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ARTICLE INFO ABSTRACT

Keywords: Separation of tritium from tritiated water is analyzed based on the theoretical plate model comparatively for the
Tritium three cases among a water distillation tower, the Girdler-Spevack (G-S) bithermal exchange process and the
Water distillation combined electrolysis chemical exchange (CECE) process. The McCabe-Thiele diagrams to design large-scale
35:;‘;?;; detritiation systems are drawn for each, and tritium concentration profiles in each system are compared. It is

clarified how detritiation behavior in the distillation tower is enhanced by an increase in the separation factor.
The number of theoretical stages and internal flow rates to achieve detritiation of the bottom-to-top con-
centration ratio of xz/xp = 100 in cases of the G-S and CECE processes, are estimated based on the equilibrium
stage separation factor reported in the past.

A water distillation tower of 108 mm in diameter and 1000 mm in height packed with structured packing
coated with Zeolite 13X are experimentally tested for detritiation of a large amount of wastewater to be ex-
hausted from nuclear reactors. Separation performance between HTO and H,O under reduced pressure is ex-
perimentally verified in the water distillation tower. Enhancement of the xp/xp, ratio is experimentally proved
under the total reflux condition as a function of evaporation rate. Activation on surfaces of adsorbent coated on
the structured packings enhances the stage separation factor. The enhancement ratio is affected by liquid-gas

McCabe-Thiele diagram

dispersion in the column and flow instability in the packed tower.

1. Introduction

Deuterium (D) and tritium (T) are hydrogen isotopes, which are
expected to be used for the fuel of fusion reactors. Around 150 ppm of D
mainly as HDO in a molecular form is included in natural water, and it
is separated for applications to neutron moderator of heavy water nu-
clear reactors. Although water distillation is a simple way because of no
need of catalyst, the separation factor is small. Therefore its plant scale
may become huge if as it is. Several economic and realistic D enrich-
ment methods instead have been developed such as the chemical ex-
change between NHj3-H,O, the Girdler-Spevack (G-S) bithermal ex-
change process between H,S-H,O [1] and the combined electrolysis
chemical exchange (CECE) process using Pt catalytic exchange between
H,-H,0, recombiner and electrolysis [2]. The first two exchange
methods do not need catalyst. Therefore, it can be applied to large-scale
ones. An efficient hydrophobic Pt catalyst has been developed for the
last Ho-H,0 one [3].

On the other hand, T will be produced by neutron reaction with 3Li®
compound breeders in fusion reactors or initial load for fusion reactors
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will be prepared in gas-cooled fission reactors. Separation between H,O
and HTO is needed in any cases. In addition, detritiation of coolant and
wastewater from water-cooled fission rectors becomes necessary. A
large amount of wastewater generated in the Fukushima 1F site is
waiting for detritiation or radioactivity decrease.

In the analysis of the present study, we determine T concentration
profiles in the three separation systems of water distillation, the G-S
bithermal and the CECE, and we estimate each plant scale for the large-
scale detritiation process of low-concentration tritiated wastewater. The
target decontamination factor of wastewater is 100 in the top-to-bottom
T concentration ratio in a similar way to the US estimation [4]. The
legally allowed exhaust level of wastewater is 60 Bq/cm? in Japan, and
the detritiation concentration is set lower than that. The total number
of theoretical stages inside a detritiation tower and the T concentration
profile are analyzed using the McCabe-Thiele diagram of the water
distillation, G-S and CECE processes. The operating power and appa-
ratus scale are compared among the three candidates.

In the latter section, we introduce our experimental results of water
distillation assisted with adsorption/exchange, and how the T
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separation is enhanced by adsorption/desorption/isotopic exchange in
a distillation tower packed with structured packing having an ability of
surface adsorption/exchange. The enhancement mechanism of the
isotope separation is discussed in short.

2. Analysis
2.1. Water distillation

The isotope separation factor between H,O and HTO in a unit of the
stage number i for a water distillation tower is defined as follows:
_ XHTO.YHp0,i _

Ag—_1 = =
H-T YHTO,iXH20,i

xHT0,i(1 = YHTO,i)
Yur0,i(1 = XHTO,i)

i=1toN, a
where N is the total number of theoretical stages and yyro; and yu2o,i
are the HTO and H,0O molar fractions in vapor, and xyro ; and xg20 ; are
those in condensate. HTO is enriched in the condensed liquid phase in
water distillation process, ie., ayr > 1. Then the equilibrium line
combining the vapor molar fraction y; (=yuro,;) and condensate one x;
(=xuro,) for each stage i inside a distillation tower is described as
follows:

I S
ag-1—(aH-1—1)x;

= i=1toN.

(2

When water is supplied from or extracted to an adiabatic tower with
a condensate feed flow rate F (=D + B) (mol/s), a detritiated distillate
flow rate D (mol/s) and an enriched bottom flow rate B (mol/s) under a
steady-state condition except for the bottom heater and top condenser,
the stage flow rates in the upper depleted and lower enriched sections
are given as L and L + F, respectively. The T molar fractions leaving a
stage i for the upper depleted and lower enriched sections are described
as follows:

Yigr = @D 1y i = 0t N, 3)

Yigr = BBy 1y i = Np + 1toN, )
where N is the stage number in the upper section above the feed point,
and xp and xg are the T molar fractions in the distillate and bottom
flows. Rg and Ry, are the reflux ratios of the bottom and distillate flows,
which are defined as follows:

Ro = Yp. ®)

Ry = L+ F)/B. )

The following relation is held between Rp and Rg:

Ry = (R0 + Dy, @
When Ry, = Rg = o, which corresponds to the total reflux condition,
the following relation called the Fenske’s equation is obtained [5]:

(xil_xi) = ochTi(xp/l_XD) i=1toN. (8)

Tritium molar fractions in the distillation tower are determined
using the relations of Eqgs. (2)—(4) from the top distillate, xp, through an
arbitral stage position, x;, to the bottom condensate, xp, for any given
conditions of Rp and Rg. Fig. 1 shows a calculation example for the T
molar fraction in the distillation tower to separate T from xp = 0.1 to
xg = 0.9 at the conditions of ag.r = 1.05, Rp = 50 and D/F = 0.5. The
diagram is called the McCabe-Thiele one. The chain line is the equili-
brium line of Eq. (2), and the operating line of Eq. (3) or (4) by a solid
line. The tie lines combining the HTO molar fractions in the condensate
and vapor flows are drawn by broken lines.

One can get a set of analytical solutions for finite values of Rp and
Rg, when the T molar fraction is much smaller than unity. The solutions
are derived from the original material balance equations. The T
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Water distillation process, Rp=L/D, Rg=(L+F)/B

- -- Equilibrium line .
— Operating line 4
- - - Concentration in each stage

B Yis1=(Rpx;-xp)/(Rp-1)

I
S

bottom, B

06 yiExi{ oy (@ -1}
0.30
04
= 0.25

o
o
|

W =(Rox, 020l
Yisl (RDX1+XD)/(RD+1) 0.20 025 0.30

distillate, D X;
0.0 | | | | J
00 0.2 04 0.6 0.8 1.0

Tritium molar fraction in condensate flow, x;

Tritium molar fraction in vapor flow, y;

Fig. 1. McCabe-Thiele diagram for water distillation.

concentrations for each stage i in the upper depleted and lower en-
riched sections of the distillation tower are obtained as follows:

X i—1 _tRpY .
A= + (OCH,T - 1) ijo (aH T D) 1= 1t0NF’

b)) Rp+1

©)
X4 _ N-i ( Rg—1 \ . _ _
X=1-@ur- DX () i=Ne+ TN -1 10

The number in the subscript i in x; corresponds to the stage number.
The T concentration ratio of the bottom flow to the distillate one is
described as follows:

_ NF-1 aH—TRD)J
@ 3 1+ (OKH,T 1) Zj:O ( Rp+1

. = N—Nf Rp—-1 J
D 1-(ag-r—1) Zj=1 (“H—TRB) an

As seen in Fig. 1 and Eq. (9), the reflux flow should satisfy the
minimum condition of Rp > 1/(ag—1 — 1) (=Rp min)for T enrichment.
Fig. 2 shows the stage number necessary to achieve the top-to-bottom T
concentration ratio of xg/xp = 100 as a function of the stage separation
factor and the reflux ratio under the distillate flow cut of D/F=0.9. The
reflux ratio decreases drastically with the increase of the separation
factor. The condition of oyt = 1.05 can be achieved under the
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Fig. 2. The number of stages necessary to achieve the total tritium separation of
xg/Xp = 100.
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