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Abstract

It is required to understand the tritium behavior in concrete for establishment of tritium safety technology of a fusion
reactor or a tritium handling facility because the concrete wall is used as the final containment to prevent tritium release to
the environment. This paper discusses about the effect of adsorption and diffusion of water and isotope exchange reaction
between physically adsorbed water and chemically adsorbed water or structural water. It is known in this study that a large
amount of tritium can be trapped to the concrete wall because cement paste has the nature of porous hydrophilic material.

© 2006 Elsevier B.V. All rights reserved.

PACS: 25.60.Je; 28.52.Nh

1. Introduction

Release of tritium to the environment should be
prevented to secure the tritium safety of a fusion
reactor. In a tritium handling facility, the multi-con-
tainment system is used to recover tritium leaked
from the barrier of the primary containment system
to prevent the transfer of tritium to the circumferen-
tial atmosphere.

The concrete wall is usually used as the barrier
of the final containment of a tritium handling facil-
ity. Furthermore, a concrete wall will be used to sep-
arate a room that may have an atmosphere with
high tritium concentration in a fusion reactor sys-
tem. Accordingly, it is necessary to understand the
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transfer behavior of tritium through the concrete
materials.

Concrete, which is a porous hydrophilic material,
consists of cement paste, water and aggregates such
as sands and small stones. The tritium behavior in
the cement paste is discussed in this paper because
the cement paste is the key material of concrete.

Although there are some reports on the behavior
of tritiated water in concrete materials [1-4], the arti-
cle about the behavior of water vapor particularly on
low humidity has been hardly reported. The adsorp-
tion isotherm of physically adsorbed water or chem-
ically adsorbed water and diffusion coefficient of
water vapor in the cement paste have been reported
in the previous paper by the present authors [5].

The over all mass transfer coefficients representing
adsorption of water vapor onto the cement surface
and that representing isotope exchange reaction in
the matrix of cement paste are experimentally
obtained in this paper. Behavior of tritium in a
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concrete wall in various conditions is discussed by
simulation using properties obtained in this study.

2. Theory

Fig. 1 shows the picture of cement paste obtained
using a scanning electric microscope (SEM). As the
cement paste is a hydrophilic porous material hav-
ing nature resembling to adsorbent such as zeolite
or silica gel, cement wall must be treated as the huge
body of adsorbent. Therefore it is considered by the
present authors that the following transfer processes
can give contribution to the permeation behavior of
tritiated water through the cement paste as:

(a) adsorption of water vapor on cement paste,

(b) diffusion of water through the matrix of
cement paste,

(c) isotope exchange reaction among physically
adsorbed water, chemically adsorbed water
and structural water in cement paste and

(d) desorption of water vapor from cement paste.

The physically adsorbed water, chemically
adsorbed water and structural water in various
metal surface were defined by Nishikawa et al. [6].
The physically adsorbed water, chemically adsorbed
water and structural water also exist in cement
paste, and those have been already quantified by
the present authors in the previous paper [5]
using the packed bed with cement particles.
Although the physically adsorbed water and chemi-
cally adsorbed water occur the phenomena of

Fig. 1. SEM photograph of cement paste surface.

adsorption and desorption of water vapor essen-
tially, the condition of concrete wall is almost about
room temperature. Therefore it is sufficient to
adsorb the water vapor in concrete materials due
to only physically adsorbed water in this paper. In
accordance with this consideration, it is not discrim-
inated between chemically adsorbed water and
structural water in this paper, hence it should be dis-
criminated them at high temperature such as over
373 K. Fig. 2 shows the permeation model con-
structed in this study where tritium permeates
through the cement paste wall from the flow with
high concentration tritium to the flow with low con-
centration tritium. Ph., Ch. and St. in Fig. 2 mean
physically adsorbed water, chemically adsorbed
water and structural water in cement paste, respec-
tively. Another symbols in Fig. 2 were used the same
symbol as the equations in this report. Diffusing
water in cement paste is physically adsorbed water
in this model, because it is considered for diffusivity
of water in cement paste that the driving force of
diffusivity is the gap of concentration of adsorbed
water in cement paste in this study. In the case when
H,O vapor is introduced, the flux of permeation is
decided by diffusivity of water in cement paste and
the difference of adsorbed amount of H,O on both
sides of the wall. In the case when vapor of tritiated
water is introduced, tritium is transferred to chemi-
cally adsorbed water and structural water through
the isotope exchange reaction. In Fig. 2 and follow-
ing equations, only water vapor, H,O, and tritiated
water vapor, T,O, were taken into account for
simplification considering that HTO = 1/2H,0 +
1/2T,0. It is considered that this consideration
was not detrimental to this study because it was
not detrimental to Pt-molecular sieve S5A, piping
materials and blanket materials [7,8].

The following equations give the mass transfer of
H,0 and T,O between the gas phase and surface
layer of cement paste corresponding to the transfer
processes listed above as (a) and (d),

aqgltzo =Kpaa-a-X,

: (CH20 + Cr0 — Cf{zouzo), (1)
and
@qa%o =Kpaa-a-X;

: (CHzo + Cr0 — Cﬁzomo)a (2)
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Fig. 2. Permeation model for tritiated water in cement paste.

For Cu,0 + Cr,0 — Chyo4m,0 = 0,

X1 = ﬂ, 2= ﬂa (3)
Cuh,0 + Cr,0 Cu0 + Cry0
For CHZO + CTZO - CEZO+TZO < 09
X, = 91,0 7 L= qT,0 ' )
0 + 91,0 qu,0 T 91,0

where gy,0 and gr,o are the amount of adsorbed
water and tritiated water on the volume of cement
paste (mol/m?), respectively, Chi,041,0 18 the total
concentration of water and tritiated water vapor
in the gas phase equilibrated to the amount of water
and tritiated water adsorption (mol/m?), Kp a4 18 the
overall mass transfer coefficient representing the
adsorption of water vapor (m/s), a is the specific
surface area of the cement paste (m?/m’), Cu,0
and Cr,o are the concentrations of water vapor
and tritiated water vapor in the gas phase (mol/
m?), respectively.

Mass balance of physically adsorbed water at a
control volume of the cement paste is shown by,

)

_ aqHZO,C _ a‘Iﬁzo,s
ot ot

a41112071)
Ox

aQHEOAP _ E

o ox (D tho

)

()

and
aCITZO,P _ E D aqTZO,P B aqTZO,C _ aquO,S
o oax\ % ox ot ot

(6)
Mass balance of chemically adsorbed water at a
control volume of the cement paste is shown by,

Oq
%QC =Krex2 @ (9m0p +91,0P)
% 94,0.p _ 9n,0,c : (7)
du,0p T 91,0 91,0 T 91,00
and
0q
Tazto,c =Krex2 @ (qu,0p +491,00p0)

91,0,p q91,0,c

1 -

Mass balance of structural water at a control vol-
ume of the cement paste,

9u,0p T91,0p 9H,0.c T 91,0,

a‘]Hzo,s
ot

=Krex2 @ (qm0p +91,00)

s

qu,0.p 91,08

}, ©)

qu,0p T91,0p 91,08 T 41,08
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or ==Kpex2 @ (qu,0p +91,0p)

y qt,0.p _ 91,08 . (10)
du,0p T91,0p 91,05 T 491,058

where Kp x> is the overall mass transfer coefficient
representing the isotope exchange reaction in the
cement paste (m/s), Dy,o and Dr,o are the diffusion
coefficient of water vapor and tritiated water vapor
in the cement paste (m%/s), and the subscripts P, C
and S, in above equations mean physically adsorbed
water, chemically adsorbed water and structural
water, respectively. The isotope exchange reaction
is the phenomenon that occurs among physically
adsorbed water and chemically adsorbed water or
structural water when there are differences of H/T
ratio among physically adsorbed water and chemi-
cally adsorbed water or structural water.

Mass balance of H,O and T,O in gas phase of the
flow channel are given as

aCH 0 6CH 0 A
2 2 “~ — 11
at u aZ + Vg QHQO O? ( )
GCTZO aCTZO A -
o Tt Ono =0, (12)

where u is superficial velocity (m/s), z is the length in
the direction of gas flow (m) and 4 (m?) is effective
permeation area, V, (m?) is volume of flow channel
and Q (mol/m?s) is the molar flux of mass transfer
between gas phase and surface layer of cement paste.

3. Experimental
3.1. Packed bed of cement particles

A packed bed of cement particles was used to
quantify Kg,q by using the breakthrough method.
Three-months-old ordinary Portland cement paste
with a water/cement ratio of 0.6 was used for all
experiments. The 12-16 mesh cement particles of
0.5 g were packed in a quartz tube of 8§ mm diameter
and the height of sample bed was 13 mm. The sche-
matic diagram of the experimental apparatus for
water adsorption is shown in Fig. 3. The H,/N,
gas was changed to the H,O/N, gas by passing
through the CuO bed at 573 K. After drying of
the cement sample with the N, gas till the water
vapor of outlet of sample bed is below 1 Pa, the
H,0/N, gas was introduced into the sample bed
at the flow rate of 400 cm?/min. H,O pressure was

[ H,/N, ] N,

Cold trap

CuO bed

Electric heater

\ 1 Samples

(%

]
\ 74

Cold trap

Quartz tube

13 mm

Hygrometer

Fig. 3. Experimental apparatus for adsorption of water vapor.

introduced between 40 Pa and 1000 Pa of water
vapor. The change of the concentration of water
vapor in the exit gas was measured with time by a
hygrometer until the adsorption of water vapor on
the cement sample came to an equilibrium state.
The other experimental data of cement particles
sample are shown in Table 1.

3.2. Apparatus to measure permeation rate
through cement wall

The permeability of water vapor through cement
paste was measured in this study using a tube made
of cement paste. The experimental apparatus for
permeation is shown in Fig. 4. A reaction tube
was a double tube structure, which consists of a
quartz tube (outside) and a sample tube (inside).
This cement permeation tube had 13 mm outside
diameter, 6 mm inside diameter and 42 mm length.

After drying of the cement sample with He gas
till the water vapor of outlet of each channel is

Table 1

Experimental condition for adsorption of water vapor
Water/cement(W/C) 0.60
Density of cement sample (g/cm?’) 1.60
Flow rate (cm®/min) 400
Amount of cement particle (g) 0.50
Porosity of packed bed (-) 0.759

Diameter of cement particle (mm) 1.0-1.41
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Fig. 4. Experimental apparatus for permeation of heavy water vapor.
Table 2
Experimental condition for permeation of heavy water vapor = K, a=500
5
Water/cement(W/C) 0.60 E 40.0 O T UG daki et id Julid |
Density of cement sample (g/cm?) 1.60 & REEEN T
Thickness of cement sample (g/cm?) 3.50 z
Hight of cement sample (mm) 42.0 2 300 TERS K ass0
Inside diameter of cement tube (mm) 6.0 a; L Ly frad™
Outside diameter of cement tube (mm) 13.0 o co e ®  Experimental value
3 /mi 5 2000k - - - - - - Calculated value
Flow rate (cm’/min) 400.00 2 Co
e M 1
B (Y Best fit curve
. = h K, =250
below 4 Pa, the D,O/He gas, which was made by the § 100 £ A Inlet. conc. of H,0:40.7 [Pa]
: : [-™ I Temperature:343 [K]
same way of the 'adsorptlon experiment, was pro- b Flow rate00 [ontfmic]
vided into the inside path of the sample tube. The 00 1 s 1 s
change of the concentration of moisture gas at the » 30 7 100
Time [min]

exit of the sample bed was measured with time.
The total amount of H,O, HDO and D,O was mea-
sured by a hygrometer, and that of HDO and D,O
was measured by a gas chromatograph at liquid N»-
temperature after converting D,O and HDO to D,
and HD by passing the sample gas through a
packed bed with Pd-Teflon catalyst at 473 K. The
permeation experiment using heavy water vapor
was continued until the permeation of heavy water
vapor through the cement sample came to an equi-
librium condition. The other data of cement tube
sample are shown Table 2.

4. Results and discussion

4.1. Overall mass transfer coefficient representing
adsorption

Fig. 5 shows the breakthrough curve of 40 Pa
H,O vapor obtained at the experiment using the

Fig. 5. Comparison of adsorption breakthrough curve using H,O
with calculated values.

packed bed of cement particles by way of example.
Comparison of the numerically estimated curve
applying Eqgs. (1), (3), (4) and (11) shows that the
value of 25.0(s™!) for the overall mass transfer
capacity coefficient, Kg ,qa, gives the best fit curve
to the experimental data.

Kraga =25.0 (s7). (13)

This value of the overall transfer capacity coeffi-
cient, Kg.qa, also applied to other water vapor con-
ditions. The grain size of the cement paste was
measured by using a scanning electron microscope
(SEM) shown in Fig. 1, and the specific surface
area, a (mfl), was estimated as,

a=191x10° (m™"). (14)
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therefore, Ky ,q Was given by the following value,

Kpaa = 131 x 107* (m/s). (15)

4.2. Overall mass transfer coefficient representing
isotope exchange reaction

Fig. 6 shows the change of concentration of water
vapor and heavy water vapor with time at the exit of
the outer channel for the case when the D,O vapor
pressure in the He gas introduced to the inner chan-
nel is 1263.6 Pa. Even though D,O vapor was intro-
duced to the inner channel, only H,O was observed
in the outer channel at the initial stage of the exper-
iment because of the isotope exchange reaction in the
matrix of cement paste. The D,O concentration
increased as the isotope exchange reaction came
to an equilibrium state. As discussed later the
breakthrough curve (1) for H,O coincides with the
breakthrough curve obtained when only H,O is
introduced to the inner channel.

The calculated breakthrough curves shown in
Fig. 6 were obtained by solving numerically the
Egs. (1)(12) using Kgx as the parameter. In this
calculation the diffusion coefficient of H,O obtained
in the previous paper, Dy,o = 1.30 x 107" (m?/s),
was used as the diffusion coefficient of D,O assum-
ing that the isotope effect is negligible. Comparison
of the estimated curves with observed data gives the
best fit curve of 3.0 (s ') for K exa.

Kpexa =3.0(s7"). (16)
Then, Kg(x was given as,
Kpe = 1.57 x 107 (m/s). (17)

O Vapor conc. [Pa] (Hygrometer)
1600 - o D, conc. [Pa] (Gas chromatograph)
[ Vapor conc. (Calculated value)

D, conc. (Calculated value)
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40.0 -
3 K,

Fex®=

20.0

0.0

0 10 20 30 40 50
Time [hour]

Fig. 6. Permeation experiment using heavy water vapor in
cement paste.

Comparison of Egs. (13) and (16) shown that the
isotope exchange reaction is about one order slower
than the adsorption reaction.

The isotope exchange capacity, S, in the cement
paste was calculated by integrating the difference
between the breakthrough curve (1) for total water
vapor and curve (2) for D,O. The isotope exchange
capacity means total amount of water used as
isotope exchange reaction in chemically adsorption
water and structural water.

S =1.24 x 10~ (mol/g-cement). (18)

The isotope exchange capacity observed in this
study is about 15% of the amount of chemically ad-
sorbed water and structural water reported in the
previous paper of the present authors, and is about
20% of the reported value by Numata et al. [9]. The
adsorption amount of physically adsorbed water
estimated from the curve (1) in Fig. 6 is also only
24% of the estimated amount from the adsorption
isotherm reported in the previous paper [5]. It is
considered for small isotope exchange capacity
and small amount of adsorbed water that the there
may exist short cut paths in the wall of cement paste
tube.

4.3. Estimation of permeation behavior of tritiated
water through cement wall

4.3.1. Comparison of tritiated water permeation
and water vapor permeation

To compare the difference of water vapor and
tritiated water vapor behavior in permeation
through the cement paste, simulations were carried
out by using experimental results in this study
assuming that the overall mass transfer coefficient
representing the exchange reaction for heavy water
could be used for tritiated water considering that
there is only a little isotope effect between the behav-
ior of heavy water vapor and tritiated water vapor
in cement paste. Isotope exchange capacity in
cement paste was applied to total amount of chem-
ically adsorbed water and structural water at simu-
lations. Change of H,>O concentration in cement
paste is shown in Fig. 7 for the case when a wall
of dried cement paste with thickness of 0.05m is
placed between the air with vapor pressure of
3167 Pa and the air with no water vapor. This figure
shows that more than one month is required to
make an equilibrium condition for water perme-
ation through the cement paste wall with thickness
of 0.05 m. Other estimations show that it takes more
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Fig. 7. Distribution of H,O concentration in cement paste wall.

than several years to have equilibrium condition
when thickness is 1.0 m.

Change of tritiated water concentration in
cement paste is shown in Fig. 8 for the case when
the cement paste wall is placed between the air with
tritiated water vapor of 3167 Pa and the dry air for
one month. It is known from comparison of Figs. 7
and 8 that existence of the chemically adsorbed
water and structural water, in other wards isotope
exchange capacity, makes the tritium uptake larger.
It is also known from Fig. 8 that the permeation
behavior of H,O released from the chemically
adsorbed water and structural water through the
isotope exchange reaction becomes similar to the
behavior of H,O introduced to the wall surface.
These observations imply that reported in the previ-
ous paper [5]. The decontamination of tritium with
drying procedure does not give the effective result

20000

—T,0 conc. of total water in cement paste
— - T,0 conc. of chemically adsorbed water
and structual water
-T,O conc. of physically adsorbed water
— - - H,0 conc. of physically adsorbed water

15000

10000 - Exposed time: 1 month
Exposed pressure: 3167 Pa

Temperature: 298 K

5000 - Simulation result of

Conc. of H,0 or HTO [mol/m?]

H,0 adsorption

0 - -
0.00 0.01 0.02 0.03 0.04 0.05
Length of cement paste wall [m]

Fig. 8. Distribution of HTO concentration in cement paste wall.

because only physically adsorbed waters can be
taken out with dry gas purge.

4.3.2. Permeation behavior of tritiated water
released to a room surrounded with cement wall

In this reaction permeation behavior of tritiated
water released to a room surrounded with cement
walls is discussed. The tritium handling room used
in this simulation is a cube with 10 m in length
and has the 0.1 m thickness wall made of cement
paste. It is also assumed that five wall faces are effec-
tive for water permeation to the outer space. Other
conditions at this estimation are listed in Fig. 9 and
Table 3. The simulation stops when the break-
through time ¢p is obtained where 7z means the time
when 1% of the initially released tritium is trans-
ferred to the outer atmosphere. Figs. 10 and 11
show the change of the tritium concentration profile
in the wall of cement paste for the case when triti-
ated water is released to a small room having
volume of 1000 m® kept in an outer room of which
space is 10" m?. It is known from comparison of
Figs. 10 and 11 that tritium profiles in the cement
paste wall have almost no effect from the initial
vapor pressure in a small room notwithstanding
the direction of flow of H,O which is decided from
the vapor pressure in a small room and that in a
outer room. This is also known from comparison
in Fig. 12, which shows the change of tritium con-
centration in a small room with time. The break-
through time tg of tritium obtained for various
conditions is compared in Table 3 and this Table
shows that tg for tritiated water is 5 times longer
than tg for H,O. This table also shows that higher
vapor pressure in the outer longer room promote
the transfer of tritium from the small room because

Initial condition

Small room
V=V,

H,0 pressure: PHZO, 1
HTO conc.: Cr,0;

Environmental atmosphere(outer room)
V=V,
H,O pressure: Pnzo,z

HTO conc.: CTZO,Z

Fig. 9. The boundary conditions of the permeating simulation of
HTO.
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Table 3
Comparison of the permeation rate of water vapor with tritiated
water

Pu,01  Curo, Pu,02 Curton  Breakthrough
(Pa) (Bq/m?)  (Pa) (Bg/m*) time g (1% of
initial amount)
[in days]
1 3167 0.0 950.1 0.0 73.6
2 3167 4.07x10% 9501 0.0 315.5
39501 4.07x10% 950.1 0.0 317.5
4 100 4.07x10% 9501 0.0 318.3
5 3167 4.07x10° 2533 0.0 287.7
6 950.1 4.07x10® 2533 0.0 288.1
7 100 4.07x10% 2533 0.0 289.7

*Temperature: 298 K, length of cement paste wall: 0.1 m,
¥y =1000m3, ¥, =10""m?>.

1.0x10°
—— Sdays
- 15 days
4
8.0x10 — — 1month
— - — 4 months
—-- - 315 days

6.0x10*

Temperature: 298 K
H,0 pressure: 3167 Pa

4
4.0x10 Exposed HTO conc.: 4.07x10°Bg/m?

2.0x10*

HTO conc. in cement paste wall [Bq/m3]

0.00 0.02 0.04 0.06 0.08 0.10
Length of cement paste wall [m]

Fig. 10. Distribution of HTO concentration in cement paste wall
at H,O pressure of 3167 Pa.

increase of physically adsorbed water makes the
driving force of tritium diffusion larger. This implies
that tritiated water permeation to the environmental
atmosphere becomes larger when the humidity of
the air is higher.

5. Conclusion

The overall mass transfer coefficients representing
the adsorption of water vapor and that representing
the isotope exchange reaction in the cement paste
were experimentally determined in this study. Calcu-
lation using the experimental results in this study
shows that the existence of the isotope exchange
capacity in the cement paste makes the behavior of
tritium more complex and tritium inventory larger.

Simulation in this study indicates that the humi-
dity in a room gives little effect on permeation of

1.0x10°
— S days
- - - - 15 days
4
8.0x10 — — -1month
—-— 4 months
—--— 318 days

6.0x10*

Temperature: 298 K

HTO conc. in cement paste wall [Bq/m3]

4.0x10* H,0 pressure: 100.0 Pa
=~ Exposed HTO conc.: 4.07x108Bg/m?
2.0x10*
AN
CN iz
0.0 Lo Ml I il F
0.00 0.02 0.04 0.06 0.08 0.10

Length of cement paste wall [m]

Fig. 11. Distribution of HTO concentration in cement paste wall
at H,O pressure of 100.0 Pa.

6.00x10° 1200
‘l Initial H,O pressure in the building:
5T —m— 00— 3167 Pa (saturated pressure)
5.00x10 D\ —A—— A~ 950.1 Pa (same pressure with initial pressure)
\ —&— - 100 Pa - 1100
5 \
4.00x10° Y Temperature: 298 K
AR Initial HTO conc.: 4.07x10% [Bg/m®]

e 41000

H,0 conc.

et Loz Xx-z}

3.00x10%-

<A
2.00x10°+

L
o
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S

[eq] woou [ews ur aanssaad O°H

1.00x10° f

HTO conc.

HTO conc. in small room [Bq/m?]

0.00 L L L L L L 800
0 50 100 150 200 250 300 350

Time [day]

Fig. 12. HTO and H,O concentration in small room with time.

tritium released into a room though the humidity
in the environmental air gives effect to some extent.
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