environmental friendliness. The first versions
of such traps have been developed (Kozlov et al. 2012,
Alekseev et al. 2013, Kalyakin et al. 2014, Sorokin and
Trufanov 2017). For the initial consideration, argon has
been selected as the coolant for the trap cooling. Sodium
and a eutectic sodium-potassium alloy are also proposed
as alternative coolants. This involves the use of recently
developed methods and codes for simulating numerically
complex processes of spatial mass transport and impurity
precipitation inside of the traps (Varseyev et al. 2014, Al-
ekseev et al. 2015a, 2015b, 2017).

Experience in domestic cold trap
development

Structural concepts of the cold traps for the BR-10, BN-
350, and BN-600 reactors are shown in Figs 2, 3 (Kozlov
etal. 1983, 2007). It should be noted that various coolants
are used for the cold trap cooling.

The cold trap studies aimed to acquire information on
the processes of hydrodynamics, heat and mass exchange,
and impurity distribution within the traps, as well as to
investigate the trap performance. Mode parameters were
monitored to this end. Updates on the impurity distribu-
tion in the trap were obtained using an ad-hoc technique
of trap radiography by gamma radiation of cesium-137
with a fixed mode of the trap operation in the circuit and,
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Figure 1. Cold trap schematic design: 1 — trap body; 2 — supply
channel; 3 — filter; 4 — sump; 5 — cooling area.

after the testing was over, by analyzing the trap parts, into
which the trap was cut, and the local samples taken from
the trap after the cutting. Apart from a large number of
test areas, six traps of different types were tested: three
traps with the downward and three traps with the upward
sodium movement in the cooling area. The traps were
cooled with a sodium-potassium alloy (BN-350 trap pro-
totypes) and with air (BN-600 trap prototypes). Sodium
was contaminated with oxygen, hydrogen or water fed
into the circuit.

Recommendations on the cold trap design were issued
based on the experiments conducted at IPPE (Kozlov et al.
1983) in 1963: primary cooling was relocated to the non-
isothermal sump area (area 1) with the final cooling area
(area 2) and the isothermal filter area (area 3) arranged
above it in series. A procedure was developed to calculate
the traps of the given type, and the key design issues were
considered. The constants required for the CT calculation
and design were identified based on the test results.

It was shown that the confinement factor for sodium
oxide and hydride (products of sodium interaction with
water) was close to unity with the time for which sodi-
um stayed in the trap being 15 to 20 min. The minimum
concentration of oxygen and hydrogen in sodium after its
purification in traps of different types was equal to their
solubility at the trap outlet temperature. With a tempera-
ture of 120 to 150 °C, we have, respectively, the concen-
trations of 3 to 5 ppm and 0.02 to 0.05 ppm.

The whole range of factors was taken into account to
determine the cold trap volume, V, and the volume of the
trap areas, including the coolant weight in the facility, the
intensity of the impurity sources, the time of the coolant
purification in the facility, the trap life, and the required
(rated) concentration of impurities in the coolant. Given
that the time for which the coolant stays in the trap, 1, the
flow rate being Q,, shall be not less than 10 to 15 min, V,
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Figure 2. Design of the sodium impurity cold trap for the BR-
10 reactor: 1 — sodium inlet nozzle; 2 — sodium outlet nozzle;
3 — heater cavity; 4 — thermocouple pocket; 5 — water cooling
coil; 6 — toluene cavity; 7 — filter; 8 — sodium cooling channel;
9 — cold trap inner body; 10 — cold trap outer body; 11 — sump.

=10, three-area traps shall provide for the impurity con-
finement factor, 3, of not less than 0.6 with the trap being
clean. It will tend to unity as impurities are accumulated.

The coolant flow rate, Q,, through the cold trap was de-
termined from the condition of the maximum permissible
impurity concentration, C__, with the known intensity of
the impurity sources, G in the facility:

0,=G, /(C,, - C)Bl.

where C', is the concentration of impurities at the trap out-
let at the temperature ¢. Knowing Q and 7, one can find V.

Another approach to the trap volume determination is
based on the quantity of impurities accumulated by the
cold trap either throughout the facility operating time or
for a particular preset period of time. The test results have
shown that the trap capacity, with only sodium oxide ac-
cumulated in the traps, amounts to 25 to 27% of the trap
volume, one fourth of the initial trap volume being filled
with impurities. With sodium oxide and sodium-water in-
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Figure 3. Designs of the sodium impurity cold traps for the BN-
600 (a) and BN-350 (b) reactors: 1 — central tube; 2 — outside re-
generator channel; 3 — air gap; 4 —filter; 5 — flow-through tubes;
7 — air cooling tubes; 8 — cooling jacket; 9 — cone; 10 — coil.

teraction products ((Na,0, NaH, NaOH) accumulated in
the traps, the trap capacity becomes approximately twice
as low. Taking into account strict simulation methods,
it was assumed in designing the cold traps for BOR-60
and BN-350 that their capacity would be equal to 10%
of the volume provided that the recommendations were
followed. The removal of particles with the coolant into
the circulation circuit is observed as the flow rate grows
sharply (by two to four times).

Toluene, dowtherm, tetraline, a sodium-potassium al-
loy, water, air, nitrogen, etc. were used for the cold trap
cooling. Using water for cooling complicates the trap de-
sign and causes operating difficulties. For the purpose of
safe operation, the heat-transfer wall needs to have two
layers with a lead interlayer.

It should be noted that the use of gas cooling takes into
account specific requirements to the air discharge point
with regard for the potentiality of an emergency metal
leakage in the trap, and extra spaces shall be provided to
deploy the cooling system (air ducts, fans, etc.). It is re-
quired to provide the alarm for the coolant escape into the
gas system and simultaneous disconnection of the cold
trap and the gas system with the use of valves.

Cold traps for secondary circuits, as those for primary
circuits, operate without replacement but each of them is
regenerated due to a growth in the hydraulic resistance
or because of difficulties with supporting their operation.
Based on a thermodynamic analysis, methods for the cold
trap regeneration have been proposed and justified, al-
lowing their performance to be restored by converting the
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impurities accumulated in the trap to a caustic phase, the
temperature of which does not exceed 400 °C, and by re-
moving it hydraulically from the cold trap. The available
experience shows that the trap can be regenerated not less
than thrice (Kozlov and Volchkov 1975).

In-vessel system for sodium
purification of impurities

System features

The in-vessel system for sodium purification of impurities
shall meet the requirements of:

* providing for the required purity of the coolant in
conditions of the NPP long-term operation with rat-
ed parameters;

 having the required capacity for the impurities enter-
ing the primary coolant with regard for all of its op-
erating modes (including emergency contamination);
it is permitted to replace the purification system com-
ponents during the facility operating life, the number
of the replacements being defined by the NPP terms
of reference but desired to be as small as possible;

* having the efficiency that guarantees the coolant
purification of impurities during scheduled mainte-
nance, refueling, and emergency contamination for
the time specified in the terms of reference.

The sodium purification system built in the reactor
tank has the following drawbacks:

* low efficiency due to a substantially limited sodi-
um flow rate through the cold trap (this increases
the time for the sodium purification to the required
purity level);

 the need for multiple trap replacements due to the
insufficient capacity of the built-in purification
system because of the limited trap dimensions and
number;

» complexity of the cooling system and the require-
ment for the trap to be continuously kept in the
cooling mode (the trap out of operation shall have a
temperature of 120 to 150 °C since being for a long
time at the sodium environment temperature of ¢
> 410 °C will lead to the shut trap being prone to
increased corrosion of its internals);

* the potential for the impurity-contaminated sodium
to leave the overheated cold trap and enter the reac-
tor vessel, and for hydrogen gas to form and enter
the reactor tank.

The most important thing is to explore safety issues.
First of all, as shown by estimates, an issue is addressed
concerning the accumulation of hydrogen in the primary
circuit cold traps during rated operation. Hydrogen will
migrate into the secondary circuit cold traps thanks to the

primary trap outlet temperature increasing to 150 °C as
the previous temperature mode of the secondary circuit
cold trap is maintained (the temperature at the second-
ary circuit trap outlet is 120 °C) and the total flow rate
through the secondary circuit cold traps is over 44 m*/h.

In-tank cold traps

Two trap designs, with argon and sodium cooling, have
been proposed for the large reactor (Alekseev et al. 2013,
Kalyakin et al. 2014, Sorokin and Trufanov 2017).

Argon-cooled cold trap. The initial version of such a
trap built in the reactor tank was over 15 m in size, and its
geometrical parameters were far from being optimal. The
trap height was reduced and its geometrical parameters
were somewhat optimized for the second version devel-
oped with cooling by argon pressurized to 1.5 MPa. The
working space volume is 1.75 m?® (Alekseev et al. 2013),
and the estimated impurity capacity is 350 kg.

Altogether, three built-in cold traps are planned to be
installed in the reactor tank. As estimates show, multiple
trap replacements will be required during 60 years of the
NPP operation. Some 8000 kg of impurities enter the traps
throughout the operating life of an advanced large fast re-
actor. The cold trap working space volume is 1.75 m®. The
estimated impurity capacity of the trap is assumed to be
20%, this making 350 kg. The number of the traps in this
case is 8000/350 = 23. With three traps installed in the
reactor tank, 20 more traps (replacements) will be needed
for the reactor lifetime.

The number of the primary circuit traps can be reduced
thanks to the operation of the sodium purification system
in a mode that reduces the hydrogen accumulation in the
circuit. Minimizing the number of the trap replacements
in the primary circuit will require a sodium flow rate of
11.5 kg/s through all of the secondary circuit cold traps.
To estimate the number of the trap replacements in the
primary circuit saved during 60 years, the quantity of so-
dium hydride the traps could retain has been determined.
With the hydrogen source in the primary circuit being
6.23-10°® kg/s, the quantity of sodium hydride for the 60
years will be 2830 kg. Owing to the hydrogen entering
from the secondary circuit through the intermediate heat
exchanger walls, some 1750 kg of sodium hydride more
are expected to be accumulated. Altogether, therefore,
some 4580 kg of sodium hydride can be accumulated
even without regard for the initial contaminations and
contaminations from external sources during refueling.

The number of the saved cold trap replacements in the
event of this hydrogen quantity accumulated is 13. Since
20 replacements will be needed during the reactor service
life with the purification system operating based on the
regular flowchart, avoiding the entry of hydrogen into the
primary circuit cold traps from the secondary circuit will
require as few as seven replacements.

Simultaneous operation of three traps will require not
less than 16009 h (68 days) for the sodium purification
after scheduled maintenance, refueling or emergency con-
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taminations. And the time of the sodium purification of
oxygen to a concentration of 10 ppm (when the reactor
rated parameters can be achieved while the sodium purifi-
cation is continued) is about 500 h.

To reduce the number of in-service replacements for the
primary circuit cold traps built in the reactor tank and to
reduce the time for the sodium purification after scheduled
maintenance, refueling or emergency contamination, it is re-
quired to increase both the effective volume of the trap and
its impurity capacity. To address this, calculations were per-
formed to optimize the trap parameters and operating modes.

Sodium-cooled cold trap. Additionally, a version of a
sodium-cooled cold trap built in the reactor tank has been
developed. It has the same overall dimensions as the ar-
gon-cooled trap but its working space volume can be much
larger. A coil has been added to the trap inside. The cooling
sodium circulates in two cooling trains: outside of the jack-
eted working space body (up to 30% of the flow rate) and
through the coil installed inside of the working space (up to
70% of the flow rate, in the trap initial operation period). Us-
ing sodium for the working space cooling instead of pressur-
ized argon makes it possible to exclude the component hav-
ing an increased potential energy and to increase the working
space diameter which improves the trap performance.

The advantages of this trap version confirmed by cal-
culations are as follows:

e sodium circuits are used to cool various devices
with a high reliability and for a long time (tens of
years) and can be therefore employed to cool cold
traps built in the reactor tank;

* the cooling sodium entry into the primary circuit
does not cause any negative effects;

« feasibility of sodium cooling, in the event of a stan-
dard trap, for traps built in the reactor tank;

» possibility for the trap’s inner volume to be used
with a higher cost-effectiveness if sodium is used
for cooling;

* possibility for employing the NPP personnel with an
experience in sodium coolant handling.

The cooling sodium circuit shall meet all of the require-
ments to facilities with alkaline metals. Process equipment
shall be installed in individual compartments or behind a
safety enclosure. Such circuit is evidently a complex and
cumbersome structure. It is necessary to optimize the
cooling system to simplify and make it cheaper. This can
be achieved by eliminating the drain tank, the breathing
tank, the purification system, and some other circuit com-
ponents. Due to a relatively low temperature of the cir-
cuit, the entry of impurities into sodium will be minor,
which allows the monitoring system and the sodium im-
purity purification system to be simplified. Simultaneous-
ly, the level of requirements to rooms, sodium equipment
accommodation, and some of the auxiliary systems needs
to be updated. As the result, this will require a low-inertia
sodium cooling agent circulation system to be leak-tight
and serviceable throughout the preset operating life.

Table 1. Comparison of the primary circuit purification systems
for the BN-350 and BN-600 reactors, and for the large advanced
fast-neutron reactor.

NPPPS |V, | V., | CTflow | £, |Capacity*,| V /
cooling m? m? rate, °C kg G.,h
G ,m*h
BN-350PS | 500 | 3x3 7x3 120 600x3 24
BN-600 PS | 1000 | 8x2 8x2 120 1600%2 62
Advanced | 1900 |1.75x3| 2.8x3 150 3503 230
BN PS (Ar
cooling)
Advanced | 1900 | 1.86x%3 4x3 150 441%3 160
BN PS (Na
cooling)

* — Sodium oxide capacity

Comparison of fast-neutron reactor primary circuit
purification systems. Studies have shown that the cold
trap (CT) cooling with liquid-metal coolant will make it
possible to exclude the hazard from the use of argon pres-
surized to 1.5 MPa and will contribute to improving the
trap performance. The comparison of the primary circuit
purification systems (PS) for the BN-350, BN-600, and
advanced BN reactors (using sodium and argon cooling)
is presented in Table 1.

The table shows that the efficiency and capacity of the
purification system for the advanced argon-cooled BN re-
actor are nearly thrice as low as for the BN-600 reactor
and nearly 2.5 times as low with sodium cooling respec-
tively. This means that the time for the advanced reac-
tor primary coolant purification using three argon-cooled
CTs, other conditions being equal, will be nearly three
times as great as for BN-600 (Alekseev et al. 2013). It
should be noted that an economic analysis is required for
the final selection of the cold trap version.

Optimization studies of cold traps
using cold trap mass transport
computational simulation
procedures

The optimization studies of the cold trap design aimed to
achieve the trap maximum economic and process perfor-
mance. A computational model has been proposed for the
thermal hydraulics and mass transport of impurities in the
cold trap which is based on approximating the incompressi-
ble multi-component environment and makes it possible to
simulate global spatial distributions of the coolant velocity
fields, the temperatures of the coolant and structural com-
ponents, and the transported impurity concentration distri-
bution. The TURBOFLOW (Kozlov et al. 2012, Kalyakin
etal. 2014) and MASKA-LM (Sorokin and Trufanov 2017,
Varseyev et al. 2014, Alekseev et al. 2015a, 2015b) codes
were used. At the present time, the first 3D code version
has been built for the mathematical simulation of the in-
trap processes (Alekseev et al. 2017). A modified Open-
FOAM code was used to address the thermal-hydraulic
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and mass-transport problem. The problem was solved in a
steady-state definition for Reynolds-averaged Navier-Sto-
kes (URANS) equations by the SIMPLE method.

The solution involved two stages. The fields of the
coolant flow key parameters (velocity, temperature, pres-
sure) were calculated at the initial stage. The calculation
results were used at stage 2 to calculate the transport of
impurities inside of the trap. To determine the temperature
fields, the velocity fields, and the pressure, a thermal-hy-
draulic analysis was performed in a two-dimensional
hexagonal grid of ~ 10 thousand hexagonal cells using
a modified steady-state problem solver, BuoyantSimple-
Foam. This included the thermophysical properties of
liquid metals. The effects of buoyancy forces on the flow
hydrodynamics were also included in the initial solver.

The transport of impurities inside of the trap was calcu-
lated using a rewritten solver, TransportFoam. The code
was tested based on the obtained experimental data (Al-
ekseev et al. 2017).

The calculations using the MASKA-LM code took into
account the effects of the changes in the computational
region geometry due to the deposits on the solid surfaces,
which made it possible to estimate the cold trap’s impuri-
ty capacity and the expiry time of the trap life.

The TURBOFLOW-based mass transport calculations
for the sodium-cooled trap have shown that the coil in-
stalled near the trap wall does not change the nature of
the flow but increases the cooling intensity and the circu-
lating flow rate. The coil installed close to the trap center
slows down the circulating flow. This changes the distri-
bution of the trap wall impurity precipitation. The greatest
cooling and impurity concentration reduction at the trap
outlet are achieved with the coil being closer to the wall in
which case the coil has the maximum surface. The effects
of the inlet tube length on the trap flow characteristics are
demonstrated in Fig. 4. Each individual part of the figure
shows the cross-section of a half of the trap’s inner space
beneath the filter between the central axis and the body
(see Fig. 1). The stagnant region on the trap bottom is
reduced and the coolant circulation grows in intensity as
the downcomer length is increased. There is no stagnant
region if the downcomer is 0.9 m off the trap bottom.

The region containing a crystallized impurity is larg-
er with the submerged tube. The impurity precipitation
on the trap’s inner surfaces becomes more uniform. The
impurity precipitation rate also increases due to the outlet
temperature reduction.

It is important to analyze the possibility for increasing
the system efficiency. The key prerequisite for this is ob-
viously to increase the trap volume while providing for
the required heat removal. Since the sodium-cooled trap
volume is less than 13% of the volume occupied by the
entire purification system structure in the reactor tank,
then there is a reserve for increasing the trap volume. For
instance, it was shown that using an effective heat insula-
tion would make it possible to reduce its thickness and to
increase so the trap diameter. As shown by pre-estimates,

Figure 4. Pattern of the sodium flow in the cold trap with differ-

ent downcomer lengths.

this alone can increase the efficiency by a factor of 1.5.
Specific technical solutions require dedicated studies.

In particular, the trap capacity can be increased by 5
to 6% through optimizing the use of the filter volume (re-
spective engineering solutions are needed). And it follows
from the data on the share of the sodium oxide bulk con-
centration in different areas that the trap, for which the
probability of the local cross-section blocking has been
minimized, may have its capacity reaching 30 to 40% of
the volume. These shall be probably viewed as the maxi-
mum figures requiring dedicated R&D to be achieved in
a particular design.

Conclusion

A scientific rationale was developed as the result of the
studies to build, jointly with OKBM and OKB Gidrop-
ress, cold traps of a unique design for the BN-350, BOR-
60, and BN-600 reactors. These traps have the impurity
capacity (one of the most important operating characteris-
tics) three to five times as high as that of the best foreign
counterparts. Tests have shown that the traps are efficient
in purifying sodium of oxygen and hydrogen. The results
of the studies were used to optimize the BOR-60, BN-
350, and BN-600 trap designs. The BN-350 traps reached
the end of their operating life, and the BN-600 traps have
been in operation for over 35 years.

It has been shown that hydrogen will migrate into the
secondary circuit traps as the temperature at the primary
circuit cold trap outlet increases to 150 °C, while the pre-
vious temperature conditions of the secondary circuit trap
are maintained (the secondary circuit trap outlet temper-
ature is 120 °C), and with the total flow rate through the
secondary circuit traps being over 44 m*/h.

For the trap version cooled by argon pressurized to 1.5
MPa, the working space volume was 1.75 m?, and the es-
timated impurity capacity was 350 kg. With the reactor
purification system operating with three traps based on
the standard flowchart, 20 trap replacements will be re-
quired during the entire reactor lifetime, and only seven
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replacements will be needed if the deposition of hydrogen
into the primary circuit traps is excluded.

The sodium-cooled version of the trap built in the re-
actor tank has the same overall dimensions as the ar-
gon-cooled trap but its working space volume can be much
larger reaching 1.86 m?® and the impurity capacity can be
441 kg. Additionally, the trap is equipped with a coil. The
cooling sodium circulates in two cooling trains: outside the
jacketed working space body (up to 30% of the flow rate)
and in the coil installed inside of the working space (up to
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and impurity capacity. The implementation of the particu-
lar trap design requires dedicated R&D.
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