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ABSTRACT

With the sucdcess of a newly developed wetproofed catalyst at AECL
{Atomic énergy of Canada Limited), many ned‘proéesges based on the‘
catalytic isotopic exchange between hydrogen and liquid water have
become feasible. The applications range from tritiumlrecovery_to heavy
water production. With mény'po@%ﬁtiar applications, it is Important to
understand the béhaviour and stability of the catalyst. In this work,
catalyst activity and lifetime have been studied under ;arious

-

operating conditions.

The isotopic exchange between hydrogen gas and liquid water cam be

]

represented by two consecutive exchange steps:

- Pt
BDg + Hy0p  —> HZG + HDOy ) (1]
HDOy + Hy0p  ——>  HyOy + HDOp- - [2]

Reaction [1] is a.catal&zed exchangé step and platinum has been found
to be the best catalyst. The seco;d reaction is a pureiy mass transfer
step which can occur at any liquid-vapour_ interface. Thus, the overall
exchange is the transfer of deuterium between hydrogen gas and liquid
water and it can be carried out e%ficiently iné%de a trickle bed

reactor.

The overall exchange process In a trickle bed reactor has been

modelled in a global sense for the two reactions. With this model, the

e
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influence of gas and liquid flow rates, total pressure and'té¢péﬁgture?

on process - performance have been assessed. ) fu{f“

Lo
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When the operaﬁing‘temperature-was raised to 75°C, the activity of
tﬁe catalyst was too low to wa;éant any furtﬁer study. The loss %E.
activity coald be attributed to water condensétion inside the pofes Sf
the catalysc, creating a diffusien barrier thatleffeccively eliminates
the fast gas rgéction at the catalyst surface (i.e. reaction [1]).

To coanteégc: the condensatidon of water, oxygen was injected inte
the gas stream in an attempt to keep the pores dry. This idea ig_based
- on the exothermic reaction between oxygen and hydrogen. Therefope,

. with a suitable amount of heat generated by this reaction, the pores
inside the catalyst should noé be plugged with condensed water.

Results indicated that a stable catalyst activity was main;é;qu with

500 ppm oxygen concentration in the inlet gas stream to the reactor.
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NOMENCLATURE

= superficiél hydrogen gas flow rate, mol.m 2.5~}
= superficial liquid water flow rate, mol.m™ 2,5~ 1
= gystem total pressure, kPa ot .

= gystem temperature, °C

= mass transfer rate between water vapour and liquid water,
mol.m~3(bed).s™L

= overall transfer rate between hydrogen gas and liquid water,

mol.m 3 (bed).s 1

= catalytic exchange rate between hydrogen gas and water vapour,

mol.m 3 (bed).s1 f

-

= superficial water vapour flow rate, mol.m 2.s!
= deuterium atom fraction in liquid water

= deuterium atom fraction in liquid water at bottom of reactor

= deuterium atom fraction in hydrogen gas
= deuterium atom fraction in hydrogen gas at the outlet of the
high temperature equilibrator L

= deuterium atom fraction Iin hydrogen gas at bottom of reactor
Y ‘
= separation factor between water vapour and 1lquid water

= geparation factor between hydrogen gas and water vapour at
operating temperature of the high temperature equilibrator

= separation factor between hydrogen gas and water vapour

= separatlon factor between hydrogen gas and liqaid water

.

= deuterium atom fractiem in water vapour

vl L,
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deuterium atom fraction in water vapour at bottom of reactor

catalytic transfer coefficient between hydrogen. gas and water
vapour, mol.m‘3(bed).s'l : ‘ : -
mass ‘transfer coefficlent between water vapour and liquid water,

v . ~

mol.m3(bed).s'r
overall transfer coefficient between hydrogen gas and liquid

water, m3(STP).s'1.m'3(bed) .



1. INTRQDUCTION .. . P

1.1 Deuterium and heavy water
There are three known isotopes of hydrogen, namely,
proti;m (?) - the most abundant isotope commonly referred
- . to as hydrogeﬁ (d) (atomic weight 1.0},
deuterium (D) - the second isotope of hydragen with an atom
fractionSaf about 150, ppe in natural gater
(atomic weight 2.0), and
eritium (T) - the radiocactive isotope of hydrogen (atomic
weight 3.0).

In isotope separation technology, the main faterest is the change
in concentration of the desired isotope in a given phase. Atom
fraction (defined in 2.1) is cdmmonly used to specify the total
quantity of a particular isotope in a given phase. The advantage of
using atom fractiom is that there is no need to determine the form of
the species that contain the desired isotope. For example, when
hydrogen gas is enriched in deuterium, there exist different molecular
species, namely Hz; HD and Ds. The deuterium atom fraction in this
gas is the fraction of deuterium in the mixture. It provides no
information on the distribution of déuterium among the three species.
Nonetheless, for isotopic separation, if is adequate to know how much
deuterium is in the gas regardless of‘Ehe species that.contain ir.

:

Deuterium was first discovered by Urey and his co-workers at

Columbia University im 1931 (1) and before long a relatively pure heavy

e e g ol .
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water was prepared by G.N. Lewis (2). Because of the spec}al proper-
ties éf deuterium and heavy water, they have become useful tools in

' many flelds of research. For example, ﬁeucerium can be used as a
.tracer for hydrogen atoms in the fiel; of bilochemistry or as a source

of desterons which, when accelerated in a cyclotron, can-cause a whole

new set of phenomena, in the field of nuclear physics.

There are also many potentifl usages of heavy water, however, at
the present state of the art, the principal use of heavy water is as a
coolant and moderator in fission trdactors, such as the CANDU auclear

reactor system.

Heavy water is ome of the most important elements in the CANDU
reactor.' As a rioderator, it enables}ﬁhe reactor to be fueled with
natural uraniuim oxide because it absorbs neutrons much less readily.
It also serves as a primary coolant to transport heat from tﬁé reactor
core to a boiler filled with ordinmary water which in turn is heated to
generate steam. The steam is then used to drive a turbine which
produce;‘elecbricity. An excellent review of the CANDU reactor system"

’

is given in reference (3).
1.2 Hydrogen isotope separation
Among all of the isotopic separations, those involving h&drogen

isotopes have an advantage over the others because of the high mass

ratios indicated below:
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- ‘Isotope }air ‘Mass Ratio
=R ' S 3/1. | .
D-H 2/1 .
-0 = S 3/2

These ratios are the highest found in the entire periodic table. It
enhances both their physicdl and chemical differences. However,
because of the small percentage of deuterium in nature, the production

of heavj water is still very expensive.

Many ways of deuterium and heavy water production have been
proposed; only a few are feasible for large scale production. A
_partial list of methods of separating heavy hydrogen or heavy water is

given below (4):

1. Distillation of hydrogen

2. Hydrogen diffusion

3. Electrolysis of water

4. Distillation of water

5. HpS-Hy0 1isotopic exchange (G-S process)
-6. Hp—NH3 isotopic exchange

7. Hp-Hp0 isotopic exchange.

A comprehensive review of heavy water process development can be

found in reference (5).

[ Ry

N\
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1.3 Hydregen — water lsotopic exchange , ‘ .
> . . . . :

\ .
The current commercial process for making heavy water in Canada is

-

based on the GS (Girdler-Sulphide) proéess which produces heavy water
in two steps: the first being a bithermal exchangé process between
hydrogen sulphide gas and water (the most abundant'source of deuterium
on earth) |

HDS + Ho0 T= H,S + HDO . C13)
and the second through water distillation. Although this process has
been used to produce heavy water for many years, it suffers from a
number of shortcomings including the necessity of dealing with the
highly toxic and corrosive hydrogen sulphide gas at pressures of 2 MPa.
Also, from an ecomomic point of view, it becomes 1ess‘and-léss

favourable in a world of rising energy cost since it demands a very

high energy consumption (30 GJ/kg D70) (5).

With <he development of a novel wetproofed catalyst at AECL
(Atomic ﬁnergy of Canadd Limiced), ;he catalytic exchange betéeen
hydrogen and liquid water emerges as the most promising alternative.

HD + uzo'q—_'-" Hy + HDO [4]
This new process possesses a number of Inherent ;dvantageg; for
exanple, }he separation factor for the exchange between hydrogen and
liquid water is about two times higher than the exchange between hydro-
gen sulphide and liquid water. As a result, theoretical recoveries as

high as 50 percent are attainable for a bithermal process. TFrom an

energy requirement point of view, a bithermal exchange process demands



.
only one—quarter of the GS energy cost. This new scheme of heavy water
production has been the subject of an intense gesearch program at CRNL )

(Chalk River Nuclear Laboratories) for the last fourteen years.

Ian fact, Canada's\féést industrial heavy water plant operated from '
1943 until 1956 at TréIl, British Colﬁmbia was based on this exchange
mechanism. The catalyst used was selected during the Manhdt;gﬁ Project
(6). This Plant used electrolytic hydrSgen enriched in deuterium.

From this enriched hydrogen stréam, deuterium was transferred to water
vapour by a n;ble catalyst and froum water vapour to liquid water in
bubble cap trays. These two steps'had to be carried out in a serles of
separated sections because the catalyst employed was deactivated by
liquid water. Due to the compiex multi—stage‘configuration, this

process was not economically feasible for large scale heavy water

production.

Howgver, with the wetproofed caﬁglyst which prevents water from
coming into contact with the catalyst, the exchange can now be carried
out efficie&tly in a ‘trickle bed reactor in which hydrogen gas and
liquid water flow éoun;ercurrently through a packed catalyst bed. This
type of contacting scheme wﬁen operated monothermally is known as the

LPCE (Liquid Phase Catalytic Exchange) process.

Hydrogen-water isotopic exchange with the wet;?EBfed catalyst has
been studled extensively Iin LPCE ceolumns at around room temperature.

Numerous papers on this subject have been published (7, 8, 9).
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1.4 Tritium recovery from heavy water

One of the first applicatisns~of the wetproofed catalyst based on
hydfogen—water 1sotopié exchange 1is the recovery of tritium from heavy
water. Tritium is produéed as a result of neutron absorption by
deuterium atoms. Therefore, it is formed as a by—préduct ian the heavj :_ .
water cooled and méderated'CANDU nuclear reactor. ‘Its concentration in
heavy water increases gradually with reactor operating tiﬁe and sinc;
tritiated heavy water is radioactive, it constitutes a health hazard
and ﬁhus an increase in maintenance cosC.

).

The traditional way of removing tritium from heavy water is By /}
vapour phase catalytic exchange (VPCE) ia which tritium is trgpsferred
from heavy'water to deuterium by means of a catalyst.

catalyst .

D, + DIOy —— D0, + DT [5]
As a result of the exchange étep, the deuterium gas stream is diluted
with both tritium and hydrogen which are then separated from deuterium
by cryegenic distillation. This process requires‘the VPCE column to
operate at 200°C to avoid catalyst déactivation by liquid water.
Therefore, vaporization of the liquid feed is needed before catalytic
exchange can take place. Also, the vaporized stream has to be
condensed after the exchange. All these complicated evaporation and
condensation steps (as shown in Fidure 1) can be eliminated by adapting
the wetproofed catalyst which can achieve the tritium transfer in a

single catalyst column.
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A tritium extraction plant based on the LECE process 1s being

built at CRNL and is scheduled for coapletion in 1985. It consists of

+

a LPCE front end where tritium is transferred from heavy water into the
recirculating deuterium gas and a cryogenic distillation unit which

separates tritium from deuterium. A simplified flowsheet of the

extraction plant is shown in Figure 2.

The use of high temperatures are preferred for tritium recovery

4]
from heavy water because tritium concentrates more Iin the gas phase as
the temperature rises. Therefore, there 1s a need to know the

behaviour of wetproofed catalyst at temperatures up to the normal

boiling point of water.
1.5 Objectives of this work

Although the wetproofed catalyst hds been demonstrated to have

long and stable activity at temperatures up to 60°C (10), it is of

interest to know the catalyst performance at even higher temperatures

[

where the water vapour pressure Is considerably higher.

4

Temperature (°C) Vapour Pressure Increase Relative to 25°C
25 _ 1.0 |
60 6.3
75 : 12.2

90 ' 22.1
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At higher water wvapour pressur;s, it is possible that capillary .
condensation inside the'catalyst‘pores will become .significant,
therefore causing an excessiﬁe losgs in catalyst activity.'

In the eveng of.qnaccepcable catalyst activity at ﬁigher teapera-
tures, ox&gen will be injected into the system. This idea was first
proposed by Chuang (l1) and had been found to be successful in main-
taininé high and scabie catalyst ;:;ivity by Japanese researchers (12)
" for their catalysts. The principle is based on the fact that the reac-—
tion between oxygen and hydrogéﬁ is-exothermic (AHpgg = —484 kJ/mole)

-~

and with a suitable amount of heat generated, it should be able to keep

the catalyst pores free of condensate.
There are two main objectives in this work:

1. To measure the performance and stability of the wetproofed catalyst

at various temperatures.

2. To investigate the influence of oxygen Injection when pore

condensation at high temperatures becomes significant.

The results of this work will provide information on the
<5
temperature limit of the wetproofed catalyst which will be taken iato
consideration in the design of the CRNL tritium extraction plant. As

the isotope exchange between tritium and deuterium has the same

mechanism as the exchange between deuterium and hydrogen, the latter
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was used to reduce coastruction complications and operational hazards.

2. THEORETICAL BACKGROUND

2.1 Atom fraction

It is customary to express composition in a mixture of two
. .o
Isotopes in terms of the atom fraction of the desired isotope. Atom -

fraction is defined as the ratio of the number of atoms of desired

-1sotope of an element to the total number of atoms of the element.

2.2 Separation factor

The separation factor for isotopic exchange processes can be
determined by the usual static or dynamic equilibration methods" (13).
It is defined as the ratio of desired component in the phase in which
it concentrates divided by the ratio of desired componeat in rhe other

phase.

In cthe case of hydrogen-water isotopic exchange, the separation

factor, ap, for the exchange between water vapour and hydrogen gas is
R g P gen g

given by,

£2

- \g*/(l'}g*) [6]
y*/(1-y*) :

where y* - equilibrium deuterium atom fraction in vabour

y* - equilibrium deuterium atom fraction in gas.
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For the separation between liquid .water and water vapour, the
* separation factor &p is givem by, .
x*/(1-x*)

v*/(l-v*)_[ _ ' ‘ 7]

’

GD'

where x* - equilibrium deuterium‘atom fraction in liquid.

Finally, for the overall separation between liquid water and

hydrogen gas, the overall separation factor &, 1s given by,

Y/ (L=y%) . ‘ (8]

2.3 Transfer mechanism

The protium—~deuterium transfer in hydrogen-water Isotoplc exchange

ianvolves the following reactions,

-

ﬂzo+nz.____-'2mno+un (9]
HDO + D #Dzo+m) [10]
U ——
Hno+m¢fno+az (111
g —_— e
A H,0 + H) T——HDO + H, { {12]

However, when deuteriuam concentrations are in the ppm level, one can
assume there are practically no Do0 and Dy molecules (see Figures 3
and 4), therefore only reaction [12] occurs. Basically, reaction [12]

can be divided into two consecutive steps.
N



MOL FRACTION OF H,0, HDO AND 0,0

-

Do 0+ H,0 =2HDO

HDO

0,0 H,O

| l | [ | l f

0 do0 2 3 4 S 8 .7 .8 .8 LO

DEUTERIUM ATOM FRACTION IN LIQUID iSHASE, D/(H+D)

FIGURE 3 EQUILIBRIUM CONCENTRATIONS OF 020 HDO AND
HoO AT 25°C

:
3
]
[
1




MOL FRACTION OF Dy, HD AND Hj -

14

- Dz-}- Ha =2HD ]
Hp D2
- ]
— ! HD —
i
A R &
0 R 2 .3 4 ) .6 T .8 .9 1.0

DEUTERIUM ATOM FRACTION IN GAS PHASE, D/(H+D)

FIGURE 4 EQUILIBRIUM CONCENTRATIONS OF D, HD AND H,
AT 25°C
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| Pt -
D, + H,0, —— Hzc; + HDO, [13]
HDO, + B,0, # H,0 + HDO, N [14)

The fir;:fstep is the catalytic exch;qge'step and the reaction is
given by [13]. This is ; gas phase reaction and is catalyzed by
p;atinug which transfers the deuterium between hydrogen gas qng\fater
vapour. The second step is a pure mass transfer sﬁep and can be
described by [l4]. In this step, deuterium is transferred between
water vapour and liquid water and this can take place at any vapour—

liquid interface.
2.4 Process model

The process model is based on the LPCE configuration. The

assumptions involved in this model are that:

1. 1iscothermal bimolecular reversible processes are involved in both

catalytic reaction [13] and mass transfer [l4],

2. plug flow prevails in both gas and liquid phases,
3. negligible direct transfer occurs between hydrogen gas and liquid
water.

With these assumptions, one can write the deuterium mass balance

on an infinitesimal column element for liquid, wvapour, and gas flow
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(Figure 5), resulting in three differential equatipmns (see 8.1), as

fo}lows: ' ' .
.
Gas Streanm ~6 &L = pglagy(1-v) = v(1-y)] (15)
" Vapour Stream v %% - =G %% + L %E | _ [16]
Liquid Stream -ngé",CFDI“Dv(l‘x) - x(1=-\)] .[17]

Equation [15] is the deuterium mass baslance on gas stream while
equation [16) and [17] are for the vapour and liquid flow,
respectively. Under low deuterium concentration, i.e. when x, » and y

<¢l, [15] and [17] can be simplified to

d .
-G EE ~ ka(;xRY - ) . ’ [18]
and
d
L = pkplapyx) ©[19)

Equations [16], [18] and {19] can be solved analytically to give
the concentration profiles of deuterium im all three streams along a
trickle bed reactor and the solution (14) is given by equation [20],

[21] and [22], respectively.

y = A+B EXP (—flokRZ/G) + C EXP (—fankRZ/G) [20]

Ly = GRA + (QR-fl) B EXP (—flokRZ/G) + (&R-fz) C EXP (—fzkaZ/G) [21]

x = agaph + (V/L) (apt(G/V)-£;) B EXP (=f 0k Z/G) +

(V/L) (agH(G/V)= £,) C EXP (= ,ukaZ/G) (22]
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where P -

Am ST
- £,y L -vf
2 ‘ %R"Y"2
BE{i ) (arm ¢ (opvo™%o) ¥ T8,y (o (og¥o™ V)
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The profiles along a trickle bed reactor based on equations [20],
[21) and [22] have been verified experimentally (17), thus supporting

the validity of this modell

A typical proflile was simulated based on equations {20], {21] and
[22] (Figure 6). The enriched gas comes in at the bottom of the
reactor and is slowly depleﬁed of its deuterium content as it rises
through the column. The countercurrent liquid stream comes in at the
?top and ﬁecomes enriched in deuterium as it trickles down througr the
reactor. As for the vapour stream, it comes In at equilibrium with the

exit liquid at the bottom of the reactor.
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Due to a large driving force, its deuterium concentration iﬁcrease§

Eapidly toward the equilibrium with hydrogen gas.

The exit concentration for the vapour stfeam at the top of the
reactor depends on the re}ative magunitude qf the two transfer
,coefficients p kg and p ky- However, the exit concentration will lie
somewhéfe between the gaé*vapour equilibrium and the vapour—liquid

equilibriuvm.
2.5 Data treatment

Basically, the exchange process is characterized in a global sense
by two transfer coefficients. For example, the catalytic transfer
coefficient,.pkg; represents a complex combination of several
simultaneous phenomena, namely, the diffusion of reactants and products
through the external sﬁ%gnant film, the diffusion And reaction inside
the catalyst pores. On the other hand, the mass transfer coefficient,
Pkp, describes the transfer of HDO begpeen the bulk of gas phase and

the bulk of liquid phase.

In order to éxtract the experimental value of pkp and Pkp, it
is necessary to obtain the inlet and outlet concentrations of the gas,
vapour, and liquid streams. Hence, altogether a total of six deuterium
concentration measurements are required. However, based on the fact

that natural water has a constant deuterium concentration of 144 ppm at

CRNL and the imposed experimental ‘condition of equilibrium between exit
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liquid water and- entering vapour, the required concentration
measurements can be reduced to three, napeiy, the inlet and outlet
deuterium concentration of the gas stream as well as vapouf deuterium
concencraéion at the top of the reactor. With all the concentratioﬁ
values and flow rates, we can then calculate the experimental values of

ckr and pkp from the following equations (14).

ag = og¥V ' 23]
AD = opVX : [24]
¥ = G/ (Loy=V) . [25]
R = (£,-f,) B EXP(—fl?\Z) ' [26]
£, = 0.5 [ag+(G/V)(1+/1) ] (14 T=0) . [27]
£, = 0.5 [a +(G/V)(1+o/+)] (1-vT=Q) (28
Q = [4CIVIS/VI =)} [2gH( GV ) L/ v) 2 [29]
-f. v an=y=f
2 L R Y I
3 g G Cagrg™) * (E, £, Cag) (agyyv,) (30]
Ao~R GV GV (u,=7) R
A + 2/-'1. R L - Li': U 2/ L) (3]
""D ( 1 ) ~ ! "'D ( .Y )"'R
oL . £ LG, + (E gty Mg, 32
YT T E ) (LG ]~ (G IR . J
ok, = G [33]
oky = & AL : {34)
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...A computer program has been written based on these equations to

calculate pkp and pkp (Appendix 8.2).

-The overall effect can be seen by combining\the two transfer
) P
coefficients together to form an overall transfer coefficlent called

BKya which is defined by:
o
x®
P = K (v ’\ 3]

where
F - superficial linear gas velocity (m.s~L)
y* - deuterium concentration of hydrogen gas in equilibrium with

1iquid water.

It can be shown that the relation between gxya, pkg and gkp

is given by

1 44.617 [%ﬂ:(l-an) Ly (agm1)

= [36]
v -
Kya oxo+x( 1 &0) pk A

R pkp
The derivacion of [36] can be found in Appendix 8.3.

3. EXPERIHENT&}

3.1 Wetpoofed catalysts

-

Conventional catalysts used for hydrogen-water isotoplc exchange

are hydrophilic.' They are easily deactivated by liquid water.
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Théréfore, liquid water to be vapourized before contacting Lhe
catalysts. Accompanyingj::g‘ggpoutization process is the increase in
u;ter Vapour pressure thch,causes significant capillarf condensation
inside the pores of the cataljst thus poisoaning the.catalyst. This

necessitates the superheating of the vapourized stream in order to keep

the pores dry.

The complicated vapourization and superheating stages c;n be
eliminated with the employment of wetpreocofed catalyst. It was first
invented by Stevens (15) and has been further developed at CRNL. Its
applications have recently been reviewed by Seddon et al. (16). The
difference bgtween a wetproofed or so called hydfﬁphobic catalyst as
opposed to a hydrophilic catalyst is shown in Figure 7. It can be seen‘
that there is a sac of alr surrounding the hydrophobic catalysts while
the ordinary catalysts are soaked with water. The ability of
wetproofed catalyst to repel liquid wateFf enables the gaseous treactants
ané products to diffuse readily to, and from, the active catalyst
sites. Therefore, they are capable of achieving réa;tion rates
comparable to those for conventlional hydrophilic catalysts operating in

dry environments.

At present, many techniques of preducing hydropﬁgbic catalyst have .
been found and detailed preparation methods have been documented in
several proprietary AECL reports. The wetproofed catalyst used in this
study was in the form of a sphere and prepared by the AECL Dip Method.
Basically, the wetproofed catalyst consists of black platinized carbon

powder mixed with Teflon which acts both as a binder and a wetproofing
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agent. This mixture is then deposited as a thin layer on an inert

ceramic sphere which acts as a support. The diameter of the catalyst

was about 7 mm.

To cﬁarac:erize this particular batch of catalyst, the total !
surface area (BET area) and platinum metal area were determined by
nitrogen adsorption and hydrogen chemisorption, respectively using the

Accusorb model 2100E surface area analyser. The determined values were i
BET area — 2.677 mé/g of catalyst metal area - 0.203 wl/g of catalyst

3.2 Reactor

The hydrogen—ﬁéter isotopic.exchange process was carried out in a
trickle bed reactor where liquid water trickled dqwn through the coluﬁn
countercurrent to hydrqgen gas saturated with water vapour. It is well
known that the performance of trickle Bed'reactors can be Influenced by
nany factors. Omne major factsr relevant to this study is the-liquid

distributi%n which has a direct impact on the vapour—liquid mass

LY

trausfer rate.

As mentioned In the discussion of the isotope exchange meéhanism,
the isotope transfer between hydrogen gas and liquid water takes plgce
indirectly by means of water vapour. Therefore, if the mass transfer
rate between liquid water and water vapour is small relative to the

catalytic exchange rate between water wvapour and hydrogen gas, the
w .
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overall transfer will be small giving rise to an inefficient use of the
catalyst bed. For example, it has been shown that a 100 perce;ﬁ hydro-
phoblc catalyst bed gave lower performance than a catalyst bed diluted
to 50 percent by volume with hydrophilic inert spheres_of the same size
(9). This is ;oncievably caused by the maldistribution of water inside
the 100 percent hydrophobic catalyst bed. Therefore, a 50:50 (by
weight) mixed bed was employed fn this study to alleviate the

channelling effect inside the 50 mm diameter column. The bed height

"for this work was chosen £o be 0.4 .

In conventional rate measurements, an inert section containing

packing of similar size to the catalyst is usually placed on top and

bottom of the catalyst bed to establish flow patteras. Ia this worg‘no
inert section was placed on top of the mixed catalyst bed because this
would promote the vapour—liquid transfer and thus distort the rate
measurements. However, a mockﬁp dye test In a glass column revealed
that liquid flow profile developed within'Z cm from the top of the |
mixed bed when a 5-point liquid distributor was employed. Since the
total bed height‘was 0.4 m the errvor in raté determinacién was not
expected to be significant.

-

3.3 Test facility description N

A simplified flow sheet of the test rig {s shown in Figure 8. All
equipment in contact with process water and gas was constructed from-

304 stalnless steel. The test rig built was ‘based on the once-through-

water/recirculating-gas principle.
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Distilled water was purified and deionized to about 10710 ohm-cm
by a Millipore Purification System (model ZD30-000-70) prior to
entering the stripper where dissolved gases were stripped off by steam.
Tye liquid water feed was then brought to the operating tgmperature by
passing it through a constant temperature bath. Flow rate was measured
with a rotameter ahead of the reactor and controlled manually by
adgusting a needle valve at'the rotameter outlet. Liquid water was fed
into the reactor through a 5—§oint liquid distributor. It then
trickled down the catalyét bed by gravity and collected in the boiler-

where the water level was maintained by a Foxboro liquid level

controller (model 40).
s

Hyérogen gas was recirculated by means of a welded-bellows
compressor (Metal Bellows Corporation, model MB-602) ﬁhich delivered
hydrogen gas to the boiler. The flow was monigorgd continuously by a
precalibrated Tylan mass flow meter (model FM-362-35):' A wvariac
controlled 3 kW electrical heater was used in the boiler o heat and
humidify the gas at the same time. The hot gas was broughg to the
desired temperaturé in a 0.5 m Goodloe Packing section by spraying
water at the operating temperature. Température and humidity of the
upflowing .gas was monitored continuously by a Vaisala probe (Vaisala
Inc. Model HMH-14UTA). The saturated gas then entered an equilibration
section consisting of 0.1 m of Dixon ring packing followed by 0.05 m of
ceramic spheres. This section easured the vapour to be in isotopic
equilibrium with the liquid water leaving the bottom of the reactor.
The reaétor was packed with wetproofed sphere catalysts diluted to 50%

by weight with hydrophilic spheres of the same size. The gas and vapour
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mixture from the top of the reactor passed through a condenser and a
York mesh demister before returning to the compressor thus completing

the cycle.

Make up (ordinary) and spiking (enrihhed) hydrogeﬁ gas were
introduced to the gas—loop through a Matheson Hydroge; Purifier
{Johnson-Matthey model'8372) in which hydrogen diffused through a Pd-Ag
alloy tube. The flow rate of the purified gas was controlled by a |
Tylan mass flow con;roller (model FC260-45) which led the gas Iinto an
equilibration section packed with 0.3 m of wetproofed catalyst; This
section was designed to bring the hydrogen and deuterium gas into

isotopic equilibrium.

H, + D, == 2HD [37)

~

When oxygen was required, it was injected into the gas streaa at
the bottom of the reactor equilibration section. The flow rate was

also controlled by a mass flow controller (model FC-260).

A water jacket surrounding the reactor was used to maintain a
cong;ént reactor temperature. The temperature of the recirculating
water through the water jacket was controlled by a Fenwal temperature
coutroller (model 55-004420-302).

As 'mentioned in Section 2.5, three deuterium concentration
measurements were required in each run. It was‘relatively easy to

obtain deuterium concentration in the gas stream by on—line mass

it ta

EEFY & T Py S
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spectrometer analysis (see section 3.5). Aas éor the deuterium -
concentration ip the vapour stream, it was much more convenlent to use
Butler's indirect method (17). This method involved the use of a
0.025 m diameterx High temperature equilibrator filled with wetproofed
sphere -catalyst to a'depth of 0.1 m. The equilibrator was wrapped with
heating tape which had a varliac—controlled power supply to waintain the
operating temperature at around 150°C. The purpose of the equilibrator
was to bring the pas and vapour mixture at the top of the reactor to
isotopic equilibrium. fhen from the gas equzlibrium value, one can
_ back calculate the deuterium concentration in the vapour at the top of

the reactor by a simple mass balance,

yo (L+ o, V/G) -y
S = B [38]

V/G

This relationship is a valid approximation for low deuterium levels (17).

A photograph of the test assembly is given in Figure 9.
T

AN
3.4 Test procedure :

/‘ .

At the beginning of each test run, the recirculating gas and once
through 1liquid water in every point of the reactor were at equilibrium.
The spiking technique was used to upset this equilibrium and thus

enabled the transfer rate to be measured. The procedure involved the

continuous injection of a swmall hydrogen gas stream at high deuterium
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atom fraction into the gas loop which disturbed the equilibrium between
- . > .

gas and liquid. It tock about two hours for the test rig to reach a

new sceady state condition in which the inlet and outlet deuterium

concentrations of all three streams from the reactor were constant with

time. After all the necessary concentration measurements were made by
on-line mass spectrometer, the results were then fed inte a computer

for performance analysis.

3.5 Deuterium concentration determination

Density, mass and infrared spectra are the three principal ways
for measuring deuterium concentrations in hydfogen gas aﬁd water.
Ho#éver, when concentration is at the épm level, the most coavenlent
and accurate method of measﬁring deuterium concentration is by mass
spectrometry. Maé555pectrome£ry is capable pf giving directly the

concentration of different isotope species in samples by detecting the

xgzihtive abundance of ions of mass 2 (hydrogen) and 3 (deuteriuﬁ)- The

layout of the mass spectrometer (Associated Electrical Industry MS-20)
used in this work is shown schematically in Figure 10.
Basically, the mass specﬁiomefer assembly conﬁisted of the

following systems:

1. Sample inlet system = a stainless steel inlet system incorporating

three crimp valves which operates at a reduced pressure. These

&
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3.

4

valves are deaigned to permit the controlled introduction of

hydrogen to the mass spectrometer tube unit.

- . »

Spectrometer tube unit - two signals representing the hydrogen and
- ' ’ -t

deuterium are generated in this unit and read by two separate Cary

electrometers.

Vacuum systems — three vacuum systems are coanected to cne another

to provide pressure in the order of 10~% P2 in the tubde unit.-

Electronic control and amplifier units - this set up ensures the

production of strong and stable hydrogen and deuterium signals.

Digital voltmeter and printér - this unit transtates the signals

from the electrontk circuit into deuterium conceantration in ppm.

A detalled description and operation procedure is given in

reference (18). The mass spectrometer used in this study had an

accuracy of + 1 ppm.

4.

Results and discussions

4.1 Comparison of catalyst performance at 25°C

¥

An intcilal experiment was conducted to determine 1f the catalyst

was consigtent in activity aand stability‘with others studied at CRNL

under similar conditions.
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Afrter 30 days of operation, a stgad} state overall transfer
cqefficienc of 0.76 s~1 was obtained at a hydrogen flow rate of
0.82 m.s™! (STP). The.performance of the catalyst was evaluated
at various hydrogen flow rates‘so that comﬁarison with similar
catalysts could be carried out. 'F;oﬁ Figure 11, it can be seen that_
the present catalyst has a higher activity than the one tested in the
62 mm LPCE test rig. It has been shown that catalyst with higher
platiﬁum loading gives higher activity (19). Therefore, the enhanced
activity observed for tﬁe present catalyst is probably due to the
higher platinum loading of the present catalyst (0.38 wtX vs (.21 wtZ).
Since this new batch of catalyst has the samé order of magnitude of
activity as the one measured in the 62 mm LPCE rig, it was concluded
that the present catalyst was representative of the wetproofed
catalysts under examination by CRNL.

3

4.2 Effect of operating variables on the catalytic traunsfer

coefficient at 60°C

After performance test; at 25°C had been completed, the
temperature of the column was raised to 60°C. This phase of the work
was undertaken to measure reactor performancé at high temperatures
under various opefating conditions. The effects of liquid flow, gas
flow and total pressure on the process were studied since they are the
primary variables with which engineers can manipulate for the design

and operation of a large industrial plant.
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It 1s important that all performance testé be conducted.at a
steady catalytic accifity: As can be seén‘from Figure 12, the catalyst
activity in terms of the overall. transfer coefficient, ZKya, stayed

relatively constant during the entire testing period.

In Figures 13,714 and 15, the effects of total pressure, gas and
liquid flow rate on vapour-gas catalytic transfer coefficienﬁ, pkg are
illustrated, respectively. The dominant feature in these figur;s is
the relatively large increase in pkg as'thg gas flow is—raiseé from
0.6 to 1 m.s~! (STP). This suggests that the gas phase transfer
process is not free from e;ternal diffusion resigtance through the
gas—solid §oundary layer. On :hé other haand, both total pressure and.

1iquid flow rate have a negative correlation with Pkgp. The decrease

in transfer rate with increasing total pressure is anticipated because "

.of lower diffusion coefficient at higher pressure. The drop in kg

with higher liquid flow is likely because of more water trickling over
the hydrophobic surface therefore effectively blocking the entrance of

the catalyst pores. Similar observations were also reported by Enright

and Chuang (20).

4.3 Dependency of operating variables on mass transfer coefficient at

60°C

Figures 16, 17 and 18 show the effshts of total pressure, gas and

+1liquid flow rate on the vapour-liquid mass'transfer coefficlent Xp»

respectively. It can be seen that pkp is strongly influenced by the
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liquid flow rate which reinforces th; notion that gkp charactefizes

. the transfer between liquid water and water vapour. Withiﬁ the tested

liquid flow rate range, ckp rises with liquid flow rate. This can be

attributed eo the increase.in the effective vapour—liq&id mass transfe:kﬁh\

area. Increase in gas flow rate and total pressure also resulted In aq\KT/
. . \

smaller iacrease in the kp value. The former enhancement can be

explained in terms of the decrease in thickness of the stagnant’ film at

the vapour-liquid interface. However, it is not expected that pkp to

iacrease with incr;asing pressure. Since vap0ur-liqu;é tfansfer is a

molecul;r diffusion process and moleculdf diffusion c¢oefficient is

inversely proportional to total pressure, therefore kp should

decrease with rising pressare. The observed increase in gkp (8

mol.m‘3.s“1) is within the scattering (standard deviation =

10 mol.m'3.s'1) of the experimental gkp value. Hence, any conclusion is

of questionable validity.

4.4 Influence of operating variables on the overall transfer

coefficient at 60°C

The combinea effects of the two transfer steps in hydrogen—wéter
isotope exchange can be examined by plotting Kya {(the overall traus-
fer coefficlent) versus the testing variables. From Figures 19, 20 and
21, it can be concluded that, within the testing range, an increase in‘
both gas and liquid flow rate E}ll enhance the overall performance of
the process but gas flow rate h;E a larger influence on ZKya than

liquid flow rate. On the other hand, it was observed that there was a

slight drop in IKya as the pressure of the system was raised from 108

to 163 kPa.
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The influence of the above operating variables on EKya has been
correlated enpirically by the following equation based on least squares

analysis.

IK - 6.91x107" + 2.02x1073(L) + 8.70x1073(C) - 9.13x107°(B)  {39]

The significance of this correlation has been.evaiuated (seevsection 8.4).
) :
4.5 Cétalysc performance at 755C and the effecﬁ éf oxygen injection
After ali the test runs at 60°C had been completéd, the operating
temperature was raised to 75°C. With the increase in temperature, the
overall transfer coefficient EKya also increased from 1.7 s~! at
60°C to 2.3 s~ at 75°C. Catalyst lifetime at 75°C is shown in

Figure 22.

Aé-can be seen frﬁm the Eigure, EKya dropped to a steady state
vélue of about 0.9 s~l in 20 days_of continuous.operation. Since
both hydrogén and'wasbr were purified to a great extent and mo such
decreasé in activity was observed at 60 or 25°C, therefore, it was
postulated that this low activity was pr;bably due to significant water
condensation inside the catalyst pores. Since the activity was

comparable to those ats25°C (~0.7 s"l), oxygen Injection was

initiated to test the possibility of recovering lost activity.

The optimum oxygen concentration at the gas inlet to the reactor

was found to be 500 ppm above which no appreciabdle gain in activity was
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 obsefved. Reaétor temperature was monitored closeély during oxygen
injection, no detectable r;se‘in temperature was measured and Judging
from_both Japanese (12) and CRNL (21) reports, the bed height used in
this study was unlikely to .remove all the oxygen which should be
ava;lable for rveaction throughout the bed. With this oxygen level,
ﬁKya was ralsed slightly fréﬁ 0.8 to 1.0 s™1. The activit} did

not recover to a higher level probably becausé the pores were already

filled with condensed water which inhibited the fast catalyzed reaction

between hydrogen and oxygen.

Thg catalyst was regenerated by passing hot air at about 120°C
through the column ahd,EKya wa§ found to be about 3 s”l, and as
expected, it again decreased with tiﬁe. When ZKya decreased to 2.5 s~1
in 8 days éf operation, oxygen was injected into the system and as a
result EKya increased back to about 3 s~l. It staved relatively
constant for four days before it was inﬁerrupted by power fallure and
unscheduled shutdown of the building's distilled water supply. The
corresponding pkg and pkp values at this level were about 70 and

140 mol.m"3.s'1, respectively.

After the two Interruptions, ZKya dropped to 2.5 s~l. Continuous
injection of oxygen was able to maintain the activity at this level for
seven days. To determine if the steadyIEKya vélue was really due to

the effect of oxygen injection, oxygen flow was discontinued and IKya

A Y

dropped from abcuE‘Z-Z to 1.6 s~ 10 12 days of operation. The testing-

was discontinued due to the failure of the feed water pump. However,
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the results at 75°C indicated that capillary water condensation could

cause the catalyst to lose more than 60X of the original activity and AL

- -

oxygen injection inco éas stream seemed to be able to avoid activity
deterioratipﬁ.

—

5. Conclusions . o

The catalyzed exchange of deuterium between hydrogen and water has

. £

been investigated In a trickle bed reactor under various operatiag
conditions.- The performance of the wetproofed catalyst may be divided

‘e

into two categories, namely those at 60°C and those at 75°C.
At 60°C, the wetproofed catalyst can maintain long and stablen

activity. This substantiates the findings of other lifetime

tests (iO). The overall trausfer coefficient increases with increasing -

.gas and.iiquid flow whereas it decreases with rising system preséure.

The influence of gas flow is relaci%el; larger than those of liquid

flow and system pressure indicating sigunificant external &iffusion:

reslistance.

At 75°C, catalyst activity is reduced to that comparable to those
. : n ~ .
at 25°C. It strongly suggests that this type of wetproofed catalyst

can be deactivated by capillar§ condensation of water vapour in the

pores of the catalyst. The results of oxygen injection indicated cthat

continuous injection of 500 ppm of oxygen in the gas stream is effec-

#

tive in maintaining the activity but is incapable of restoring lost
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e

sctivity. Lost activicy can

) - ?
be recovered by flowing hot air at 120°C

for four hours. However, this operation requi:es a shut down of the

test

-

facility.” . L

AN
Recommendations * "

The positive effects of oxygen injection at 75°C need to be

established by testing for a longer period of time.

-

-~

To avoid accidental ad&ition 05 §xygen into‘hydroged'at concentra-
tion above the 6% explosion limit, other methods of‘introducing
oxygen into the system should be investigated (e.g. the injecfion
of Hy0, into the feed water has been proposed by k.T. Chuang) .

For a given temberat@re and cétalyst support, there will likely be

some optimum pore size distribution with which to conduct hydrogen—

water lsotope exchange in a trickle bed reactor. This results
from a compromise between total surface area and pore size

distribution. However, . for catalysts that are made of different

support materials, -the contact angle between water and the support -

is likely more important than the pore §ize-diskribution. Tests
in thse respects may provide information on catalysts that will

retain most of their activity "at temperatures close to the normal

bolling point of water.

RPN SR A
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i St 2o

i




R

54

References

‘H.C. Urey, F.G. Brickwedde and G.M. Murphy, Phys. Rev., 39, p.164

(1932).

<

G.N. Lewis and R.T. MacDonald, J. Chem. Phys., 1, p.341 (1933).

-

J.A.L. Robertson, Sciehce, 199, p.657 (1978).

W.P. Bebblingtou, V.R. Thayer J.F. Proctor, "Production of

¢ -
‘heavy water Savannah River and Dana Plants”, DP-400, The United

States Atomic Energy Commission Contract AT(07-2)-1, (1959).

H.K. Rae, "Séparation of Hydrogen Isotopes™, American Chemical

' Society .Symposium Series, 68, p.l1 (1978).

~

N\ ' .
G.MIMurphy, ‘H.C. Urey and I. Kirshenbaum, “Production of heavy

water”, McGraw-Hill, New York, (1955).

J.T. Enright and T.T. Chuang, "Deuterium exchange between hydrogen

-

ahd water in a trickle bed_reac:or",‘Thq Canadian 'Journal. of

Chemical ﬁdgfheeglng, Vol. 56, p.246 (1978).

+

J.H. Rolston, "Research on the éeparatign of hydrogen isQ;opes by

‘catalytic exchange”, Synthesis and Application of Isotopically

Labelled Compounds Symposium, Kansas City, D.W. Duncan and

A.B.-Susan Editors, p.385 (1982).

¥r

P T



10.

£
11.

12.

13.

14.

15.

16.

55

J.P. Butler, Hydrogen isotope separation by catalyzed. exchange
between. hydrogen and liquid water” 3 Separation Science and

Technology, 15 (3), p-371° (1980)

-3

J.P. Butler and J.H. Rolstom, CRNL internal report, (1982).

-
w

-

Memo from K.T. Chuang to J.P. Butler, "A Possible Altermative for
Wet-Proofing Hzlﬁzdnﬁxchange E?talyst“, November 14, (1975).
A. Kitamoto, Y. Takashima and M. Shimizu, ™ Separation of
Deuterium.by Hp/H20 Reaction with Hydrophobic
Platinum~Catalyst”, Proceedings of the Second World Coagrees of

Chemi.cal Engineering, Montreal p.375, (1981).

J.H. Rolston, J. den Hartog and J.P. Butler, "The Deuterium

' Isotope SepaFation Factor Between Hydrogen and Liquid Water”,’

J. of Phys. Chem., 80, p.1064 (1976).

~

N. Palibruda, "Approach to the Theory of Separating Columns with

Successive Exchange between Three Fluids”, Z. Naturforschg, 214,

p.745, (1966).

-

W.H. Stevens, U.S. Patent 3,888,974 (1975).

7

W.A. Seddon, K.T. Chuang, W.J. Holtslander, and J.P Butler,
"Wetproofed Catalyst: A New and Effective Solution for H{ydrogen

Isotope Separation and Hydrogen/Dxygen Recombination”, to be




17.

18.

19.

20.
21.

22.

r

- 56

published in Energy Sources Technology Conference and Exhibitionm,

- New Orleans, (1984).

.o~
r
o

J.P. Butler, J.D. Hartog, J.W. Goodale and J.H. Rolston,

“"Separation of Rate Processes for Isotopic Exchange Between

Hydrogen and Liquid Water in Packed Columns”, Proceedings of the

Sixth International Congress on Catalysts, London, (1976). -

-

W.M. Thurston, M.W.D. James and R.W. Jomes, "Operating Manual

AECL-Micromass $02C Deuterium/Hydrdéen Mass Spectroﬁetér Systenm”,

| CRNL-1391, (1975).

/

J.P. Butler, J.H. Rolston and W.H. Stevens, “Separétion of
Hydrogen Isotopes .— Novel Catalysts for Isotopic Exchange between
Hydrogen and Liquid Water”, Americai;fijiijal Society Symposium

Series 68, p.93 (1978). - .

J.T. Enright and K.T. Chuang, CRNL Internal Report, (1976).

-

J.H. Rolston, CRNL Internal Report, (1981).

D.W. Bacon, "Collection and Interpretation of Industrial Data”,
Department of Chemical Engineering, Queen's University, Kingston,

Ontario, Canada.



-v .

57

8. APPENDICES

>
8.1 Derivation of the deaterium mass balance differeniial equations

across an incremental section of the trickle bed reactor.

Consider an infinitesimal column element of the trickle bed

-

reactor:

i\
|
A
|
g

b
fi
3
—
<
et
.._._.__>.
<
P
“~
[

a) Detuerium atom mass balance in gas

-2G(ys-y]) = Ty 4z . [40]
as ~AzZ—+- ©

= —oc 4y
Tg 26 3 [41]

From the mechanism,

-

—s '
DG + Hp0y T== H, +HDO [42]
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-

Tg = kp(¥)(1-v) - kp(l-y)(V) L [43)
TR = kz[or y(1=v) = W(1-y)] [46]
- -
where ag = ky/ks
or : Tg = pkglog ¥(1-v) = v(1~-y)] ] [45]
when v and y<<l | / /.,.-—
Combining [41] and [46] gives
=bining [41] and [46] gives e
4 ‘.
- -26 a—% = okjfaig ¥=v) (47]
. // A
Let pkf'{
T T ek
..' . — Q.Z - — .
_ G 37 = pkg (@p y-V) {48]
b} Deuterium atom mdss balance i liquid water
=2L(x,~x,) = T Az [49]

as Az + ¢

e Lg [50]
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From the mechanism:
A k3 . - .
HDO, + H,0 === H,0, + HDO_ . : [51)
kg .
R
Y 1-x 1-v X
Tp = kyv (1-x) - k, x(1-v) [52]
or Ty = kg fog v(1=x) = x(1-\)] . (53}
where op = k3/k4
or TD = pkl') [aD v(l-x) - x(l-\.l.)] {54]
when x and V<<l
Ty = okl') -(QD\) -x) . [55]
combining [50] a:nd [55] gives,
-2L dx _ e -
dz = Pkp (v =) [56]
ok ,
il TkD = o
: L 9% g (o - s
Tt < dz kplgpy ) [57]
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¢) Deuterium atom mass balance in water vdpour

2V(vymvp) = (Tp-Tp)az | (58]
és Az:4o . -
v L gdy & (59]

. dz dz dz
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N\
. 8.2 Listing of program for the evaluation of transfer coefficients and - E

a sample calculatioﬁ.
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PMIMP

FTIN 4.8+498

PROGRAM THWOPARM T/ 74  JPT=l ROUND=+-%/
c . . B
. C CALCU_ATT CONSTANTS RESUIRED FOR THE DETERMINATION OF
c TRANSFER CDIEFFICIENTS )
C
7

up

Oy Oy O

11

R3=(OST=R1/ (DUT+HF O/ (GAMENE ) ¢( (HF ¢ VF @AR ) /HE=(HFSVF#{ AR=GANM)

S/UAF¥nc 358 ) )l OST-RIZUIDOT+(HAF*DST/ (GAMSNF) )} )}

s ATV EIRG/GAN) S {AR=SAM) )/ (AR (HF/VE IS (LeRI/GAMY OS2

F2O0.52(a0e¢4Fe (L erT/CAMI/VF)R{ 1 +SORT(1=-0))
FRaQ ¢l Ao HFC (L eRQ/CANL/VF)I®(L=SART(L=0Q})
AMACALDSP U F*CAMONF®IDI/HF ) ¢ (F~ARGCAMIODSBI/ ({F=FF)

JalF=Fri*{aR=-04aM)

(3t (0aME AT I T/ nFeDST)-(AR=-CAM)I®R) } )/ (FFOBH)

3==FFo3a b e (A0VI-KAI/LO®HF ) o {AR=GANM=FF)®{ARSY[=VI) /D
RR=(F-FI)&ISEXP (=FeineyH)

JIF =R-22
AJLF=A83()1F)
IFC(J.E2.1) GO TQ 4
1=R

- R2aRR
J2=ADLF
Ra(21e32)72 .

.

“T.OGY Gg T3 »

CONTINIE

R2 =R

CONTINIE
R={R1+21}/2.

GO TG 3

CANTINyS s
Nane]

IF(NGGT.L2D) STuP "™ EXC:SSIVE

[FCA2I . T.06) J0=aD1F
[F{adlre 5T, 1.8=2) 30 T3
ROKR= A% 45
RIKDaRJ* 440 wF

A= {GAM/T AR -CAaM )} s{ nF o)~

7

HE-8Y [ =VFE &V ]} /HF

[TERATIGN ™

"l(F“”‘*>A=I(D¢HF))°(AD¢VI-XJ}*(F—(AR—GAHI)°(AQ¢YI—VI)ID

VOA=AREA e {aR~F ) Sa®E XP{ -F
Yo a=~+%:=v=(-FoawaAH)+CvExPL-FF¢AM¢aH)
TUSA_JSIYI=YIELI/(Y0=YDEL))
J<Y A= Si#(YI—YO)¢TU/(dH¢((YI*YI:L)-[Y0-YD:L)))

PRINTING JF R:SULTS

*AMOBH)+{AR-FF ) SL*EXP(-FF%AM*BH)

SKYAINYT[L/ (AR®RGKR) « L/ (ALSRILD 11 *44.514F00

SLYA=L/S (YN INY
XA e (A= AZ )*(Y]=¥))+X1]
YIeL=x3_4/7aAL

TUL“‘A JZ0EYLl-yleL)/0Yn-=- YDE;J)
IKY L M=54%( Ya-Yb)ﬂTd..d/(:SHi'UYI-YIEL)-(YO-YDEL))J

PRINT LLaT st Ty TP aTPRPALVP A VPP ASBH y KA Ay AF 3G oHF 3 SHaVE 4 X1
EalaX I d ] oVl aY e Yo Y a¥0E 9R0KRWRIKD, Y04,V 0A

TYATILAD e £ a5 X T 0L N

TEMPZRATURE

()

=" F6,.155X,

Jum——t

e e et et
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PYOGRAM TWOPARM  74/74 _OPTsl R0UND=e-¢/ PMINP ' FTN 4.8+498

12
13
lg

15
16

222

EMEQUILI3ATOR TEMPERMTURE (X) ="yFbale/s

CELHO»4X\"TITAL PRESSURE (PSIG) (KPA} =",F6.3+6XeFB8a34/s

E1HOs 4X, *VAPQUR PRESSURE (BAR) (KPA) =",F8.556X,F8.5+/0
ELHD 34X e Y3ED HEIGHT (M) =",FH.3+6Xy"AREA (M*#2) a",FB.54/,
ELHO4X s *4ATER FLOW RATE AG/MIN) {(MOL/MMS) =" F7.346XsF7.3070
EL1H044Xs 343 ‘FLOw RATE (L/MIN) (MOL/ZMMS) {M/S) =a%43F8.34+/s
£E140e4Xy *VAPOUR FLOW RATE (MOL/MMS) ="y F8.5,/,

ELlHO+4%s "AATER IN Al LG Te6X s "AATER CUT =", EQ .74

£2X+y"WATZY JUT LM ="yF9.74/0 S .

E140 94X VAP OUR IN =" 4FI.746X,"VADPQUR QUT 2"3F9a74/,

ELHO +4Xa™3A5 IN 2" F9.7+46X"GAS QUT ="4F9.74+74

E1HO 44X *SIJILIBRATOR (GAS QUT) ="yFQ,7,4" (VAPQUR QUT) ="4F9.7,

ELHI y4Xoa™ZATALYTIC TRANSFER COEFFICIENY _(MOL/NMMS) =",F8.34/4
E1HD 44Xy "HASS TRANSFER COEFFIZIENT (MOL/MMMS) -"gF8,3vlq
E140+&X " ANALYTIC GAS OUT a"3Fl0.616Xe" VAP QUT =2",F10.6)

PRINT 12,3<YA . ' " e’ ,
FORMAT(LH4D 4 aXe ®OVERALL TRANSEER COSFFICIENT KYA (1/5) =%4F7.3)

PRINT L3s£-F

FORMATI{L4DsaXsoCOLUMN EFFICIENCY =2,F8.5%) - ‘ N
PRINT 14,74 ' - i

SORMATILADy 4Xs#FRACTIONAL LJCATION OF VAPQUR =%,F8,.5]

PRINT 15+3<CYALM,SKYA

FORMATILAD s aXo"KYA MASS RALANCE (1/79%) 1",FW.3J/,
E1HO 24X+ '3I3MAa XYA (L/S5) =",F7.31}

PRINT Ll9+A34A0 AL GARELAD §

FORMATI L 4D g 6 Xe"MALR =" 3 F7.3432XK9s"ALD ="y F7.342Xs
EMALPHA 342 T.342Xs™ALE a4 F7.342%Xy"™AD ="4F7.3)

SO TO it

5TaP

ENQD

it
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" Sample calculation of transfer coefficlents:

Input dacaﬁ

36.69 mole.m 2.5-1

-

(2]
[ ]

L - 36-55 mole-m-z.s-l' -

v = 6.3 mole.m 2.5~1

T = 333 K A = 0.4 m

&R = 2.9949 ap = 1.0491 Q- 3.1419.
Yo = 355 ppm g oy = 200 ppm

Xo = 314 ppm x = 144 ppm i

Vo = 299 ppm v = 216 ppm

AR " OR ¥V

) = (2.9949)(200x1076) - (216x1076)
= 3.83x107% .
ARO - aR yo B vo
= (2.9949)(355x1076) - (299x1076):

= 7.64x10~%

AD = aDv ~-x

, = (1.0491)(216x1076) - -(144x1076) = 8.30x10~5

ADo = Gp Vo 7 xo

= (1.0491)(299x1076) - (314x1076) = 0

Y, = 6/(L ap-V)

= 36.69/f(36-55)(1.0491) - 6.30] = 1.14
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6 2R fwg S AR ]

- &+ (G/YL)RA_ L L2y * A+ (6/YL)A

R = (£,-£,)8 Exp(~f)z)

£, L | g =Y=E, |
- —_ - + -
(EE)E ) § Cove™) (5 (og Yorvo)

£, = %[aRf(G/V)(l+¢lyil£}+ /1-Q)
, = RO/ (I )] (- V1-Q)

4(G/VI@ A gy
lagt (G/V)(146 /v )2

Since ¢ is 'required ia Q, therefore ¢ has to be obtained through
successive approximations, stérting with R = 0 for &e first

approximation of ¢.

_ b4
_ 3.83x10 4 :[é6.69+6.30 (2.9949) _ (36.69)(6.30)(2.9949-1.14) _
8.30x103 36.55 (36.55)2(1.14)

3.83x10 2 'l
(8.30 x 107°) + (36.69)(3-83x10¥)/(1.14)(36.55) )

= 5.83



-

_ 4(36.69/6.30)(5-83/1.14)(2.9949-1.14)
[2.9949+(36.69/6.30)(1+5.83/1.14)12

= 1.48x1071

- {? 9949 +_3g gg 1+ 35 125} (1 +/1-1.48x10"%y -

= 36.95 . o . .

- 36.69 5.83 71 saern-l
% [?.9949 + A 1_14£¥1 -,/1—1.43x19 )

- . .
= 1.48 e

- (~1.48)(1.14 36.55 10" -
(36,95~§ 48)(%(99h931 T4y 36.69. (1-0491)(299x10 ®)-(314x10™%)

2.9949~1.14-1.48 . :

¥ 36.95-1.48)(2-9949-1.14)

(7.63x10™%y

=74.28x1076 ,

N ) &
. £ CYL/GYAy ) + (£ =0+ Sy -
27 (fl‘fz)[(YL/G) +AR] = (op=vIR .

P 1

L ————

'c1.48><0-4)_k . d

-

-

(36:95)(1 14)(36. 55/36 69)(0)+(36.95-2.9949+1. 1&)(7 64x10 )

(és 95-1.48)((1.14)(36.55/36.69) (8, 3ox10-5)+3 83x10-4)

0.7757 . <

PR S

P
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R = (36.95-1.b8)(4.28x10'6)EXP[(-36.95)(0.7757)(0.&)],
= 1.5929x1079
~0
Therefore th-e first approximation of R=0 is reasonable.

A
-

T DkR - )\G
= (0.7757)(36.69) *
= 28.5. mol._m'3.s'1

*

and ka - ¢AL
= (5.83)(0.7757)(36:55)

= 165 mol.m~3.s1

in terms of« Icy'a,

X . a’ - :
i g %4 .616 \L+Y(GR-I) 4_an+ x(lﬁQD)]
z Kya OL°+ x(1- OLO) o) kD ‘0 kR -
v : -6
_ ' 44.616 1+200x10" °(2.9949-1) _.
- (3.1419)+(144x1076)(1-3.1419) " 165 :
T o

Iz

(1.0491)+1&4x10-6(1—l.0&91)’}
- 28.5

. .ZK a = 1.64 s_:L
Yy

151
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8.3 Derivation of the relatiom between IKyy, pky and pkp

Catalytic rate.of the Hy/Hp0 isotope exchange process can be

described by:

T

-

0.5 Tpg =pkp [gy(l ~v) =v (- )] L [60]
and the mass transfer rate by,

O.STD-okD‘[OD\(l—:l:)-x(l-\J)] -[_' o [el]

The overall effect of the above two steps can be given by,

° .

0.5 T, =ok, (gl = x) - x( = ¥)) _ | [62)
Equation [60] and [61].qén be rewritten as, ‘
(L= 9 [ogapy( =) @ =v) o Wl -x) A -y ﬂ
.o.szR-“kR_"“\“‘O‘D C.® }[531
. oyl = %) @ -v) _ 1 -v) .
’ and .
. . ékD(l - W) vl - x) (1 -Ty)  x(1 -v) a- Y)J.
s ST B S W (64
the overall driving force term in [62] can be expanded as,
Copu( - XY (L= )
[aoy(l -x) - x(1 - y)] = aoysl - x) - a= .
apu(l = x) (1= y) |
+ (- T =0 -x(1 - y) [65]

e

()

-
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Rearranging [62], [63] and [64] gives,

0.5 T,
. = [oy(1 = x). -.x(l -l

0.5 Tpop(1l- x) ’ (L = x) (L -1y

e v A a-v)

and

0.5 Ty(1 = ¥) _. (1 = X) a- y)

= x(1 - ¥)
‘ka(l - ) : (1 -V

substituting [66], [67] and [68] iato [65] yields,

To ) TRQD(l - X) . TD(l -v)
B "N SO RN C Yy

-

At steady state, To = Tg = TIp

1 aa-w a-un -
S SR BN

i

The overall traasfer rate can aléo be defined as

*
‘0.5 To = LKya (y -y.)

%;therefore‘equating [62] and {71] and simplifying glve,

)

1 . % +x(1 3 g
ok 44.617 IK a
0 y

r
R LTI,

[66]

[67]

[68]

[69]

{70}

(71] .-

{72]
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therefore equation [70] becomes

o + x{1 - ao) aD(l - k) {£~_

44617 X a " Pk - oy ¥ ﬂ&fl = (73]
or
1 44,617 | 1:%(1 Cy - y)]
K a — — + [74]
L ya [ao + x(1 ad)] (%_ %) &

R Ky,
At steady state we can ':;lso write,

Phglagy(L = v) = V(L = y)] = dkplopvd - x)'-. x(1 - vl [75]
Expanﬁ and express in terms of v gives,

OkRO.Ry + kax

VT ey F Iy F g T ey - W) L76]

ka(l = ¥)-+ okyan(d - x)

S P R R N eue S
put [77] into [74&] gives,
1 44 .617 ka(aRy + 1 -y) + p%[x + OLD(l - x)]J
'E.Kya - czo... £x(T —x) | Pl (T = ) + Py (T - %)
[78]

\/\an(l -x) - 'y)]
+ .
pkg kg :
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[78] can be-simplified to give the final form of the relation between

EKya,‘ka and pkp- -

(\x__z//f 1 44.617 1+ y(op = 1) Lo + ;(} - op)

.?Kya a + x(1 - ao) ckD dtR

[79]

8.4 Evaluation of the correlation between iKya and other operating

variables.

The following data were used to obtain correlation:

L wol.w 2.s 0 G m.sfl(srp) P kPa  Xa gt
6.5 0.82 163 1.648
36.5 0.82 108 1.721

o _

36.5 0.62 4 136 1.481
36.5 1.03 136 1.916 A
22.8 0.82 136 1.604
50.3 0.82 136 1.725
36.5 _0.82 © 136 1.683, 1.673, 1.679, 1.641,

-+.12675

From the above data, the following correlation was obtained by least

squares analysis.

b )

1 3 3

IKGa = 6.91x10" % + 8.70x107> G+ 2.02x10 > L - 9.12 x 10> P (80]

b
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A 95% confidence interval for each of the estimated parameters is

given below: °*

Estimated ‘Least f Lower Confidence Uppef Confidence

Squares Parameters Limit “ - L{._mir.
6.91x1071 _ " 5.27x1071 §755x10"1
8.70x10~3 7.38x1073 | 1.00x10"2 -
2.02x1073 9.21x1074 3.11x1073
-9.12x10~3 | -1.73x107%4 -9.07x10™%

The significance of the correlation inadequacy can be tested by '

comparing R with the value of E1,2 (22).

2 2

Te -o'v
n 2
R& —— 31
= | [81)
where , Eenz sun of squares of résldual
2
v estimated pure error varlance
Vo degrees of freedom associated with 02
n
2 ~ 2 .
re " = I (v 7v) [82]
1 .
where . .
Yq Tesponse /-yn estf.mated response
Y,
n ¥ number of data points
. ’
o
2 - —.2
c” = I (y_-y) /(a-l) . [83]
L _
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. t‘\.‘ m ’ /

where Ty =1 "Yt;)/m
a number. of replicates :

Substituting the appropriate values into the above equations glves

C.

R = 5.62

From F distribution table F3, &4, 0.05 = 6.59.

Therefore, the comparison between R and F3, 4, 0.05) suggesfs that any
inadequacy in the fitted model is not significantly larger than experi-
mental error. In addition, no trends were observed in the residual

plot. Therefore the correlated equation is an adequate equation to

represent’ the experimental data.
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Residual
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Figure 23: Residual plot for the experimental wmnm
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8.5 Equipment specification

-

1) Hydrogen purifier

2)

3

4)

Manufacturer:
Model:
Capacity:
Impurity 1ev§l:

Operating ﬁreSSure:

76

Mathesgon

837#V.

24 SLPM (50 SCFH)’
less than 0.5 ppm

345 to 1389 XPa

Rotameter for measuring recirculating hydrogea flow rate

Manufacturer:
Model: -

Flow range:

Matheson

7640T, tube no. 605

" stainless steel float 10-180 SLPM

glass float 5-89 SLPM

Hydrogén mass flow controller

Manufacturer:
Model:
Flow range:

Accuracy:

Hydrogen flow meter
Manufacturer:
Model:

flow'range:

Accuracy:

" Tylan

FC260
0.06 to 3 SLPM

+1X of full scale

Tylan

© FM362

0 te 150 sSLPM

+2% of full scale



5).

6)

7

8)

9)

-~ 77

Oxygen mass floﬁ controller
Hanufacturer# : Tylan ‘
Model: FC260
Flow range: 1l to 50 SCQPH
Accuracy: +12 of full scale
Gas blower
Manpufacturer: Metal Bellows
Model: MB-602 (explosion-proof gotor)
Caggcity: : 57 SLPM at 172 kP§
N H
Watér'purification system
Mahufacturer: , Millipore
Model: ZDZO—liS—?&
Maximem flow: ‘ i.5 SLPM

Recirculating water pump

Manufacturer: Eastern

Model - 2J34F

Capacity: 42 L-PM at 207 kPa

Feed water rotameter -
Manufécturer: Matheson
Model: 7640T, tube no. 603

Flow range: up to 133 cc/min
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_'10) Spiking hydrogen gas rotameter

Hanufactﬁrer: :. Matheson
Model: 7640T, tube no. 602
Flow range: stainless steel float 80-2450 scc/min

glass float 40-950 sce/min

Ja
s

,—"'H -





