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Tritium activity at time t (Bg/kg)
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Tritium decay constant s

D;0 replacement rate = D,O loss rate (kg/s)
Total D,O circulating mass (kg)

Tritium concentration in replacement D.O
Reaction rate, CNpdoa

Mass fraction of D-O in core

Deuterium concentration in system (atoms of D/kg)

Thermal neutron flux (n/cmzs)

; ] )
Deuterium thermal neutron capture cross section (cm’)

Station capacity factor
Station operating time (s)

LPCE system D,O feed flow rate (mole/hr)

LPCE system internal D,O feed flow rate (mole/hr)

LPCE system D, flow rate (mole/hr)
Internal vapor flow rate (mole/hr)
Temperature (C)

Pressure (kPa)

Detritiation factor of the cryogenic distillation system

Efficiency of a catalyst bed



Number of theoretical stages in a hydrophilic bed

Total number of sections within the LPCE columns

Tritium mole fraction in D>O liquid (mole/kg)

Tritium mole fraction in D> (mole/kg)

Tritium mole fraction in DO vapor prior to a hydrophilic bed (mole/kg)
Tritium mole fraction in D-O vapor after a hydrophilic bed (mole/kg)
Equilibrium tritium mole fraction in gas, vapor and liquid phase
Tritium separation factor

Molar flow rate ratio
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I. Introduction

1. Tritium

Tritium is the heaviest and only radioactive isotope of hydrogen, which has one
proton and two neutrons. It decays to an isotope of helium, releasing a beta particle
which has a half-life of 12.32 years (decay rate of 5.626% per year). The maximum
beta particles emitted during decay have energies up to 18.6 keV. The average
energy emitted per decay is 5.7 keV. Gaseous T. at room temperature tends to form
HT by a reaction with gaseous hydrogen if present. The vaporized tritium, HTO, is
formed easily and is the most commonly encountered form of tritium in the

environment (Sinclair, 1979).

2. Health effects

A beta particle with energy of less than 70 keV cannot penetrate the dead outer
layer of the skin. The maximum range of beta particles emitted by tritium is about
6 pm in tissue. Therefore, tritium does not pose an external radiation hazard, but it
poses an internal hazard, when taken into the body (Sinclair, 1979).

Tritium may enter the body by inhalation, absorption through the skin, and
ingestion. The first two are the most frequent forms of intake in the workplace. After
intake, tritiated water can replace ordinary water in human cells, approximately 70%
of the soft tissue in the human body is water. Once in living cells, tritium can

replace hydrogen in the organic molecules in the body. Despite tritium's low



radiotoxicity in a gaseous form and its tendency to pass out of the body rather
rapidly as water, its health effects are important due to its property of being
chemically identical to hydrogen (Zerriffi, 1996). Once distributed, 97% of tritium
taken in remains as HTO, while 3% is converted to organically bound tritium (OBT).
HTO is retained with a biological half-life of 10 days, and OBT is retained with the
biological half-life of carbon, which is 40 days. The dose to adults resulting from an
intake of HTO, based on the HTO model, is 2.0x10" Sv/Bq, is recommended in the
guide for intakes of tritiated water (CNSC, 2003). High internal dosage of tritium in
the body is possibly associated with leukemia, blood disorders, and testicular cancer.
One major concern is that incorporation of tritium into DNA may result in

undesirable genetic or somatic effects (Sinclair, 1979).

3. Tritium in the environment

Tritium is generated naturally by a reaction between the cosmic rays oxygen and
the nitrogen, hence; tritium is produced artificially by a nuclear reactor, nuclear
detonation or other industrial facilities, such as a fuel reprocessing plant. Tritium had
been an ubiquitous contaminant produced by atomic energy programs. The worldwide
inventory of natural tritium due to cosmic ray interactions is estimated to be 70 MCi;
corresponding to a production rate of 4 MCi/yr. The average concentration of tritium
in environmental waters due to a natural tritium production in the atmosphere by
cosmic rays is 3.2 to 16 pCi/kg. Tritium is produced copiously by the nuclear
weapons tests that took place in the atmosphere in the 1950s and 1960s. However, it
has diminished substantially as a result of the limited nuclear test ban agreement,
thus, tritium production by nuclear power reactors has been increasing rapidly and

will in time become the dominant source (Sinclair, 1979).



4. Tritium production in NPPs

Tritium is produced both by nuclear fission and by neutron activation reactions
such as ZH(n, T, 3He(n, p)T, 6Li(n, a)T, mBe(n, 2 )T, etc. In light water reactor,
tritium is mainly generated by a ternary fission in a nuclear fuel and by neutron
reactions with light elements such as boron and lithium in the control rods or poison
in a coolant. On the other hand, the use of heavy water as a moderator and heat
transport media in Pressurized Heavy Water Reactors (PHWRs) permits a greater
burnup of the natural uranium oxide fuel, but results in the production of tritium by
a neutron activation of the deuterium to a degree far in excess of that produced in a
fuel (Sinclair, 1979). The amount of tritium generated in a PHWR by a neutron
capture reaction of deuterium in heavy water exceeds that in a LWR by almost 100

times (Kwak and Chung, 1997).

S. Tritium in the Wolsong NPPs

Tritium activity of CANDU-6 plants, a typical PHWR with heavy water of about
500 tons in the coolant and moderator system, is a function of the reactor power
level and the irradiation time. The tritium concentration can be estimated by the
following equation by assuming there is no mixing between the coolant and the

moderator and a tritium displacement. The tritium activity is given by

Ar=Age” (A’+L/M)/+(M)(l_e -G Lianny

M+ L/2 (1.1)



The equitibrium tritium activity in the coolant and the moderator is 1.95 Ci/kg,
88.0 Ci/kg respectively (KEPCO, 1995).

Most of the tritium remains in the moderator and heat transport media, not in the
fuel, and has a potential for a release to the environment by leakages from the
equipments. It can be expected that the amount of tritium released to the environment
increases with the age of plant and any additional units in operation. Tritium inventory
of the heavy water systems increase with the operating time of the plant as in Fig. 1,
however the environmental release rate is dependent not only on the operating time but
also on the management of the system, for example, an improvement of the system or
use of leaktightness equipments. There have been lots of efforts to reduce the tritium
release to the environment from the Wolsong unit |1 since the mid 1990s by improving
the systems and optimizing the operating procedures. But the presence of highly active
tritium in the systems has been a potential danger to the employees and the
environment. The tritium release rate to the environment of the Wolsong NPPs is
shown in Fig. 2. In addition, the 'tritium environment release rate corresponds to the

radiation dose rate of the workers as in Fig. 3.
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Figure 1. Tritium activities in the Wolsong unit 1.
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Figure 2. The tritium release rate to the environment from the Wolsong NPPs.
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Figure 3. Radiation dose rate of workers vs. the environment release rate of

the Wolsong unit 1.

The presence of tritium in the heavy water systems of the CANDU plants is a
major source of the radiation doses to the operating personnel and the environment.
For preventing radiation hazards, a tritium reduction or removal from the systems was
suggested in the early 1970s. Canada, the developing country of the CANDU reactor,
has been operating the Darlington tritium removal facility since 1988. Korea. which
has 4 units of CANDU at the Wolsong site, is now constructing the Wolsong tritium
removal facility (WTRF). The tritium inventory of the Wolsong NPPs will reach
about 44.1 MCi by 2005, and it will decrease with the WTRF operation at about 10
MCi by 2013. The WTRF is designed to maintain the tritium activity in the
moderator to about 10 Cikg (KHNP. 2001). However. the tritium removal efficiency
of the WTRF depends heavily on the design and operating variables such as the
operating temperature and pressure, catalyst efficiency. etc. Therefore. it is necessary
to investigate their relations for a safe and reliable operation of the facility between

the those variables and the performance of the WTRF.



II. Wolsong Tritium Removal Facility (WTRF)

1. General description of the WTRF

Wolsong unit 1 is the second nuclear power plant in Korea after Kori unit 1,
and it started its commercial operation on April 22, 1983. At that time, there was
not enough consideration given to the tritium hazards, even to the operating
personnel. During the safety inspection of the Wolsong unit 1 by the regulatory
agency in 1986, it was recommended that the Korea Hydro and Nuclear Power
company (KHNP) establish a long-term plan for exceeding the tritium activity
criterion in the heat transport media by 2 Ci/kg.

For the increased potential of a radiation hazard from the tritium accumulation at
the Wolsong site caused by the operation of more units, the government, i.e. the
Ministry of Science and Technology, requested the KHNP to submit a master plan
for reducing the tritium inventory and environmental emission, in order to reduce the
overall radiological impact on the workers and the environment from the Wolsong
NPPs to as low as reasonably achievable (ALARA), as a condition to the
construction permit of the Wolsong unit 3 and 4. In regards to this, the KHNP
submitted the construction plan of the WTRF to the government, and the WTRF
project was launched and as a result the specific tritium handling technologies and
systems were developed and designed.

The WTRF is currently under construction with the completion date of the end
of 2005. It is designed to remove tritium from the tritiated heavy water in each of
the existing four CANDU units at the Wolsong site. A general design and
performance specification for the WTRF is given in Table 1. This design

specification allows to maintain the Wolsong four units moderator concentration at



about 10Ci’kg, when operated on a 24h/day basis and at the specified availability
factor (KHNP, 2001).

Table 1. General design parameters of the WTRF.

D-O feed isotopic mole % >99.8% DO (99.82 wt% D-,0)

D:O feed tritium concentration 10-60 Cikg
D-O processing rate 100 kg/hr
Minimum tritium extraction efficiency per pass 97% (detritiation factor of 35)
Tritium by-product > 99.0% T
Service life 40 years

Availability 80%

The WTRF operating mode varies with the heavy water feed tritium
concentrations of units 1-4 at the beginning of operations. For the Wolsong unit 1, it
will take about 4-5 years to reduce the tritium concentration to under 10 Ci’kg for
the moderator as the WTRF is expected to process the tritiated heavy water with a
feed rate of 20 kg/hr for each unit. The estimated amount of the removed tritium is
expected to be 2,576 atomic mole-T by 2013 (Song et al.. 2003).

The total tritium inventory of the Wolsong units 1-4 and the environment release
rate. will be decreased exponentially with the operation of the WTRF. They will
reach an equilibrium level after a 7-year operation as shown in Fig. 4. It was

assumed that the reactor service life is 30 years.
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Figure 4. The change of the tritium inventory and the environment release rate.

The detritiation process of the WTRF is made up of three parts as shown in Fig.
5. The LPCE system is adapted to the facility for a tritium separation from the heavy
water feed. Except for the LPCE system, however, the overall design is based on the
AECL's experience with detritiation and tritium handling technologies, developed and
proven over the past decades. The first part involves the transfer of tritium from a
heavy water molecule to a deuterium molecule by hydrogen isotopic exchange reaction
over a catalyst. This process is termed as a Liquid Phase Catalytic Exchange (LPCE).
The second part of the process is the enrichment stage. This stage concentrates the
tritium by a cryogenic distillation (CD) of the D«/DT mixture, to produce streams of
pure D and T.. The third part of the process is the measurement and packaging of

the concentrated T, for a secure, long-term storage (Paek et al., 2002).
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Figure 5. Detritiation process in the WTRF.

2. Detritiation process description of the LPCE system

The LPCE system is designed to reduce the tritium content of the tritiated heavy
water feed from the moderator with a removal efficiency of 97% in a single pass
(tritium concentration in the heavy water product is- 1/35 of the tritium in the
tritiated heavy water feed).

The tritiated heavy water feed from moderator of unit 1 has a tritium
concentration of up to 60 Ci/kg. The tritiated heavy water feed is designed to be
100 kg/hr, while the internal heavy water flow of the LPCE column should be added
to the condensed water returning to the top of the column. The detritiated heavy
water product from the LPCE system shall be at a rated flow of 100 kg/hr.

The LPCE system consists of two packed-bed columns as in Fig. 6 and is used
to remove the tritium from the tritiated heavy water to the deuterium gas phase. The
heavy water is flowing in a counter current to and in direct contact with the
deuterium gas in the LPCE columns.

The feed is first heated to 70 C in the circulation heater prior to entering the
top section of the first column. The heavy water is flowing downward and in contact

with the flowing upward deuterium gas in the catalyst beds and mass transfer packing.

- 10 -



The heavy water leaving the bottom of the first column is pumped to the top of the
second column. Prior to the entering the second column, the heavy water is heated
and maintained at a temperature of 70 ‘C. The detritiated heavy water leaves at the

bottom of the second column (KHNP, 2001).
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Figure 6. Flow diagram of the LPCE system.
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The newly developed LPCE reaction beds are a multiple-tube type, the
concentric cylinder consists of two separated catalytic bed and hydrophilic bed. The
catalyst bed is installed on the outside of the center of the column as in Fig. 7
(Paek et al., 2002).

The deuterium gas enters the bottom section of the second LPCE column and
is humidified with the heated circulating detritiated heavy water. The saturated
heavy water vapor leaving the top of the column is condensed in the LPCE
overhead condenser with chilled water. The LPCE system is designed for a heavy
water feed rate of 163 kg/hr, which covers a feed of 100 kg/hr plus a condensate
return of 63 kg/hr. The first column is operated at a temperature of 70 ‘C and a
pressure of 120 kPa(a), while the second LPCE column is operated at a
temperature of 70 C and a pressure of 145 kPa(a). It is assumed that the vapor
with the gas flow is a plug flow when passing through the catalyst bed. For this
plug flow, the tritium of the vapor cannot be transferred to the deuterium gas over

equilibrium concentration (KHNP, 2001).

xR el

L RV

JRTE §
“D2(g)+D1(g)+D:0(v)

1. Catalyst bed 2. Sulzer packing (Hydrophilic bed)

Figure 7. Structure of a section of the LPCE column.



The overall mechanism of the tritium transfer from the heavy water to the
deuterium gas in the LPCE system can be represented by the following equation

(Paek et al., 2002).
DTO() + Dy(g) <<2abst , 1 o p+ DT(e) Q.1

The reaction mechanism consists of two steps, the mass transfer and the catalytic
reaction. The mass transfer step involves the transfer of DTO from the liquid phase

to the vapor phase as below.
DTO() + D,0(v) =——= D))+ DTOv) 2.2)

The catalytic reaction of tritium in the vapor phase is shown below.

DTO(v) + Dy(g) &=—= D,v)+ DT(g) (2.3)

- 13 -



III. Modeling of the LPCE system

1. The flow of reaction materials in the LPCE system

A schematic diagram of the LPCE system is illustrated in Fig. 8. The figure
shows n sections arranged in a counter-current cascade, where the sections are
numbered up from the bottom and each section contains a catalyst bed using a
hydrophobic platinum catalyst and a hydrophilic bed. The bottom section of the
column contains a saturator to humidify the deuterium gas retuming from the
cryogenic distillation system. Tritiated heavy water is fed to the top of the column
and allowed to flow downward counter-currently to a rising stream of the heavy
water vapor (KHNP, 2002).

The tritiated heavy water feed flow L with a tritium mole fraction 2, is
pumped to the LPCE system. This fresh feed is mixed with the condensed water,
prior to it entering the top section (n-th section) of the LPCE column. Total heavy
water feed flow L , with a tritium mole fraction Z,., enters the hydrophilic bed
in the n-th section. Saturated vapor flow V with a tritium mole fraction ¥, also
enters the hydrophilic bed from the catalyst bed in the n-th section. Tritium is
transferred from liquid water to a water vapor in the hydrophilic bed just like a
distillation column for a tritiated heavy water separation. The mass transfer step
involves the transfer of DTO from the liquid phase to the vapor phase.

The liquid water flow L ,, with a tritium mole fraction 2, leaves the hydrophilic
bed in the n-th section. The vapor flow V with a tritium mole fraction ¥, also

leaves hydrophobic bed from the n-th section with deuterium gas. The vapor flow V

- 14 -



with a tritium mole fraction ¥,-, and the deuterium gas flow D with a tritium
mole fraction X,., enter to the catalyst bed in the n-th section concurrently from
the n-1-th section below. After catalytic isotopic exchange reaction between the
tritiated heavy water vapor and the deuterium gas, the vapor flow V with a tritium
mole fraction ¥, and the deuterium gas flow D with a tritium mole fraction x,

leave the catalyst bed (KHNP, 2002).
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Figure 8. A schematic representation of the LPCE process with n sections.
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2. The catalyst bed

Efficiency of the catalyst bed in the n-th section, 7. is defined by

where x,. and ¥, are the equilibrium tritium concentrations between the vapor and

the liquid phase, respectively (Ryohei et al., 1982). Maximum value of 7. is 1.0
when the isotope exchange reaction reaches an equilibrium at given tritium

concentrations in the water vapor and the deuterium gas phase.

Lin I” D
zn .Vn Xn }
o < & |
. "n—[l Xn-; i
e it |

Figure 9. Reaction materials flow diagram in a catalyst bed.
The separation factor @,, between the water vapor and the deuterium gas is
defined in terms of the tritium to deuterium atom ratios in the two species at an

equilibrium. At low tritium concentrations, @, is equal to Eq. (3.2).

y
= ne v
X ne (‘) )

Equation (3.1) combined with Eq. (3.2) gives the following Eq. (3.3).
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Yp=a x,+(1=pNy,_ | —ax,_) 3.3

From a component material balance for tritium in the catalyst bed in section n,

Vo=7(x,_ 1 —x)ty, 3.9
I Pt PN
Xn = Xn-1 Yo (3.5)

where 7, is defined by a molar flow rate ratio of deuterium gas to a water vapor

and equal to a partial pressure ratio, that is, 7.=D/V=P D_,/ Ppo. The deuterium
gas of the molar flow rate D returning from the cryogenic distillation system is
saturated with heavy water vapor at a temperature of 70 ‘C and a pressure of 145

kPa(a), which is nominal operating conditions of the saturator at the bottom section

of the column. The operating pressure of the saturator Py, is the sum of the partial

pressures, that is, P, =P D:+P p.o. Then, 7, can be expressed by

7e=DIV=Pp/Ppo=(Py—PpolPpyo (3.6)

The partial pressure of the heavy water P po (kPa), can be obtained by the
following regressed equation which is a function of the temperature in degrees

Kelvin, 7 (Van Hook, 1967).

P o= 10 [7.01448 - (1544.32 - 124209/ )/ T]

3.7

From Egs. (3.3) and (3.5), the tritium mole fraction of the deuterium gas stream

leaving the catalyst bed from the n-th section, x, is (KHNP, 2002)
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(3.8)

From Egs. (3.4) and (3.8), the tritium mole fraction of the heavy water vapor

stream leaving the catalyst bed from the n-th section, ¥, is

"_(0777()”_]+(1 Tal )yn*l
2,7, a7, (3.9)

3. The hydrophilic bed

The number of theoretical stages per bed ( Ns) is introduced, for estimating the
performance of the hydrophilic bed, instead of the tritium extraction efficiency of a
bed. This is suggested by the hydrophilic bed manufacturer as an item of the
performance estimation, because the efficiency is usually over 100% in a
counter-current vapor-liquid separation. With an assumption of a straight equilibrium
and operating lines, Ns can be expressed by the following equation when tritium
mole fraction of the heavy water vapor streams entering the bottom and leaving the
top of the hydrophilic bed are ¥, and Ya.. respectively (Ling, 1971). Ns is not

necessarily an integer but a real number.

Yin~ Your _ (L/mV)_(L/mv)Ns+1

Yo~ Your 1—(L/mV)™~! (3.10)

Here. .. is the tritium concentrations in the vapor phase which would be in

equilibrium with the liquid phase, L and V are the molar flow rates of the liquid

- 18 -



and vapor stream, m is the slope of the equilibrium line equals to a tritium
concentration ratio of the vapor to the liquid phase at an equilibrium which is one of
the parameters that represents the characteristics of the hydrophilic bed. The slope of

the equilibrium line is steep at a high efficient bed.

Ln V D

Zn+] Yn ! Xn

O %) &
Hydrophilic bed

Zn Vn Xn

O % &

Figure 10. Reaction materials flow diagram in a hydrophilic bed.

The separation factor @, between the liquid and the vapor is defined in terms

of the tritium to deuterium atom ratio in the two species at an equilibrium. At low

tritium concentrations, @, is equal to Eq. (3.11) for the mass transfer step in section n.

z’l(/:

1
@ Y e m G.11)

The above-mentioned separation factors @, and a,, are functions of the
temperature in degrees Kelvin 7T only, and given empirically as follows (KHNP,
2002).

a,.= exp(0.066076 —61.03/ T+ 14198.4/ T?) (3.12)

a,= exp(0.772 —676.3/ T+ 277052/ T
—3.1803<107/ T* +5.0868<10%/ T%) (3.13)
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Eq. (3.10) combined with Eq. (3.11) gives the following Eq. (3.14) where 7, is
defined by a molar flow rate ratio of the vapor to the liquid in the column, that is,

Y= ViL .

Yo=Y adri—(a/y)™"!

Y~ 2.1/ @, 1—(a,/y)™"! (3.14)

From a component material balance for tritium in the hydrophilic bed,

z,—2
fm iy —m Znt]

Yn =V 7, (3.15)

When x,_,, ¥,-1', Z, are given, X,, Y., Z,:1, Y, can be calculated using

Egs. (3.8), (3.9), (3.14) and (3.15). Therefore, the tritium concentrations in all the
sections can be calculated in a serial order with the assumption that the operating
temperature and pressure, efficiency of the catalyst bed, and the number of theoretical

stages per hydrophilic bed are constant in all the sections.

4. Algorithm of the calculation

The detritiation factor of the LPCE system (DF=2,/2,) and the tritium
concentrations X, Y, Z;.|, ¥, in an arbitrary section i/ can be calculated using
Egs. (3.8), (3.9), (3.14) and (3.15) when the flow rate L of the heavy water feed,
the tritium mole fraction of the feed water stream 2, the flow rate of the deuterium

stream D, the detritiation factor of the cryogenic distillation process DFqp=x,/x,,



the operating temperature 7, the operating pressure of the saturator Py, the

efficiency of the catalyst bed 7. the number of theoretical stages per hydrophilic
bed Ns, and the total number of sections Nsec are given. The calculation procedures

are summarized as follows;
a) Tritium concentration of the heavy water product 2, is assumed. 2o should be
less then 2.

b) Tritium concentration of the vapor stream leaving the saturator at the bottom of

the column ¥, is calculated by a definition of the separation factor @,.

v =2zyla, (3.16)

¢) Tritium concentration of the liquid stream leaving the first section 2; is

calculated using the material balance.

_ Lxzp+ Vxy,'
1= L, (3.17)

d) Tritium concentration of the deuterium gas stream entering the first section X

is assumed. x; should be less then ¥, /a,=(z,/a,)/a, for the tritium transfer

from the heavy water vapor to the deutertum stream.
e) Tritium concentrations X, ¥, 23, v,  are calculated by means of Egs. (3.8),
(3.9), (3.14) and (3.15). In the same way, X;, ¥, 23, ¥, are calculated and

then X, ¥; Z;.1, ¥/ in section i are obtained in a serial order.
f) If section i is the top of the column, the vapor stream is condensed and mixed

with the fresh feed. The calculated value of the tritium concentration of the

fresh feed 2, .. can be obtained by a mass balance.
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_ Lz Vxy)
2 al = L (3.18)

If the value of 2, ., is greater than that of 2y, i is equal to the number of

total sections in the column n.

g) If the following convergence criterion is satisfied, the calculated values of X,
Yu, Zn+1, Y» are considered to be a solution set for the assumed value of x.
Xn =% *DF cpl < g, 0<ex1 (3.19)

Steps a) through g) are carried out repeatedly by changing the value of 2z, and

X, until the calculated value of the number of total sections for the assumed value

of 2, equals the input value Nsec. This iteration is performed by using the

half-interval method, where 2, and  x are the iterative values.



Input data
L D, T P, Nsec, z,

v

o Assume z,
(by Half-interval method)

v

Yo'=z,/a, Z

v

Assume x,,
g (by Half-interval method)

v

Calculate the tritium concentrations of

. xl’yl' ?I'l'yl .
(using the derived equations)

v

LI’I XZ

_Lxzy+Vxy,
L

m

i+ +nyl'
L

Zf,ra/ =

|x, —x,xDF,| <& ?

Calculated tritium concentrations
X yn' n- 8 yn

Figure 11. Algorithm of the calculation of the tritium concentrations.
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IV. Results and Discussions

In order to investigate the performance of the LPCE system, a computer
program was developed based upon the relations between operating and design
parameters derived from the mass transfer, catalytic reaction and material balance
equations at a steady state. The computer program uses an algorithm that solves the
equations step by step and was developed in the FORTRAN language and executed
in a double precision as attached in the Appendix.

A parametric study was performed using the computer program to investigate the
effects of the design and operating parameters on the detritiation factor of the LPCE
system. The design and operating variables were selected in the process of
establishing a model for the LPCE system, as they need to be seriously considered
from the point of view of the system's -performance. The selected design and
operating variables were the operating temperature, pressure, catalyst efficiency,
number of theoretical stages in a hydrophilic bed, detritiation factor of the cryogenic
distillation system and the number of sections of the LPCE column.

The nominal values of the design and operating parameters which were varied in

the study, are summarized in Table 2.
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Table 2. Nominal operating conditions

of the LPCE system

Design and operating parameters

Nominal value

Number of sections in the LPCE columns
D:O feed flow rate
D:O feed tritium concentration
D> flow rate

Detritiation factor of the CD system

Efficiency of a catalyst bed
Number of theoretical stages in a hydrophilic bed
LPCE column operating temperature

LPCE column operating pressure

55
100 kg/hr = 5 kmole/hr
10 Cikg
10 kmole/hr
50
0.9
2.0
343 K=70 C
145 kPa

Fig. 12 shows the expected tritium atomic

mole fraction for each reaction

material in a nominal operation of the LPCE system. The detritiation factor of the

LPCE system is calculated to be about 47.

4e-6
¢ Deuterium gas (x)
- e - Heavy water vapor (v)
2 - Heavy water liquid (2)
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Figure 12. Tritium concentration profiles of each reaction material in the LPCE column.



. The effects of the temperature

The effect of the operating temperature on the detritiation factor of LPCE system
is presented in Fig. 13. The nominal value of the temperature is chosen as 70 ‘C as
designed. During a normal operation of the WTRF, the temperature may fluctuate.
Thus in this study the temperature range was arbitrarily selected to be from 55 C to
75 C, which includes the temperature variation envelop.

As shown in Fig. 13, the detritiation factor shows a near proportionality to the

temperature variation. The curve fitting result for the range of the variation is

DF(T)=1.85T-81.87, 55T <T<1T “.n

The tritium separation factor ( @) and the molar flow rate ratio ( y) are affected
by a variation of the temperature. The tritium separation factor is decreased with a
temperature increase, and the increasing temperature induced an increasing internal
molar flow rate of the vapor. These are activating the tritium transferring from the

tritiated feed water to the deuterium gas.

-2 -



60

[ ]
‘.

50 A [
w °
O
a °
] .
.- o
O 40 +
S @
k. .
S [ ]
= 304
k] .
i -
K °

[ ]
20
10 T T T T T
50 55 60 65 70 75 80

Temperature (°C)

Figure 13. The detritiation factor of the LPCE system as a function of the operating

temperature.

2. The effects of the pressure

The operating pressure affects on the detritiation factor of the LPCE system. Fig.
14 shows the variations of the detritiation factor with a system pressure change. The
system pressure is expected to be 145 kPa of an absolute pressure at a nominal
operating condition, to cover the pressure drop in the LPCE system. However, the
system pressure can be changed by the operating conditions. The system pressure
range was arbitrarily selected to be from 110 kPa to 200 kPa.

The detritiation factor is in an inverse proportion to the pressure increase as

shown in Fig. 14. The curve fitting resuft for the range of variation is



DF(P)=—10.233P+83.63, 110 kPa < P < 200 kPa 4.2)

The change of the pressure affects the molar flow rate of the heavy water
vapor. If the pressure is decreased, the heavy water vapor flow rate is increased. The
variation of the molar flow rate ( V) occurs at the molar flow rate ratio ( y) of the
isotopic exchange materials in the LPCE column. Heavy water vapor is a media of
the tritium transferring from the tritiated heavy water feed to the deuterium gas.

The increased vapor flow rate can remove more tritium from the heavy water

feed. This results in the increasing of detritiation factor of LPCE.
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Figure 14. The detritiation factor of the LPCE system as a function of the operating

pressure.



3. The effects of the catalyst efficiency

A hydrophobic platinum catalyst supported on the styrene-divinyl-benzene
copolymer is adopted for the tritium transferring from the heavy water vapor to the
deuterium gas by catalytic exchange reaction. The definition of the catalyst efficiency
is the ratio of the tritium concentration of the heavy water vapor to the deuterium
gas at the exit of one section of the catalyst bed of one section. The catalyst
efficiency is affected by the temperature variations, because an increased temperature
accelerates the tritium separative reaction velocity between the heavy water vapor and
the deuterium gas. Also, it depends on the flow rate of the reactional materials, and
the physical shape of the catalyst bed such as the height. The catalyst efficiency is
difficult to calculate by a combination of some other parameters. In this study, the
catalyst efficiency was considered to be an independent variable.

The catalyst efficiency is observed at over 0.9 in the experiment of the pilot
plant. However, a deterioration of the catalyst can occur from the WTRF operating
time and the environment. The range of the catalyst efficiency was arbitrary selected
to be from 0.6 to 1.

The detritiation factor is proportionally increased by an increase of the catalyst

bed efficiency as in Fig. 15. The curve fitting result for the range of the variation is

DF(7.)=0.5727,+30.476, 0.6 < 7, < 1 43)

The tritium is naturally transferred between the heavy water vapor and the
deuterium gas by the hydrogen isotopic exchange reaction. The catalyst activates the

exchange reaction, therefore, a high catalyst efficiency can transfer more tritium.
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Figure 15. The detritiation factor of the LPCE system as a function of the efficiency

of a catalyst bed.

4. The effects of the number of theoretical stages in a hydrophilic bed

The heavy water is flowing down and in contact with the flowing upward heavy
water vapor in the hydrophilic bed. The hydrophilic bed consists of the packing of
the Sulzer Ltd., which is generally used in heavy water manufacturing plants or an
upgrader.

The number of theoretical stages is introduced for the Sulzer packing, instead of
the efficiency of the bed. The tritium can be transferred from the heavy water feed
to the heavy water vapor at over 100% under the condition of a counter current flow

between the liquid and the vapor. The definition of Ns is the ratio of the real



tritium concentration and the theoretical equilibrium tritium concentration per bed. Ns
depends on the flow rate of the reaction materials and other parameters, however, Ns
is difficult to calculate using these parameters, like the catalyst efficiency. Thus, Ns
was considered as an independent variable in this study, and the observed Ns is
over 2 in the pilot plant. But a deterioration of the hydrophilic bed can occur from
the WTRF operating time and the environment. The range of Ns was arbitrary
selected to be from | to 3.

The detritiation factor is proportional to the second order of a logarithmic
function of Ns as shown in Fig. 16. The curve fitting result for the range of the

variation is

DF(Ns)=—17.86[ In(Ns)]?+23.14In(Ns) +36.38, 1< Ns <3 (44)
The hydrophilic bed activates the transferring reactions between the heavy water

feed and the vapor, therefore, a high Ns of the hydrophilic bed can transfer more

tritium.
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Figure 16. The detritiation factor of the LPCE system as a function of the number

of theoretical stages in a hydrophilic bed.

5. The effects of the detritiation factor of the cryogenic distillation system

Deuterium gas is designed to circulate through the LPCE system and the
cryogenic distillation system. The tritiated deuterium gas stream enters the cryogenic
distillation system, and the detritiated deuterium gas is supplied to the LPCE system.
The initial tritium concentration of the supplied deuterium gas to the LPCE columns
is important for the performance of the system, since it is the material for the
hydrogen isotopic exchange reaction.

The cryogenic distillation system is designed to meet a detritiation factor of over

50. The performance degradation can be caused by the operating environment or



system installation problems, even if the performance has been proved by the AECL's
experiences. The range of the detritiation factor of the cryogenic distillation system is

arbitrary selected to be from 30 to 60.
The detritiation factor is proportional to the detritiation factor of the cryogenic

distillation system as shown in Fig. 17. The curve fitting result for the range of the

variation is

DF(DFp) =0.821DF ;p+6.49, 30 < DF¢p < 60 4.5)

60

50 .

40 - .

30 A .

Detritiation factor of LPCE
o

20 A

10 T T T T T
10 20 30 40 50 60 70

Detritiation factor of cryogenic distillation system

Figure 17. The detritiation factor of the LPCE system as a function of the

detritiation factor of the cryogenic distillation system.
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6. The effects of the number of sections within the LPCE column

The LPCE column is designed to consist of 55 sections that have a design
margin to ensure the performance, i.e. the detritiation factor of 35. The correspondent
sections to satisfy the required detritiation factor of 35 are calculated to about 44
sections under a nominal operating condition.

Even though, there is little possibility for manufacturing or installation defects on
the LPCE sections, it can be considered that the LPCE system operates with the
minimum sections satisfying the required performance. The variance of the total
number of sections is arbitrary selected to be from 40 to 55.

The detritiation factor is increased linearly if sections are added, as shown in

Fig. 18. The curve fitting result is

DF(Nsec) =1.104Nsec—12.9, 40 < Nsec < 55 (4.6)
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Detritiation factor of LPCE
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Number of sections

Figure 18. The detritiation factor of the LPCE system as a function of the total

number of sections.



7. Assessment of the performance degradation

Prior to declaring the WTRF in-service, a performance verification test will be
conducted to confirm that the WTRF process meets the design specifications
including those for safety. The LPCE process will be confirmed to be capable of a
97% tritium removal from up to 60 Ci/kg of the tritiated heavy water feed at a flow
rate of 100 kg/hr. If the detritiation factor of the LPCE system under nominal
operating conditions does not meet the design specification during the performance
test, it should be identified as to which one causes the degradation among the
components. When it is assumed that the measured detritiation factor of the LPCE
system is, for example, 30 under nominal operating conditions and the degradation is
caused by only one design parameter with nominal values of the other parameters, it
is calculated from the computer program that the efficiency of a catalyst bed is 0.61,
the number of theoretical stages in a hydrophilic bed is 0.82, or the detritiation
factor of the cryogenic distillation system is 28 approximately. The above parameters
were selected to be verified for their performance, because they have a relatively
high uncertainty for their performance, in comparison with the other variables.

Fig. 19 and Fig. 20 represent the tritium concentration profiles of the deuterium
gas and the heavy water vapor phases in the LPCE column for different design
parameters with 30 for the detritiation factor. Two tritium concentration profiles of
the deuterium gas phase for a low efficiency of a catalyst bed and a small number
of theoretical stages in a hydrophilic bed are nearly the same but distinguishable
from that for a low detritiation factor of the cryogenic distillation system as shown
in Fig. 19. On the other hand, three tritium concentration profiles of the heavy water
vapor phase for low efficiency of a catalyst bed, small number of theoretical stages
in a hydrophilic bed, or a low detritiation factor of the cryogenic distillation system

are different from each other as shown in Fig. 20.
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It appears from these results that the cause of the performance degradation can
be cleared by comparing the measured tritium concentration profiles of the heavy
water vapor phase with the calculated profiles. The measured tritium concentration
profile is obtained by analyzing the heavy water vapor samples. Every fifth section

has a sampling line for the gas and vapor streams in the LPCE column.
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Figure 19. Tritium concentration profiles of the deuterium gas phase in the LPCE

column for different design parameters.
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V. Conclusions

A WTRF is under construction at the Wolsong site in order to remove the
tritium generated from 4 CANDU NPPs. The function of the WTRF is to remove
the tritium from the coolant and the moderator, immobilize the tritium, store it safely
on site and return the detritiated heavy water to the reactors. The performance
parameters specified for the WTRF are to process 100 kg/hr of tritiated moderator
heavy water feed whose tritium concentration is limited to 60 Ci’kg and to remove
97% (detritiation factor of 35) of the tritium per pass.

The most important system which determines the performance of the WTRF is
the LPCE system. Design and operating variables of the LPCE system affect the
detritiation factor of the WTRF. A theoretical model is suggested for the analysis of
the LPCE system. The design and operating variables were selected during the
procedures for establishing the model of the LPCE system, that need to be seriously
considered from the point of view of the system performance. The selected design
and operating variables were the operating temperature, pressure, efficiency of catalyst
bed, number of theoretical stages in a hydrophilic bed, detritiation factor of the
cryogenic distillation system and the number of sections within the LPCE columns.

The relations between the operating and design parameters were derived from the
mass transfer, catalytic reaction and material balance equations at a steady state. A
computer program was developed by using the derived equations among the
parameters relations and an algorithm that solves the equations step by step.

The LPCE system was proven to have a design margin to ensure a performance
reliability that meets the WTRF design specification. The calculated detritiation factor
of the WTRF LPCE system is 47 at a nominal condition, which is higher by about

30%, than the 35, which is the requirement value.



The detritiation factor of the LPCE system was increased by increasing the

operating temperature, catalyst efficiency, the number of theoretical stages in a

hydrophilic bed, the detritiation factor of the cryogenic distillation system, and the

total number of sections within the LPCE columns, and by decreasing the LPCE

column operating pressure, respectively. The following is a summary of the effects of

the above mentioned variables on the performance of the LPCE system.

a)

b)

<)

d)

e)

The temperature affects the separation factor and molar flow rate ratio, the
detritiation factor is increased with the temperature increase.

The pressure affects the molar flow rate ratio, and the detritiation factor is
increased by decreasing the pressure.

Catalyst efficiency is related to the tritium transferring performance of the
catalyst bed from the heavy water vapor to the deuterium gas. The increase
in the catalyst efficiency induced an increase of the detritiation factor.
Number of theoretical stages in a hydrophilic bed is a parameter of the
tritium transferring performance of the hydrophilic bed from the heavy water
feed to the vapor, the detritiation factor is increased with an increase of the
number of theoretical stages.

The performance of the cryogenic distillation system affects the initial tritium
concentration in the deuterium gas which enters the LPCE column as a
reaction material, the purity of the deuterium gas is important for the
detritiation factor of the LPCE column.

The total number of sections was considered from the point of an installation
of the LPCE sections, the detritiation factor is increased by adding more

reaction sections.

The variables worthy of attention are temperature and pressure, because they are

relatively easy to vary and have an effect on almost all the components and the

other parameters such as the catalyst, saturator, vapor flow rate, separation factor, etc.

Also, the temperature has a relatively strong effect on the detritiation factor of the
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system, because the temperature affects both the molar flow rate of the vapor and
the tritium separation factor. Based upon these results, the operating nominal
condition can be re-set to maximize the detritiation factor of the WTRF under a safe
operation of the facility.

A method of clearing a performance degradation of the facility was studied.
A performance degradation can be mainly caused by a low efficiency of a catalyst
bed, a small number of theoretical stages in a hydrophilic bed, or a low detritiation
factor of the cryogenic distillation system. Tritium concentration profiles of the heavy
water vapor phase, which are calculated for three low-grade design variables by the
computer program, are different from each other, while those of the deuterium phase
are not distinguishable. Therefore, the cause of the performance degradation can be
cleared by comparing the measured tritium concentration profiles of the heavy water
vapor phase with the calculated profiles by the computer program. These results can
be used as operating references for the LPCE system.

The operating temperature and pressure affects the heavy water vapor flow rate and
the separation factor among the reaction materials, therefore, their gradient on the inside
of the LPCE column becomes important factor for a more realistic approach. The
catalyst efficiency and the Ns were considered as independent variables in this study.
However, the temperature or other variables could affect 7. and Ns. Therefore, their
terms can be replaced with a combination of terms of other parameters and the
temperature, if the relations of the temperature and catalyst efficiency were defined.
This would be more realistic way to assess the detritiation processes of the LPCE

system.
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Appendix: Flow charts of the computer program

open in dat, open out! dat
[
read in dat C
I

close in dat ]

nsec=55 —I

[

[ dfcd=jj ]
[

l 1=273 15+1c, pd2o=vpd2o(1) j
I

a,=exp(0 066076-61 03/1+14198 4/12
a, =exp(0 838-737 3/t+291250/-
3 1806*107/1°+5 0868* 104/t a.

[xl 1=feed, xi2=xl1+v2, y =xIh/v2, y,=v2/x]2|

[ xl=z|f/l0 ]
[ I fungl(xl) [ ]

[

[ fl=pnme-nsec ]
[
[ xr=2f/60 I

I
L l fungll(xr) I _]

L fr=prime-nsec I

xm=(x1*xr)2
[ [ fungtom T

e
C Wnite parameters into out] dag
l

[ [ printresult(nsec) [ I
[
L close outl dat ] wnite n . df.

1nto outl dat

-4



fungl

l
L ﬁmgf(x» l

| fi=xoux-dfcd i
|

| x=20/01/01,*0.95 |
l
L] g L]

[ fioutxr-dfed ]

Cam 2>
retum

| avou, N0/ %005 |
|

- 43 -



N];M

Y O0)y=z0/at,
A€0y=20
x(0)y=xbot
2(DAXIT*Z(0)+v2*yp(0))/x12

l

al=a/y,
xntul=xntu+1
a2=a]wu!
a3=(al-a2)/(1-a2)
ad=a3/a -1/,

[
cl=a,ty,
cc=I-n*ajcl
dd=ncl
ee=a,*y,*n, /cl
fi=1-y,*n. /el
calzf=0
nprime=0

l
< Do i=1,300
[

x(iy=cc*x(i- 1)+dd*yp(i-1)
y(iy=ee*x(i-1)+P*yp(i-1)
AS=a3*y(I)-z( l)/y_g
z(i+1)=a5/ad
YY)z D),

I

calold=calzf

calzf=(x12*z(I+D)-v2*yp(Iyyxl1

No

Yes

nprime=i
prime=i- 1 Hzf-calold)/calzf-calold)

I

caldfed=x(i)/x(0)
XOout=x(i)

\MTM

open out2 dat

Write n.x,y,z.yprime
into out2 dat

nl=nprime+1

I

Do 1=0. nl

l

Write x(i). y(i). z(1). yp(i)
into out2 dat

T[\N

'

A

dfl=20/20 d2=2020) |

[

Write n... xntu. dfed. dfl, df2
into out2 dat

close out2 dat l

-

NTM

L t=degc

I vpd20=10t7 01431834 324 124200m1)

return
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