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Abstract

Heavy water is used as a moderator and a coolant in the pressurized heavy water reactor. Because
of the high cost of heavy water, downgraded heavy water generated in the reactor system is recycled
to the reactor after being concentrated up to 99.8% or more in heavy water upgraders. This study
investigates the process of upgraders and then suggests a theoretical model. The relations between
process variables are derived from tower packing characteristics, vapour-liquid equilibria, and mass-
heat balance equations at a steady state operation of the upgrader. A computer program UPGR
is developed, using the algorithm that solves the nonlinear equations step by step. It shows that
the results of computer simulation are in good agreement with the operating data of the Wolsung
upgrader. Thus, this computer code offers the optimum operating guide and is now applied to manage

the performance of upgraders for the effective operation of the heavy water upgraders.
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Nomenclature
c total number of components
F flow rate of feed strem (kmol/hr)
G  gas load (kg/m?/hr)
H  enthalpy of liquid stream (kcal/kmol)
h enthalpy of vapour stream (kcal/kmol)
hf  enthalpy of feed stream (kcal/kmol)
i component i
j stage j
Kp  equilibrium constant for isotopic exchange
reaction
L flow rate of liquid stream (kmol/hr)
M molar mass (kg/kmol)
n total number of theoretical stages
P pressure (mbar)
Q rate of heat transfer (kcal/hr)
T temperature (°C)
L flow rate of liquid stream {kmol/hr)
\Y flow rate of vapour stream (kmol/hr)
vg gas velocity (m/sec)
mole fraction in liquid stream
y mole fraction in vapour stream
mole fraction in feed stream
n vapor pressure (mbar)
pa  density of gas (kg/m?)

I. Introduction

The pressurized heavy water reactor, which is call-
ed CANDU, is being operated at Wolsung Nuclear

Power Plant, Unit 1 in Korea. Heavy water is used as
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a moderator and a coolant in the reactor. Because of
the high cost of heavy water, downgraded heavy water
generated in the reactor system is recycled to the reac-
tor after being concentrated up to 99.8% or more in
heavy water upgraders.[1] Figure 1 shows the heavy
water cycle in the CANDU system.[2]
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Fig. 1. Heavy Water Cycle in CANDU Systems

Water distillation is employed in the heavy water
upgraders. Since the separation factor (o =1.04) is ex-
tremely small, a large number of theoretical stages are
required.[3,4,5] Thus, high performance packing and
vacuum distillation process, which are different from
the general distillation process, are adopted in order
to reduce the height of a tower.

Effective operation of the upgraders is indispensable
to the nuclear power plant of the pressurized heavy
water reactor. Thus, the appropriate description of
physical phenomena in the reactor is an essential task
for the its optimum design and operation.

In this work, the process of upgraders is investigated
and a theoretical model is suggested. The relations bet-
ween process variables are derived from tower pack-
and

ing characteristics, vapour-liquid equilibria,
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mass-heat balance equations for the analysis of the
heavy-light water distillation process at a steady state.
A computer code using the algorithm that solves the
nonlinear equations step by step is also developed. The
results obtained by computer simulation are in good
agreement with the operating data of the upgrader of
the Wolsung nuclear power plant. Thus, this computer
code offers a good guide for the operation of upgrader
and provides for the optimum performance of the
heavy water upgrader through its effective operation.

Il. Process Description and Packing
Characteristics

The Wolsung station employs two heavy water
upgraders, one for the moderator(Mod) system and the
other for the primary heat transport{PHT) system.
From the operational points of view, there is a signifi-
cant advantage in having two upgraders since the Mod
system has different water chemistry and tritium levels
from the PHT sytem and the two upraders permit in-
dependent operation of the two systems.[1]

Figure 2 shows a schematic representation of a

Wolsung upgrader.[6] The upgrader would be approx-

1. feed pump 2. feed 3. reflux pump 4, circurating
evaporator puop
5. head 6. reboller 7. cold trap 8. infrared
condenser analyuer
9. Infrared 10. cooler 11. head product  12. head product
analyser tank pump
13. cooler 14. condenser 15. cooler 16. bottom
product tank
17, bottom 18, tower I 19, tower II 20. vacuum unit

product pump
21. exhaust cooler

Fig. 2. Schematic Diagram of a Wolsung Upgrader

imately 70 meters high if it is a single column. To over-
come this difficulty the large upgrader is divided into

two towers which are connected by two flow streams,
one of a vapour and the other of a liquid relfux line.
Heat is applied to the bottom of the first column to
boil the liquid by a partial reboiler and is taken out at
the top of the second column to condense the vapour
by a total condenser. As the vapour stream rises in
the column, it constantly transfers D,O to the liquid
stream and the liquid constantly transfers H,O to the
vapour stream. Thus, the D,O content of the liquid
stream increases as it falls through the tower. Feed
in the form of saturated vapour from the feed
evaporator enters into the tower through one or two
of many feed points. The feed point is selected to
match the concentration of the feed with that of the
vapour in the tower. In order to obtain optimum per-
formance of the upgrader, it is usually operated at sub-
atmospheric pressure (approximately 13.2 kPa at the
top). Thus, a vacuum system is required to remove
both air from the towers before start-up and non-
condensible during operation. To prevent escape of
heavy water vapour cold traps are provided in the
vacuum system.

A tower section contains several layers of Sulzer CY
packing, a collector, and a distributor. The PHT and
Mod upgraders has 20 and 17 tower sections, respec-
tively. This packing has been developed for heavy
water rectification by Sulzer Co.[7] It consists of
parallel, corrugated strips of Cu-Sn wire mesh (Fig. 3),
and has a hydraulic diameter of 6mm and 700 m?/m?
exchange surface.|{7] The main advantage of this pack-
ing is lowering the height of the column requiring a large

number of theoretical plates.[8] In general, the number
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Fig. 3. The Structure of Sulzer CY Packing
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Table 1. Equipments dimensions & operating conditions
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of theroetical stages per meter(NTSM) of a packing
depends on velocity, density, and pressure of vapour
stream. NTSM of this CY packing is 8-12 at the
operating conditions of the upgraders.

Fig. 4 shows the pressure drop per unit height of the
CY packing for different gas loads. This is an impor-
tant parameter for the analysis of distillation column.
The gas load is often expressed as the F-factor, which
is defined as follows.[8]

Factor = vg /pg = O.OOZSBSG/WTP

where vg: gas velocity, m/sec
09 gas density, kg/m?®
T : temperature, °C
M : molar mass, kg/kmol

P : pressure, mbar
Equipment dimensions and typical operating condi-

tions of the two upgraders are summarized in Table
1. The process of Mod upgrader is the same as that
of PHT upgrader except for the number of feeds. The
PHT upgrader requires a single feed, while the Mod
upgrader uses a single or dual feed.

II1. Theoretical Analysis
111-1. Vapor-liquid equilibria and atomic fraction

The mixture of heavy and light water is composed
of D,0, HDO, and H,O inevitably and the isotopic ex-

of upgraders

PHT Mod
Tower I 0.8m@ x 36.4mH 0.8m@ x 33.5mH
Tower 11 0.8m@ x 38.2mH 0.8m@ x 33.2mH
Tower [+11 0.8m@ x 74.6mH 0.8m@ x 66.7mH
Total packed height 43.36m 38.56m
No. of sections 20 17
No. of feed points 16 13
Bottom concentration >99.8 wt % D,0O >99.9 wt % D,O
Head concentration < 0.1 wt% D,0O < 0.1 wt % D,O
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change reaction is as follows.[9]

H:Of(liq.) + D,Ofliq.) = 2HDO(liq.)

The reaction rate is known to be very rapid[10] and
the equilibrium constant Kp can be expressed by

Kp = x(HDO)}{x(H,0) x(D,0)} (1)
where x denotes liquid mole fraction. The constant Kp,
which is a function of the temperature in degrees cen-
timeter only, was given empirically by I. Kirshenbaum
as follows.[10]

Kp=3.7621 + 1.5057E-03T —4.0E-06 T*

If we assume that Raoult’s law is applicable to the
mixture and the vapour pressure of HDO is the
geometric mean of those of H,O and D,0, that is, n
(HDO) = /n(H,O)n(D,0), then the equilibrium cons-
tant can be rewritten as[11, 12, 13]

Kp={y(HDO) P/n(HDO)}*/[{y(D,0) P/n(D.O)}

{v(H,O) P/a(H,0)}]
=y(HDOP/{y(H.Ol) y(D.0) } (2)
Here, P is the pressure of the system and y is vapour
mole fraction.

If the temperature and the pressure of the systerm are
known, mole fractions of liquid and vapour phase can
be calculated from the following Egs. (3)-(6).

x(H,0) +/Kp x(H,0) xD,0)+ x(D,0)=1  (3)

x(H.O)n(H,0) + vVKp x(H,O)n(H,O) x(D.,O)n(D,O) +

x(D,On(D,0O)=P @)
y(H20) =n(H,0) x(H,O)/P ()
y(D;0) =n(D,0) x(D,0)/P (6)

In Egs. (3)-(6), independent variables are temperature,
pressure, x(H;O), x(D,0), y(H,0), and y(D,O). In other
word, if two of six variables are given the others can
be calculated.

Mass and physical properties (e.g. enthalpy) of HDO
cannot be measured, because HDO always exists in
the H,O and D,0O mixture. Atomic fractions x,y of
hydrogen isotopes are defined as follows for simplici-
ty of separation performance equations.

x(H) = x(H,O) + x(HDO)/2,

y(H) =y(H,0) + y(HDQ)/2

x(D) = x(D,0) + x(HDO)/2,

y(D) = y(D,0) +y(HDO)/2 7
Here, HDO content is assumed to be equally present

in H,O and D,O content. Thus, energy and material
balances are written successfully by the atomic frac-
tions.[11, 14}

III-2. Theoretical model

A theoretical model of heavy water upgraders is il-
lustrated in Fig. 5. The figure shows n theoretical stages
arranged in a countercurrent cascade, where the stages
are numbered down from the top, and a condenser
and a reboiler are located at stage 1 and stage n,
respectively. Heat is removed at a rate of Q(1) from
stage 1. On the other hand, heat is added at a rate
of Q(n) from the reboiler. It is assumed that phase
equilibrium and isotopic exchange reaction equilibriurn
are achieved instantly in the column and no heat
transfer through the column occurs.

A schematic representation of an equilibrium stage
j is shown in Fig. 6. Saturated vapour-phase of molal
flow rate F(j) is fed into the stage j with properties of
mole fractions z(i, j) of component i, temperature T(j),
pressure P(j), and overall molal enthalpy hf(j}, which
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are equal to those of vapour stream V(j). The interstage
liquid of molal flow rate L{j-1) also enters the stage j
from the stage j-1 above, with properties of mole frac-
tions x(i, j-1), enthalpy H(j-1), temperature T(j-1), and

v{3)
A L(j-1)
y(i,J) x(i,j-1)
h(j) H(j-1)
T(J) T(Jj-1)
P(J) P(j=~1)

F(j) —————p Stage

z(i,J) Y
hf(J)
T(J) v(i,j+1) x(i,J)
P{J) h(j+1) H(J)
T(j+1) T(J)
P(j+1) P(J)
V(j+1)
L(J)

Fig. 6. A Schematic Representation of an Equilibrium

Stage j

pressure P(j-1), which is less than the pressure of stage
j. Similarly, from the stage j+ 1 below, the interstage
vapour of molal flow rate V(j+ 1) enters the stage j,
with properties of mole fractions y(i, j+ 1), enthalpy
h(j+ 1), temperature T(j+ 1), and pressure P(j+1).

The interstage vapour of molal flow rate V(j) leaves
the stage j with intensive properties y(i, j}, h(j), T(j), and
P(j). The interstage liquid of molal flow rate L(j} also
leaves the stage j with intensive properties x(i, j), Hj),
T(j), and P(j). These two exit streams are assumed to
be in phase equilibrium.

III-3. Simulation procedure

Associated with each theoretical stage, the follow-
ing equations can be written in terms of the variables
set in Figs. 5 and 6[15, 16].

o Material balance for each component
Li-1) x(i, j- 1)+ V({+1) v, j+ 1)+ FG) z(, j)
= L) x{i, j) - V(i) (i, j)=0 (8)

J. Korean Nuclear Society, Vol. 22, No. 1, March, 1990

o Phase equilibrium relation for each component
x(i, j) = function of {P(j}, T(), y(1, j), ..., vlc, j}} (9)
o Mole fraction summations

c c
= x(i, j)=1, =y, j)=1 (10
i= i=1
o Energy balance
L(—-1) Hj-1)+V(j+1) h(j+ 1)+ F(j) hi()
- L) HG) - V() h()=0 (11)
o Total material balance
LG =Vi+1)+ 3\: F(m)-V(1) (12}
m=1
o Pressure drop
P()=P(-1)+AP(-1) (13)

The equilibrium relation Eq. (9) is a condensed form
of Egs. (3)-(6) previously described, and the pressure
drop fo Eq. (13) which depends on the conditions of
vapour stream can be obtained from Fig. 4. The
subscript of component i can be omitted by denoting
deuterium atomic fraction by x, since the three-
component system can be reasonably handled as a
binary system.

When molal flow rate F, compositions of feed z, top
product y(1) and bottom product x(n), boil up rate
Vspec, and head pressure P(1) are specified, the
number of theoretical stages n and all x(j), v(j), L),
V(j), T(j), and P(j) can be calculated by solving the set
of nonlinear equations above. The simulation starts
from reading data and assuming the vapour flow rate
V(2) of stage 2. The procedure can be summarized
as follows.

(a) x(1), V(1), T(1) of stage 1{condenser) are calculated
from the following equations.
x(1)=y(1)

V(1)= glF(j) {z(j) - x(n}}/{y(1)— x(n) }: total
j=
material balance

T(1)=function of {P(1), y(1)}: equilibrium equation
v(2), P(2), T(2), x(2) of stage 2 are obtained from
the equations below.

y(2)=x(1), P(2)=P(1)+ AP(1)

{T(2), x(2)} = function of {P(2), y(2)}: equilibrium

G5
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equation

(c) The following equations with unknown variables
of molal flow rates, enthalpies and pressure at the
top stage are set.
L{1)+V(3)+F(2)-L(2)-V(2)=0
L(1) x(1)+V(3) v(3)+F(2) 2(2)-1(2) x(2) - V(2)
y(2)=0
L(1) H(1) + V(3) h(3) + F(2) hf{2) - L{2) H(2) - V(2)
h(2)=0

2
L(2)=V(3)+ = F(m)-V(1)

m=1

P(3)=P(2) + AP{2) (14)
Here, enthalpy H and h are functions of temperature
T and compositions x any y. Also pressure drop AP
is a function of vapour stream conditions. Thus, the
unknown variables L(1), T(3), V(3), and L(2) in Eq.
(14) are determined from the assumed variable V(2).
At arbitrary stage j, these equations can be written in
the same manner.

LG-1)+V(+1)+FG) - LG - V(=0

LG - Dx(~ 1) + V(i + 1)y(j + 1) + F(j)2() - L()x(j)

- V(i) =0

L(j— 1)HG - 1} + V(i + Dh{ + 1) + FG)hi(§) - LGHG)

- V(jh(j)=0

LG=V({+1)+ ]Z 1F(m)—V(l)

ms=

P(i+1)=P() + AP() (15)

(d) Assume V(2)

(e) Assume T(3)

(f) L(1), y(3), V(3), and L(2) are calculated from Eq.
(14)

{g) P(3) is obtained from Fig. 4 by using F-factor
calculated from the conditions of V(2),

(h) T(3), x(3) are calculated from
{T(3), x(3)} = function of {P(3), y(3)}: equilibrium
equation
The calculated value T(3) may not equal that of
step {e), because the latter is an assumed value.
The iteration method is employed to match these
two values within a certain error range and to find
the solution of Eq. (14).

(i) L(1), T(3), y(3), V(3), and L(2) are calculated in
step (e) through (h) by changing T(3) value
repeatedly until the variables satisfy Eq. (14)
simultaneously.

G LG-1), TG+1), y+1), VG+1), and L{) are
calculated sequentially from j=3 to j=n by using
Eq. (15). Step (e) through (i) are repeated sequen-
tially by assuming T(j + 1) at the stage j, until the
calculated value of x(n) is equal to the specified
value. During this step molal flow rates of feed F(j)
are determined according to composition of vapour
stream y(j). It is found that the calculated value of
boil up rate V(n) at the stage n—1 is different from
the specified value in most cases. We denote the
former by Vcal and the latter by Vspec.

(k) The simulation program is considered to be solv-
ed, if the following convergence criterion is
satisfied.
|Vspec-Vcal|<err, O<err<<1
Step (d) through (j) are carried out repeatedly by
changing V(2) value. This iteration is performed
by using the half-interval method, where V(2) is
the iterative variable.

The algorithm for the simulation is shown in Fig. 7.
Output variables are the number of theoretical stages
and x(}, v(i}, LG), V), T(), and P(j) for all j stage.
If other variables are specified, corresponding
substitutions are made for output variables. For in-
stance, if the number of theroetical stages is specified,
molal flow rate of feed is substituted for the output
variable. Thus, regardless of specifications, the simula-

tion program can be solved by the iterative technique.
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Fig. 7. Flow Chart of Simulation Procedure

IV. Result and Discussion
IV-1. The validity of the computer program

The computer program UPGR is written in FOR-
TRAN language and executed in double precision.

At the operation of the PHT upgrader, the process
variables including head concentration and pressure,
bottom concentration, and boil up rate are maintain-
ed almost invariably as Table 2. Feed concentration
changes very broadly, 0.5-99.5 wt % of D,O. The flow
rate of feed is closely related to its concentration for
the upgrader whose number of theoretical stages is
505. It is assumed that feed enters stage j where the
concentration of vapour stream is about the same as

that of feed since feed enters into the tower through

J. Korean Nuclear Society, Vol. 22, No. 1, March, 1990

Table 2. Process Variables of Wolsung DO Upgraders

PHT | Mod | Unit
No. of theoretical stages | 505 440
Head concentration 0.017 | 0.017 | wt % D,O
Head pressure 132 | 13.2 | kPa
Bottom concentration 99.83 | 99.91 | wt % D,O
Boil up rate 46.0 | 47.0 | kmolhr
SRR A SRR S B M AL L AL LA T 1
[ Total stage no. : 505 ]
I Head conc. : 0.017 wt X
N Bottom conc. 99.83 wt X ]
35 I Head pressure 13.2 kPa b
Boil up rate 46.0 Jmol/hr ]

3

T

Feed flow rate, 1/hr
N
W
1

20

i .
:
>-l I 3 " } Tl | ICINITUTS FU IR’ 7 i
X 1 10 50 9 9 99.9

Feed concentration, D0 wt %

Fig. 8. Comparison of the Calculated Feed Flow Rates
with Those of Actual Operation Data in the
PHT Upgrader

one of 16 feed points, which is selected to match the
concentration of the feed with that of vapour in the
tower. With the assumption and 5 input variables listed
in Table 2, the feed flow rate can be calculated as a
function of concentration by the computer program.

In Fig. 8, the calculated feed flow rates are compared
with those of actual operation data in the PHT
upgrader. The program outputs are in good agreement
with the actual data, although the data points are ran-
domly obtained from the operation of the Wolsung
upgrader. Therefore, it may be concluded that the com-

puter program can predict output variables properly.
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IV-2. Application to Wolsung upgraders

The computer code developed in this study offers an

operating guide for determination of flow rate and sec-

20

Poed section mumber

100 |
Feed concentration(f)
200 |
300 A
-
100 |
s00 - \L
T T L] T
0 20 0 60 80 100
Concentration, D0 wt %
Fig. 10. Conentration Profiles as a Function of Feed
Concentration in the PHT Upgrader
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] - \\ 1
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N - ]
00 L Feed~2 e T
L, ~4 LR o o i e feosfassa]
0.1 1 10 50 90 99 9.9

Feed-1 concentration, D,0 wt %

Fig. 12. Stage and Section Numbers of Feed-1 and

Feed-2 as a Function of Feed-1 Concentration

in the Mod Upgrader

tion (or stage) number of feed, while maintaining the

desired concentrations of head and bottom product.
It is shown in Fig. 8 that the feed flow rate of the PHT
upgrader has a minimum value at 25-30 wt % of feed

concentration. On the other hand, feed stage number
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of the PHT upgrader does not decrease monotonous-
ly with increasing feed concentration as shown in Fig.
9. For optimum operation of the upgrader, feed must
be entered at section number 9 corresponding to stage
number 265-290, when its concentration is in the range
of 4-95 wt %. It is clearly illustrated in Fig. 10 that
there is a wide difference of the concentration profiles
in the PHT upgrader for different feed concentrations.
The Mod upgrader is designed to feed dually. One
(feed-1) has the lower D,QO concentration from the col-
lection system of the D,0O leakage, the other (feed-2)
has the higher D,O concentration from the main
moderator system. The variation of feed-1 flow rate
with its concentration is shown in Fig. 11 for three dif-
ferent feed-2 flow rates of D,O concentration of 99.79
wt %. As the feed-2 flow rate increases, feed-1 flow
rate decreases and the feed-1 concentration at the
minimum value of its flow rate tends to increase. Stage
numbers of feed-1 and feed-2 with feed-1 concentra-
tion as the parameter for different flow rates are shown
in Fig. 12. The figure shows that feed-1 stage number
increases monotonously with increasing concentration,
but feed-2 stage number remains almost invariable.
Also, computer code can be used for the determina-
tion of the optimum conditions, such as determining
the desired concentration of head product. The amount
of the loss in operating an upgrader can be estimated
by operating cost of the upgrader and the loss of D,O
in the head product to be released. Thus, the amount
of the loss per kg of feed, COST, can be defined as
follows.
COST =(Dloss C1 + C2)/Feed
where Dloss: flow rate of D,O in head product
{kg/hr)
Cl : a cost of D,O {186, 168 Won/kg)
C2 : operating cost of steam, electric
energy, cooling and chilled water
{6,178 Won/hr)
Feed : feed flow rate (kg/hr)
As the D,O concentration of head product increases,
feed flow rate (Feed) and D,O loss (Dloss) increase

simultaneously. However, the operating cost is almost
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Fig. 13. Optimum Head Concentrations as a Function
of Feed Concentration in the Wolsung D,O

Upgraders

constant. Therefore, the optimum head conentration
exists at the operating condition where the amount of
loss is minimized. Fig. 13 shows the optimum head
concentrations as a function of feed concentration in
the two upgraders. The optimum concentration in-
creases with feed concentration. Also, the optimum
concentration of the PHT system is higher than that
of Mod system due to the difference of the number
of total stages of the two systems.

Head concentrations have been specified to 0.017
wt % of D,0 in both upgraders, before this computer
code was developed. The upgrader loss at the Wolsung
plant can be reduced by using the newly optimized

guide obtained by the computer code.
V. Conclusion

A computer code has been developed for the pro-
cess analysis and the design of the heavy water
upgraders in this study. It may be concluded that this
code is suitable for the process analysis of Wolsung
D,O upgraders, since its calculated outputs agree well

with the actual upgrader data. The computer code can
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offer operating guides such as control of flow rate and
selection of stage number of feed to obtain specified
output concentrations of the products. Knowledge of
the optimum concentration of head product calculated
by the computer code can also be used to cut down
the operating expenses of the upgraders. Thus, the
computer code is now applied to the upgraders at
Wolsung nuclear power plant for its efficient operation.
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