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Zeolite Molecular Sieves (ZMSs) are commonly adopted in tritium handling facilities for impurity removal from
gaseous streams, particularly for tritiated water trapping. Several activities have been conducted to characterize
the adsorption and desorption behaviour of the sieving materials. Instead, less attention has been put on the
analysis of the integral process comprising the adsorption of the tritiated humidity, the regeneration of the
molecular sieve and the recovery of the desorbed water. Focusing on the application for the EU-DEMO helium
Coolant Purification System (CPS), this work presents a process simulator relying on a MATLAB dynamic model
of the ZMS bed and on a RELAP5/MOD3.3 model for the regeneration loop. The dynamic model can simulate
both the adsorption and regeneration modes of the ZMS by providing the temperature and the adsorbate con-
centration profile along the column, while the thermal-hydraulic model is used to assess the conditions of the
regeneration loop. By coupling the outcomes of the two models it is possible to establish the effective regen-
eration efficiency of the process and the amount of the tritiated water recovered. For the case of helium CPS, the
analysis demonstrates the feasibility of the proposed operative scheme and the capabilities of the regeneration

procedure to ensure a 74.4 % regeneration efficiency of the ZMS bed.

1. Introduction

Adsorption is a widely used method in processes where removal of
impurities from chemicals and solvents is required to produce ultra-pure
components. The pharmaceutical and the oil and gas industries are
typical examples where some products need to be exceedingly pure and
removal of water is essential to prevent its freezing in the cryogenic
processes [1,2]. For all these applications, ZMS are the preferred
adsorbent media for an efficient water removal [1-4]. Among these,
Zeolite A, typically 4A, represents the most used molecular sieve for
dehydration of gases, thanks to its strong adsorption capabilities for
water at low concentrations. Alternatively, if the coadsorption of COy
must be avoided, molecular sieve 3A should be preferred over 4A [2].
Once saturated (i.e., the equilibrium between water molecules in the
adsorbent solid phase and water molecules dispersed in the gaseous
stream is reached) the ZMS bed must be regenerated, meaning that the
adsorption capabilities of the bed must return to the original state. In the
Pressure Swing Adsorption (PSA) process, once the bed is saturated, the
water partial pressure is reduced in the gas phase allowing the release of
the adsorbed water, whereas in the Temperature Swing Adsorption
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(TSA) the same effect is obtained by increasing the temperature of the
adsorbent material [2]. Both the methodologies involve the presence of
a purge gas stream (typically 10-15 % of the adsorption throughput),
where the released water constitutes the humidity content in the
regeneration stream. Normally, the industrial processes do not pose
particular attention to this stream, instead for other applications, as the
fusion ones, its management and treatment is of great relevance, being
the contained water tritiated. As a matter of fact, ZMS beds are
frequently adopted in tritium handling facilities to collect and recover
traces of tritiated water from a given gas stream [5], and their use is
foreseen also in the fuel cycle of future fusion machines, as the
EU-DEMO.

The EU-DEMO is the European demonstrator of a Fusion Power Plant
(FPP) that has to prove the possibility of net electricity production and
tritium self-sufficiency of future FPPs. A central role is played by the
Breeding Blanket (BB), representing one of the most innovative com-
ponents and the step forward from ITER to the future FPPs [6]. Among
other functionalities, the BB must ensure an efficient delivering towards
the Primary Heat Transport System (PHTS) of the power deposited by
neutrons and must guarantee a proper tritium breeding for the
self-sufficiency of the machine. To do this, large and thin metallic
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oD Outside Diameter

PFD Process Flow Diagram

PHTS Primary Heat Transport System
PSA Pressure Swing Adsorption
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TSA Temperature Swing Adsorption
WCLL  Water-Cooled Lithium Lead

WDS Water Detritiation System
ZMS Zeolite Molecular Sieve

surfaces and high temperatures are employed for the heat transfer, and
high tritium concentrations are expected for the tritium self-sufficiency.
Such operative conditions pose the basis for the chronical tritium
permeation from BB to PHTS and so, for the issue of the tritium
migration towards rooms and environment [7].

The mitigation strategy adopted to limit the tritium migration from
BB relies on the adoption of anti-permeation barriers, applied to metallic
surfaces, and of the Coolant Purification System (CPS), designed to keep
a target tritium concentration in the primary coolant according to safety
considerations and to recover tritium for its reuse as fuel [8,9]. Focusing
on the CPS, the employed technology for the tritium recovery depends
on the coolant medium. Currently, two BB concepts are under investi-
gation for the EU-DEMO, namely the Helium-Cooled Pebble Bed (HCPB)
and the Water-Cooled Lithium Lead (WCLL) [10]. The present paper is
focused on the HCPB in which helium at 8 MPa is used as coolant (300
°C-520 °C is the BB temperature window), lithium is the breeder, and
beryllium the neutron multiplier [10].

In the frame of the EU-DEMO pre-concept design, two technologies
were individuated for the HCPB BB CPS (called helium CPS in the
following). The more conventional solution is based on industrial pro-
cesses already used in fission plants and foreseen for the ITER HCPB Test
Blanket Module (TBM), where all the hydrogen isotopes contained in the
primary coolant are burned in Copper Oxide (CuO) beds and the formed
water adsorbed through Zeolite Molecular Sieve (ZMS) beds. The other
one is the most innovative technology based on novel Non-Evaporable
Getter (NEG) beds for the direct adsorption of hydrogen isotopes,
bypassing the formation of water [8]. Although R&D continues for both
the technologies, the one relying on CuO and ZMS beds is currently
considered the reference for the EU-DEMO helium CPS, being the most
mature process. As such, the present paper deals with the advancement
in the design of this solution posing attention on the regeneration pro-
cedure of the ZMS that presents new peculiarities related to the tritium
management.

In the pre-concept design phase, a closed ZMS regeneration loop was
conceived where the tritium recovery function is fulfilled by a
condenser, removing as much humidity as possible from the regenera-
tion purge stream [11]. The novelty of the present work is the assess-
ment of the procedure and the performance of the ZMS regeneration.
Such an analysis is performed on the EU-DEMO helium CPS, but the
outcomes can be extrapolated whenever ZMS are used to recover triti-
ated water from gaseous streams.
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2. Interfaces and preliminary dimensioning

The schematic view of the helium CPS based on CuO and ZMS beds,
along with its interfaces with the PHTS, is presented in Fig. 1.

A small fraction of the primary coolant throughput, consisting in
helium plus trace of hydrogen (Q3 in Fig. 1, where Q stands for the three
isotopes H, D, and T), is withdrawn downstream the compressor of the
Primary Heat Transport System and routed into the CuO beds where Q,
is burned into Q20 at 300 °C. The resulting stream passes through the
economizer and the chiller to reach ambient temperature required for
the water adsorption in the ZMS bed. Almost all the Q20 content is
recovered, and the purified helium returns to the PHTS after restoring its
temperature through the economizer. Both the CuO and the ZMS beds
works in batch operation thus, the regeneration loops ensure the restore
of the oxidizing and adsorption capabilities of the CuO and ZMS beds,
respectively.

In terms of tritium inventory, the Zeolite Molecular Sieve bed and the
relative regeneration loop are the most relevant sub-systems of the he-
lium CPS. For this reason, the activity presented in this paper is mainly
focused on the preliminary dimensioning of the ZMS beds and on the
regeneration process to be adopted for the final recovery of tritium.

The procedure for the preliminary dimensioning of the beds is
derived from the work of Tosti et al. [14] and the main parameters
assumed for the calculation are collected in Table 1. Regarding the
protium addition into primary coolant, it’s amount has been established
to dilute the tritiated water coming from the ZMS regeneration to the
value of 100 Ci kg™?, being the target concentration for the EU-DEMO
Water Detritiation System (WDS) [16]. Further requirements on this
parameter could emerge in the future related to the coolant chemistry.

The sizing procedure starts with the calculation of the primary flow
rate to be routed to the Coolant Purification System (Fcps) in order to
keep the target HT concentration (cp) into PHTS with the imposed BB
tritium permeation (Frp) [8]:

_ FT./)

Fepg = ——F———=
Fr,

Meps <CO - FPurx)

In Eq. (1), Fpyrs is the total PHTS flow rate (1777.76 kg s~ [12]) and
ncps is the detritiation efficiency of the entire CPS, defined as the ratio
between the moles of tritium recovered by and entering the CPS.
Although a 5¢ps close to 100 % is expected, a conservative value of 90 %
is considered and the helium flow rate to be routed into CPS is calculated

@
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Fig. 1. Schematic view of the helium CPS relying on CuO and ZMS beds and
interface with PHTS.
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Table 1

Main parameters adopted for the preliminary dimensioning of the ZMS beds.
Parameter Unit Value Reference
Helium pressure MPa 8 [12]
C uO oxidizing temperature °C 300 [13]
Z MS adsorption temperature °C 25 [14]
Z MS regeneration temperature °C 300 [14]
BB tritium permeation gd~ 1 0.36 [15]
Target HT partial pressure in PHTS Pa 0.04 [8]

Protium addition to primary coolant Pa 640 -

equal to 1.297 kg s~ (around 0.7 % of the primary flow rate). The bed
dimensions are obtained by evaluating the maximum superficial veloc-
ity u (defined as the velocity through the empty bed) and then, the
minimum bed diameter. Actual diameter is obtained applying a margin
of 10 % to the minimum value whereas the bed heigh is calculated with a
length to diameter ratio of 1.5. The maximum superficial velocity is
evaluated with the Ergun’s equation [17]:

Ap  150(1 —¢)’ 1.75(1 — ¢)

2
_ 2
L De MTTDpe M @

where ¢ is the bed void fraction assumed equal to 0.37, D, the particle
diameter (1.6 mm), u the coolant dynamic viscosity, p the coolant
density, and Ap L~ is the allowable linear pressure assumed equal to 7.5
kPa m ! for the ZMS bed [14]. The number of beds in simultaneous
adsorption mode and their most relevant features are summarized in
Table 2.

3. Regeneration of the ZMS bed

Fig. 2 presents the proposed schedule for the adsorption and regen-
eration of the ZMS beds involved in the operation of the EU-DEMO
helium CPS, where green, red, and blue arrows represent the adsorp-
tion, the regeneration, and the standby phases, respectively. As a matter
of fact, the regeneration process is expected to be faster than the
adsorption and thus, one regenerated the bed is kept in standby condi-
tions waiting for the subsequent adsorption phase. The characteristic
times are individuated by t, where the superscripts indicate the beds in
adsorption mode and the subscripts indicate the beginning of the
regeneration (0) or of the standby (1) of the remaining bed.

As reported in Table 2, two ZMS beds in simultaneous adsorption
mode are foreseen for the helium CPS and so, at least three beds are
needed to ensure the continuous operation, being the third in regener-
ation mode. The verification of the possibility to implement the schedule
proposed in Fig. 2 is one of the objectives of the present work.

The regeneration loop has been preliminary designed and simulation
activities has been performed to test capabilities of the system. Fig. 3
presents the Process Flow Diagram (PFD) of the ZMS regeneration loop.
Once saturated, the ZMS bed is isolated from the adsorption loop with
valves v-01 and v-02. Valves v-03 and v-04 open allowing the circulation
of the regeneration stream. This stream consists of a small flow rate of
purge helium (typically between 10 % and 15 % of the adsorption flow
rate) plus residual humidity coming from the previous regeneration.
Exiting the ZMS-01, the mixture is sent to the hot side of the economizer
(ECO-01), where the temperature is reduced while preventing conden-
sation of the humidity. It is envisaged condensing humidity only inside

Table 2

Preliminary dimensioning of the ZMS beds.
Parameter Unit Value
Number of beds in adsorption mode - 2
Bed diameter m 0.753
Bed length m 1.129
Pressure drops kPa 3.7

Total tritium inventory before regeneration g 1.2
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the condenser (CND-01), where the condensate can be collected. For this
reason, a moisture controller monitors the thermodynamic conditions at
the outlet of the ECO-01 hot side regulating the power of the heater HT-
01 that ensures an inlet temperature at the ECO-01 cold side higher than
the dew point at the outlet of the ECO-01 hot side. Then, the mixture
goes into the CND-01 where most of the humidity is condensed and
collected inside the drum (DR-01). A controlled water flow rate can be
sent from the DR-01 to the WDS for further processing. The helium plus
residual humidity is sent to the HT-01, passes through the ECO-01 cold
side and, before entering the ZMS bed, is warmed in the second heater
(HT-02) to restore required conditions for the regeneration (i.e., 300 °C).
The residual humidity is an important figure of merit of the system since
it determines the achievable regeneration efficiency of the ZMS bed and
the baseline tritium inventory inside the regeneration loop.

Once regenerated, ZMS-01 is isolated from the regeneration loop by
closing v-03 and v-04 and kept in standby until the subsequent
adsorption phase. At the same time, v-05 opens and the recirculation
loop continues to work in steady state conditions, keeping the system
ready for the following regeneration.

The ECO-01 is a hairpin heat exchanger whereas the CND-01 and the
two heaters are shell and tubes heat exchanger. The CND-01 is supposed
to be cooled by a Component Cooling Water System (CCWS) at 15 °C
(CND-01 tube side) whereas HT-01 and HT-02 are equipped with elec-
trically heated pins. The main features of the heat exchangers are re-
ported in Table 3.

The pipeline is characterized by an Outside Diameter (OD) of 0.1413
m and the total length is preliminary assumed equal to 16.5 m. It is
worth mentioning that the footprint of the system is not defined yet thus,
length and numbers of bends (37 90° bends are supposed in this work)
are preliminary assumed for the preliminary thermal-hydraulic simu-
lations. The structural material is austenitic steel, and the thickness has
been evaluated with ASME Sect. III NC [18] according to the design
parameters of the PHTS [12].

3.1. Modelling

A process simulator of the Zeolite Molecular Sieve regeneration
system has been developed, dividing it in two domains. The ZMS bed is
simulated with a dynamic model developed in MATLAB whereas the
regeneration loop is modelled with RELAP5/MOD3.3. The interfaces,
through which the models exchange boundary conditions, are repre-
sented by the valves v-03 and v-04. Currently, the two models are run
separately, and boundary conditions exchanged by hand until conver-
gence (typically three iterations). The following step will be the devel-
opment of a coupling platform between the two models.

The ZMS bed dynamic model is based on nonequilibrium, non-
isothermal, and nonadiabatic conditions, solved with Ordinary Differ-
ential Equation (ODE) solvers [19,20]. The model is based on the
following assumptions [1]: fluid plug flow with axial dispersion, negli-
gible pressure drops, constant fluid velocity, single adsorbate system,
negligible radial temperature, concentration and velocity profiles,
negligible axial conduction by the column wall, ideal gas law applies for
vapor phase, and uniform spherical particles.

The column is divided in several elements, defined by the user, and
equations are solved each time step for each element. The model solves
the following five differential equations, representing the adsorbate
mass balances within gas (Eq. (3)) and solid (Eq. (4)) phases and the
energy balance around the gas phase (Eq. (5)), the solid phase (Eq. (6)),
and the column walls (Eq. (7)).
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Fig. 2. Schematic operational mode of a system composed of three ZMS beds: adsorption (green), regeneration (red), and standby (blue).

| Adsorption inlet

ZMS-01

<Adsorptlon outlet |

Fig. 3. Process Flow Diagram of the ZMS regeneration loop.

Table 3
Main features of heat exchangers.
Parameter Unit ECO-01 CND-01 HT-01 HT-02
# tubes/pins - 70 2446 7 7
# passes - 5 4 1 1
Tube/pin OD m 0.0103 0.0171 0.0318 0.0318
Tube/pin length m 1.5 4.6 0.5 1.0
oT, kue T, ity 0T, a,(1 - &)
Mot OTe tow 0l ), HUZ8) (g,
0t Pye Cppe 07 & 0z €b PHe Cp,He
4
—hpy——— -7, 5
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The mole fraction of adsorbate in gas is indicated with ¢, g is the
adsorbate concentration in solid phase (mol kg™ 1), ¢* is the equilibrium
loading of the adsorber (mol kg™1), and T is the temperature in Kelvin
(subscripts g s, w, and en stand for gas, particle, column wall, and
environment, respectively). A complete list of the symbols, along with a
detailed description of the model and its preliminary validation, are

presented in annex.

In Eq. (3), the third term on the right side is the source term that
accounts for the moles of adsorbate that passes from the gas phase to the
solid phase. The variation of q over time is calculated with Eq. (4). When
positive (i.e., the concentration of adsorbate in the solid phase in-
creases), the third term in Eq. (3) is negative, indicating that adsorbate
moles pass from gas to solid phase.

Depending on the initial and boundary conditions adopted for the
calculation, the ZMS dynamic model can simulate both the adsorption
and regeneration modes. The set of initial conditions to be input are the
initial adsorbate molar fraction in gas phase cy, the initial loading of the
adsorbate in the solid phase qp, and the initial temperature of the gas
phase Tgo, the solid phase Tso, and the column walls Tco. Each of these
must be input for each element composing the computational domain.
The boundary conditions used for the simulations are the adsorbate
concentration at the column inlet, the feed mass flow rate, the gas
pressure, the environmental temperature, and the heat transfer coeffi-
cient between the outside wall of the column and the environment. In
addition, the geometrical features of the column in terms of dimensions
and bed loading (i.e., characteristics of the zeolite pellets and the hy-
draulic features of the bed) must be input. The outcomes of the simu-
lations are the profiles of the molar fraction, the temperature, and the
adsorbate concentration along the column over the whole problem time
assumed for the calculation. All the simulations presented in the present
paper have been carried out using the odel5s MATLAB solver with a
scalar relative error tolerance of 10_3, a vector of absolute error
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tolerance of 1076, and a time step of 1 s.

The thermal-hydraulic model of the regeneration loop has been
developed with RELAP5/MOD3.3 (RELAPS in the following). It is a
system thermal-hydraulic code, originally developed by the U.S. Nuclear
Regulatory Commission (NRC) for the transient analysis of Light Water
Reactors (LWR) [21]. The code can be used to study a wide range of
systems, involving different fluids. In fusion, among others, RELAP5 was
used in the frame of the ITER TBM programme [22,23], for transient
analysis of the EU-DEMO WCLL BB PHTS [24], and for the preliminary
thermal-hydraulic analysis of the EU-DEMO HCPB BB PHTS
(RELAP5-3D version for this case) [25].

The ZMS regeneration loop model consists of an overall number of
313 control volumes and 311 hydraulic junctions, simulating all the
elevation changes preliminary assumed for the loop. Furthermore, an
overall number of 132 heat structures is used to reproduce the heat
transfer occurring in the ECO-01, the CND-01, the HT-01 and HT-02.
The heat losses towards environment are neglected in this preliminary
phase. The ECO-01 and CND-01 are passive components in which heat
transfer is computed between the fluids flowing in the hot and cold side
of each heat exchanger. On the other hand, the power provided by the
two heaters is calculated at each time step by the control system,
implemented in the model through Proportional-Integral-Derivative
controllers.

4. Results

The results presented in this section have been obtained after three
iterations between the two computational domains. The RELAPS5 results
are presented from Figs. 4 to 7 where white background represents the
regeneration phase and the light blue is the standby condition (please,
refer to the online version of the paper for coloured figures). The initial
conditions of the regeneration loop are derived from a preliminary
steady state simulation. Boundary conditions are the inlet conditions of
the stream coming from v-03 (i.e., pressure, temperature, and compo-
sition) and the cold side conditions at the condenser, that are a water
flow rate of 164 kg s * at 15 °C and 1.5 bar. The time step adopted for
the simulation is 1072 s, derived from a time step sensitivity analysis in
the range of 1072 -1073s.

Fig. 4 presents the Q20 molar fraction in the mixture stream calcu-
lated in six relevant positions in the regeneration loop. Simulation starts
with an initial baseline Q20 concentration of 5.8 1073, representing the
residual content of the previous phase. When v-03 and v-04 open and
simultaneously, v-05 closes, a mixture flow rate of 0.0973 kg s~! feeds
the ZMS bed. The mixture, kept at 85 °C during the standby, is heated up
to 300 °C by the HT-02, as shown by the yellow line in Fig. 5. The bed is
gradually heated and regenerated (see results of the ZMS dynamic model
in the following). Therefore, the Q20 content in the throughput coming
from the ZMS-01 increases, as shown in Fig. 4 where the black and green
lines overlapping, proving that no condensation occurs inside the ECO-

——ECO-01 inlet

0.06 | ——CND-01 inlet |{
s ——HT-01 inlet
5 ——HT-01 outlet
8 ——HT-02 inlet
= 0.04 | ZMS-01 intlet| |
©
IS
On0.02]

0 ' L
0 5 10 15

Time (h)

Fig. 4. RELAPS5 simulation: QO content in relevant monitored points.
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|——CND-01 inlet |
——HT-01 inlet

——HT-01 outlet |
——HT-02 inlet
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Time (h)

Fig. 5. RELAPS5 simulation: Temperature in relevant monitored points.

01. The Q20 content drops at the CND-01 outlet and is collected in the
DR-01 (see Fig. 7), whereas the residual humidity moves through the
loop remaining quite uniform until the ZMS-01. The residual Q20 molar
fraction reaches a first plateaux to 0.015 during the first two hours due
to the large release from the ZMS-01 and then, when the adsorber bed is
almost regenerated, decreases again to the baseline value. At the same
time, the temperatures stabilize to a quasi-steady state condition. The
yellow lines (ZMS-01 inlet) represent the output of the RELAPS simu-
lation, assumed as boundary condition for the MATLAB calculation.
Fig. 6 presents the CND-01 power removal and the HT-01 and HT-02
power supply. In the first two hours, due to the high Q20 content, the
CND-01 power removal increases up to a peak of around 170 kW. Most
of the humidity is condensed and collected into DR-01 and the CND-01
outlet temperature (i.e., HT-01 inlet temperature in Fig. 5) reaches the
minimum value of 100 °C. At the same time, HT-01 prevent condensa-
tion into the ECO-01, turning off at 2 h, and HT-02 guarantees an inlet
temperature of the ZMS-01 of 300 °C, reaching a peak power of around
90 kW in the first minutes of the regeneration. When the quasi-steady
state conditions are reached (5 h), the HT-02 balances the CND-01
heat removal. It is worth mentioning that heat losses through the
walls of pipes and components are currently not considered in the
model. The ZMS-01 can be considered regenerated after 8 h from the
beginning of the transient and the standby phase starts with the closure
of v-03 and v-04 close and the opening of v-05. HT-02 turns off and the
loop is brought to the standby temperature of 85 °C. The baseline Q20
molar fraction is 5.8 1072 (see Fig. 4), corresponding to a partial pres-
sure of 46.4 kPa. The amount of Q0 collected inside the DR-01 is
presented in Fig. 7, preliminary assuming that it is not delivered to the
WDS. At the end of the regeneration phase, 1.78 kg of tritiated water
(100 Ci kg™!) is recovered, increasing to 1.8 kg during the standby,
which corresponds to 0.0185 and 0.0187 g of tritium (around 178 Ci).
The baseline tritium inventory in the loop during the standby is 73 Ci,

250 :
——CND-01
——HT-01
2007 ——HT-02
Z 150
o
3 100
o
50 |
0
0 5 10 15

Time (h)

Fig. 6. RELAP5 simulation: CND-01 power removal and HT-01 and HT-02
power supply.
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Fig. 7. RELAPS5 simulation: mass of Q50 collected inside the drum.

considering volumes of pipeline and components.

The water molar fraction and the temperature of the mixture,
calculated by RELAPS5 at the ZMS-01 inlet (yellow lines in Figs. 4 and 5)
are used as boundary conditions for the MATLAB simulation of the ZMS
regeneration. The main results of this analysis are reported in Figs. 8, 9,
and 10 for three relevant position inside the bed i.e., inlet (yellow line),
middle (red) and outlet (black), being this latter the boundary condition
for the RELAP5S calculation. Initial conditions of the bed have been
evaluated with a preliminary simulation of the adsorption phase,
obtaining an equilibrium loading of Q20 into the ZMS pellets of 11.08
mol kg! and an initial temperature of the zeolite material of 25 °C.

Fig. 8 shows the Q20 molar fraction in the gas phase along the
adsorber bed, supposing the beginning of the regeneration transient at
0 h. Yellow line is the boundary condition provided by RELAP5, with an
initial increase up to 0.02 and the following decrease to the baseline
value. While the purge mixture moves along the ZMS-01, water is
released from the zeolite material with a rate depending on operative
conditions. The Q20 molar fraction in the gas phase quickly increases at
the beginning of the regeneration process, reaching the maximum of
0.0679 at 0.07 h (see Fig. 8). At this time, the regeneration involves the
whole bed and the Q20 sorbens loading starts to decrease faster (Fig. 9),
leading to a lower release rate and the consequent reduction of the Q20
molar fraction in the gas phase (Fig. 8). At around 0.5 h, the Q20 release
stops in the middle of the bed, affected by the increase of the Q20 molar
fraction in the inlet purge mixture. The same occurs at the outlet of the
bed with a delay of around half an hour. After that, the Q20 content in
the inlet stream decreases to the baseline value and the Q,0 sorbens
loading reduces again to the final value. A quasi-steady state condition is
reached after 4 h from the beginning of the regeneration and the process
can be considered concluded at 8 h. The temperature trend is presented
in Fig. 10. The bed, initialized at 25 °C, is heated by the purge mixture
entering at 300 °C. The desorption reaction is an endothermic process

ZMS-01 inlet

0.06 | ——ZMS-01 middle| |
8 ——ZMS-01 outlet
2 —
S
= 0.04
°©
o
€
ON 0.02
g

0 L L L
0 2 4 6 8

Time (h)

Fig. 8. MATLAB simulation of the regeneration transient: Q2O molar fraction
in the gas phase at the ZMS-01 outlet.

Fusion Engineering and Design 202 (2024) 114321

—~ 12 ‘
'@ ZMS-01 inlet

= ——7ZMS-01 middle
g 10} ——ZMS-01 outlet | |
>

£ 8

©

@®

o

® 6

[}

2

g 4

(@]

N

g, ‘ ‘ ‘

0 2 4 6 8
Time (h)

Fig. 9. MATLAB simulation of the regeneration transient: Q20 sorbens loading
in three relevant positions of ZMS-01.
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Fig. 10. MATLAB simulation of the regeneration transient: gas temperature in
three relevant positions of ZMS-01.

and thus, the bed heating proceeds slower. The ZMS-01 can be consid-
ered regenerated when all the zeolite material reaches the temperature
of 300 °C i.e., the desorption of water stops. Due to the baseline Q,0
molar fraction in the inlet purge mixture, and the consequent residual
loading of 2.76 mol kg™}, the regeneration efficiency ensured by the
described procedure is 74.4 %, leading to a tritium immobilization in-
side each bed of 0.153 g.

Referring to Fig. 2, the characteristic times obtained by the compu-
tational activity are summarized in Table 4. The duration of the
adsorption phase (60 h) has been evaluated with a proper simulation
with MATLAB model.

5. Conclusions

The Coolant Purification System represents one of the mitigation
strategies to prevent the rise of the tritium concentration in the EU-
DEMO primary coolant loop above a fixed target. Copper Oxide and
Zeolite Molecular Sieve beds are the main technologies adopted in he-
lium CPS however, to operate the CPS loop, auxiliary components (e.g.,
heat exchangers) are essential. Firstly, the paper has presented the
advanced design of helium CPS, and then has described the model
developed to study the regeneration process of the ZMS bed. Indeed, the
model is composed of two different and separated tools, one in MATLAB
to assess the main features inside the ZMS column and one in RELAP5 to

Table 4

Characteristic times (h) of the proposed ZMS regeneration procedure.
t(l),S ti.S t(1),2 ti.Z [(2)'3 tfﬁ t(l),:s‘ (i)
0 8 30 38 60 68 90
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describe the regeneration loop.

Outcomes of the RELAP5 simulations provide the Q20 content and
the temperature in relevant monitored points of the loop, the power
required from several components and the Q20 amount collected in the
drum to be sent to the Water Detritiation System. Another important
information is given from the residual Q20 molar fraction at the end of
the regeneration loop, from which is possible to assess the tritium in-
ventory in the loop and to define the actual initial Q20 concentration in
the purge gas entering the ZMS during the regeneration. Given the he-
lium CPS regeneration loop features described in the paper, the residual
Q50 molar fraction is 5.8 10’3, corresponding to a partial pressure of
46.4 kPa, the amount of Q20 collected inside the drum at the end of the
regeneration phase is 1.78 kg (100 Ci kg™1), increasing to 1.8 kg during
the standby, while the baseline tritium inventory in the loop during the
standby is 73 Ci. Considering the residual Q20 molar fraction in the
regeneration loop as inlet condition in the helium purge gas and using
the MATLAB tool, main features of the ZMS column during the regen-
eration have ben assessed. It has been possible to establish that a quasi-
steady state condition is reached after 4 h from the beginning of the
regeneration and the process can be considered concluded at 8 h, the
ZMS residual loading is 2.76 mol kg~?, the regeneration efficiency is
74.4 %, leading to a tritium immobilization inside each bed of 0.153 g.

Literature provides many activities, analytical and experimental,
describing the adsorption/desorption behaviour of ZMS beds. However,
this work differs from the others because it integrates also the features of
the regeneration loop giving a more realistic estimation of the entire
process performances. Currently the results of one simulation tool are
used as input for the other, a better interface integration will be a topic
of future activities.
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This appendix reports a detailed description of coefficients and parameters adopted in the ZMS dynamic model. The list of symbols involved in the
differential equations presented in Section 3.1, along with the unit and their descriptions, are reported in Table Al.

The axial diffusion coefficient is calculated with Eq. (A1) [26]:

SbD ax
Dy

=20+0.5 Sc Re

(A1)

Where Dy, is the molecular diffusion coefficient (m?s™1), Sc is the Schmidt number, and Re the Reynolds number. The molecular diffusion coefficient is

calculated by the Fuller equation [27]:

05
1 1
7 75 <M"30+MHﬁ>
Dy = 1013107 T,
P(D"Hzo + DVHa)

(A2)

here Dvygo and Dvy, are the water and helium diffusion volumes equal 12.7 and 2.88, respectively.

The variation of q over time depends on the difference between the equilibrium loading q* and the adsorbate concentration in the solid phase,
representing the driving force for the adsorption (in case of positive difference) and for the regeneration (in case of negative difference). The variation
of adsorbate concentration in solid phase is modelled by the Linear Driving Force (LDF) approach through k;pr, calculated as [19,20]:

pe 4, D\
PR N q p
wr (kf Pre % € * 10 D, a]’)

(A3)

Where ky is the film mass transfer coefficient (m s7h, D, is the particle diameter (m), and D is the effective particle diffusion coefficient m?s™ . kyis

calculated by Eq. (A4) [26]:

D, k
Sh==27 =24 1.1Re"S Sc®

m

Where Sh is the Sherwood number. Dy is evaluated with Eq. (A5) [20]:

& P, Oc*
dq

D,, = D, + Dy

P

(A4)

(A5)
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Where c* is the mole fraction of adsorbate in gas phase at equilibrium with g, &, is the particle porosity, D; is the surface diffusion coefficient (m?s™1),
and Dy is the Knudsen diffusion coefficient m?s™. Ds and Dk are evaluated with Eq. (A6) and A7, respectively:

6 X
D 1.61T10 s 46
0.5
Dy = 9.7 107°% (i> (A7)
Tp H,0

Where 7, and 7, are the superficial and pore tortuosity factors, respectively, E is the surface diffusion activation energy (J mol 1), R is the gas constant
(Jmol 'K~ 1), and r, is the mean porous radius A).

The equilibrium loading q* strictly depends on the adsorbent material. For the zeolite 4A pellets, an empirical law based on Langmuir model is
derived by Wang [2]:

9ubaPoso n qpbspo,0

£ = (A8)
qQZO 14 baPQzD 1+ b/ing()
Where coefficients b, are calculated as function of material temperature, following an Arrhenius type dependency:
LLX,
bay = bapoe™ (A9)
Table A2 collects the parameter for the dual site Langmuir model for the zeolite 4A pellets.
Focusing on energy balance equations, hg [26] and hg, [28] are calculated through the following expressions of the Nusselt number (Nu):
hys D,
Nu=-8"=241.1Re" pr* (A10)
He
hew D,
Nu = gk 2 = 0.6 Re"® Pr# (A11)
He

Where Pris the Prandtl number. Uy, representing the overall heat transfer coefficient from the gas phase to the environment, is calculated assuming an
insulation of the column.
The main assumptions adopted in the model, along with the main references, are summarized in Table A3.

Table Al
List of symbols.

Symbol Unit Description

c - Mole fraction of adsorbate in gas phase
Dgy m?s! Axial diffusion coefficient

Usyp ms! Superficial gas velocity

&y - Bed void fraction

Pb kgm~3 Bed density

PHe kg m3 Helium density

Cp,He Jkg 'k? Helium specific heat

kne Wm k! Helium thermal conductivity

My, g mol ! Helium molecular weight

q mol kg™ Adsorbate concentration in solid phase
q* mol kg~! Equilibrium loading

kipr -1 Overall mass transfer coefficient

Tg K Gas temperature

Ts K Particle temperature

Ty K Column wall temperature

Ten K Environment temperature

z m Axial position in the bed

D, m Column diameter

hgs Wm2K! Gas-particle heat transfer coefficient

hgw Wm2g! Gas-column wall heat transfer coefficient
ap m! Particle external surface to volume ratio
y m! Column external surface to volume ratio
Qin m! Insulation external surface to volume ratio
Ps kg m~3 Particle density

Cp,s J kg’1 K1t Particle specific heat

Pw kg m~3 Column wall density

Cow Jkg k! Column wall specific heat

AHggs J mol ! Heat of adsorption of adsorbate

Uen Wm2K! Overall heat transfer coefficient for column
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Table A2
Fitted Langmuir parameters for water on SYLOBEAD 4A.

Parameter Unit Value

Qu mol kg~! 9.57

qQp mol kg~! 1.59

by bar ! 2.0210°°
by bar™! 3.241073
Eq kJ mol ™! 56.86

Ep kJ mol ! 53.50

Table A3
Main parameters assumed for the dynamic simulation of ZMS beds.

Parameter Unit Value Reference
Pore tortuosity factor, 7, - 4 [29]
Superficial tortuosity factor, 7, - 4 [29]
Particle porosity, &, - 0.53 [14]

Heat of adsorption of water, AHqq Jmol ! 54 961 [30]
Surface diffusion activation energy, E J mol ! 0.45 AHgqs [31]
Insulator thermal conductivity wm-lk~1 0.023 -

A preliminary validation procedure has been carried out with experimental data available in literature. Among these, only the work presented by
Gorbach et al. [30] provides experimental data on the breakthrough curves of molar fraction of water (even if only for the adsorption phase) with
enough information regarding operative conditions. The description of the experimental apparatus, along with geometrical features of the packed bed,
are collected in [30]. The experiments adopt synthetic air as carrier gas and the water content is obtained mixing a proper throughput of hydrogen
with the carrier gas flow rate and then, oxidizing all the H, content. The error of the moisture content is declared to be less than 1 %. The column is
filled with zeolite 4A pellets [30].

Four tests are considered for the validation procedure. A breakthrough curve of molar fraction of water at the bed outlet are available for each test
whereas breakthrough curve of gas temperature is available only for case A. Boundary conditions of each test are summarized in Table A4 [30].

Table A4
Experimental parameters adopted as boundary conditions for simulations.

Parameter Unit Test A Test B Test C Test D
Water molar fraction ppm 4594 4410 4603 4531
Flow rate NI min~? 1.84 1.998 2.00 1.98
Pressure bar 5.0 2.0 2.0 2.0

W all temperature °C 30 30 50 80

The simulation results are compared with experimental data in Fig. A1 and Fig. A2 for the breakthrough curves of water molar fraction and gas
temperature, respectively. Although some discrepancies between the experiment and the simulations, the dynamic model has provided satisfactory
results in the prediction of the time required for saturation and of the final conditions after the breakthrough occurring for different operative
conditions. Indeed, the delay of the breakthrough going from test D to A is well assessed by the code. Nevertheless, the kinetic of the adsorption
reaction seems to be overestimated by the model, obtaining curves steeper than the experiments. On the other hand, referring to test A, the break-
through curve of the gas temperature suggests an opposite conclusion. As a matter of fact, the contribution of the heat of adsorption is proportional to
the adsorption rate (i.e., the variation of q over time). Thus, an overestimation of the adsorption rate should lead to an over prediction of the gas
temperature. In Figure A. 2 the temperature increase is well reproduced by the model until 24 h from the beginning of the test. It could lead to the
conclusion that the first phase of the adsorption rate is well simulated. However, the major discrepancies in the breakthrough curves of water molar
fraction are observed in the first minutes of the breakthrough occurrence for the test A. On the other hand, when discrepancies occur in the gas
temperature breakthrough, they are less visible in the water molar fraction breakthrough.
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Fig. Al. Breakthrough curves of molar fraction of water for case A, B, C, and D: experimental results (dashed lines) and simulation results (solid lines).
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Fig. A2. Breakthrough curve of gas temperature for case A: experimental results (dashed lines) and simulation results (solid lines).

It is worth emphasizing that the model is based on some assumed parameters (e.g., superficial and pore tortuosity factors) and that experimental
data, although well reported in [30], miss relevant information regarding experimental uncertainties and have limited number of significant digits in
the boundary conditions, especially regarding water molar fraction and volumetric flow rate. As shown in Figure A. 1, the experimental apparatus
seems not able to acquire data for low water molar fraction, reporting a lower value of around 0.02 %, when 0 % is expected. Furthermore, the distance
between the column outlet and the acquisition points, for both the water molar fraction and the gas temperature, could plays a relevant role in the
discrepancy between simulations (the parameters are evaluated within the last element of the column) and the experiments. Thus, this comparison
represents the first step of a validation procedure that must pass through an optimization of the model and a comparison with other experimental data

(e.g., future HYDREX experiments at ENEA laboratories).
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