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Introduction

Heavy water is water in which the content of deuterium (H21), present as D,O and HDO is more than the natural proportion
of about 150 parts per million (ppm). It is an isotopic form of water and therefore it is chemically similar to light water (H?0)
but the two species have slight differences in boiling point and other physical properties [1]. Heavy water is an integral part
of nuclear power generation systems which use natural uranium (as uranium oxide) as fuel because of its very good neutron
moderating power and extremely low neutron capture cross section. Moreover it is also used as the coolant to remove nuclear
heat from the reactor core, which is then used to generate steam and subsequently electricity [2]. During normal operations

the heavy water moderator and coolant get contaminated by light water from the humidity in ambient air or from any sources
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of leakage. This is detrimental to the moderating power of heavy water as light water seriously affects neutron economy in
the core (i.e. hydrogen in light water absorbs neutrons parasitically to a far greater extent than deuterium). So the
moderator/coolant needs to be upgraded and it is also achieved by vacuum distillation (which is the same process as final
enrichment of heavy water during its production from light water) to at least 99.9 % deuterium [3,4]. Isotopic purity is
defined here as the ratio D/(D+H) i.e. the atoms of deuterium present in a mixture of deuterium and hydrogen atoms. The
purification of heavy water is carried out in a vacuum distillation column since the relative volatility or the separation factor
achieved under vacuum is greater than that obtained at lower pressure. Since the difference in the molar masses of heavy
water and light water is not too much (20 gm/mol and 18 gm/mol respectively) the difference in their boiling points at any
given pressure and consequently the separation factor is also low and a heavy water distillation tower requires a large packed
height even with high efficiency structured packing, which is equivalent to several hundred trays in a single column.
Moreover this is a high purity separation since the feed itself may be of more than 90% isotopic purity, which further raises
the equivalent number of trays required. Minimizing the loss of valuable D,O through the top product (which is essentially a
reject stream of light water) is another requirement to be taken care of during purification.

A distillation column is typically operated under steady state conditions but there are always various factors which lead to a
dynamic or time dependent behaviour of the system. Such behaviour occurs when the column is started up or shut down and
it is then important to know the characteristics of the system under these transient conditions. Apart from these situations
there is always the possibility that the column operation is affected by some disturbance that originates upstream of the
column. Additionally, it might be necessary to change the throughput to the tower or modify the operating conditions or the
product specifications. All these lead to dynamic behaviour of the column. A dynamic simulation study of the distillation
column is also necessary to establish a proper control strategy for the tower so that it does not produce off-specification
products for too long. Selection of the optimum operating conditions for the tower and minimizing the cost of running the
column are accomplished by an understanding the dynamic state of the columns.

In the present work a simple, dynamic, equilibrium based mathematical model of a vacuum distillation column for heavy
water is presented. While steady state, algebraic models have been developed for upgrading column simulation [5-9] the
dynamic behaviour of these columns is also important and this has been addressed in this work. The model consists of a set
of coupled ordinary differential equations representing the material balance, along with the vapour liquid equilibrium
relationship, which have been integrated over time using standard techniques. The model represents the tower as a tray tower
by using known values of the HETP for the particular type of packing and gas and liquid flow rates used. Parametric studies
have been performed to understand the effects of design and operating parameters on the separation achieved in a given
tower. A simple model such as the one presented has the advantage that it can be solved using in-house codes developed by
the particular end-user, without depending on expensive commercially available process simulation packages, which very
often do not have complete phase equilibrium data for isotopic systems such as the one considered here. Moreover the
solution of sets of simultaneous algebraic equations, which is required to be done in steady state models of multi-component
distillation columns, often leads to convergence and numerical instability issues. But for solving sets of first order, non-
linear, ordinary differential equations from an initial composition profile using a ‘time-marching’ algorithm, much less
numerical hassles are encountered and ultimately required steady state compositions are predicted from a given initial

condition. Thus the unsteady state model is also more versatile in its application than a steady state one.
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The technology of water distillation to produce heavy water enriched product is well known globally and mature. It is of
special importance and of economic significance to the Indian nuclear power program which is mainly based on pressurized
heavy water reactors. This scenario is expected to continue for the next few decades as well. Thus a fresh analysis of water

distillation systems to obtain better insights into their work is essential. This work tries to make an attempt in this area.

Thermodynamic properties of the light water-heavy water isotopic system

The light water-heavy water system consists of at least three species in liquid or vapour phase. These three species are H,0,
D,0 and HDO [10]. The last species is formed by the isotopic exchange reaction (which takes place in both liquid and vapour
phases) which is represented as
H,0+D,0 < 2HDO (2.1)

It is assumed in the present study that the heavy water to be upgraded does not contain any tritiated forms of water and hence
the mixture to be purified has been considered as a ternary system with H,O, D,O and HDO existing independently in the gas
and liquid phases. Inclusion of tritiated water species in the model is a simple extension of the problem being addressed here.
It is required to recover D,O in the bottoms stream in as pure a form as possible i.e. the isotopic purity of the bottom stream
has to be commensurate with the minimum required purity levels in nuclear reactors. The top stream, which too contains
some amount of deuterium, is not considered to be separated further in this work (i.e. only a single distillation column is
assumed to be available) though practically deuterium recovery from this stream in another column could also have potential

economic benefits.

The vapour pressures of isotopic water species were obtained from equations (2.2)-(2.5) respectively and they were used to
calculate the relative volatilities as the ratio of saturation vapour pressure of each component in the mixture to that of a
reference component (in this case D20) at a particular temperature [10,11].

Vapour pressure of light water (H,0):

PSuz0 = P [[H(Ar F AT AT AT AST4A6T7'5)j @2

The values of constants Al to A6 are as follows:

Al = -7.85823, A2 = 1.83991, A3 = -11.7811, A4 = 22.6705, A5 = -15.9393, A6 = 1.77516, Tc = 647.14 K, Pc = 22.064
MPa.
The quantity 7 is defined as
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Vapour pressure of heavy water species (HDO and D,0):

PSp0 = PSi120 exp[—(493_124'9 —164.266 0.140049D (2.4)
PS50 = PSh20 exp(—[ 26?%8'8 £ 5900605 0.075802D (2.5)
Relative volatilities were defined as
Ps
®y20-p20 = PSZEZ (2.6)
Ps
Oy20-p20 = PSZEZ 2.7

The mixture was assumed to be ideal in both the liquid and vapour phases. This assumption is valid given that the tower
typically operates under a vacuum of 120 to 200 mm Hg (absolute) and the liquid phase consists of isotopic species which are
chemically very similar and are quite close-boiling components. Thus interactions between these species leading to non-ideal
effects in solution are unlikely. So the pure component critical properties and vapour pressure data for each species can
provide adequate measures of the relative volatilities of the components in the mixture. A constant relative volatility, which is
the geometric mean of the top and bottom relative volatilities, has been taken for each species considered in the mathematical

model and it has been used in solving the coupled material balance and equilibrium equations.

Hydrodynamic Features of the Heavy Water Distillation Column

The distillation of heavy water is typically carried out in packed towers with countercurrent flow of vapour and liquid under
vacuum. High efficiency corrugated metal wire mesh type of packing has been assumed to be used for the distillation
column. In the present study, all calculations are performed assuming a tray column which provides a separation performance

equivalent to the actual packed column, based on available HETP data for the type of packing considered here [12]. Typical
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design and range of operating data for the heavy water distillation tower considered in this work are presented in TABLE 1.

The tray configuration used to write the unsteady state material balances indicated in Section 4 is shown in FIG. 1.
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FIG.1. Schematic diagram of the hypothetical feed tray used to derive material balance equations for simulation.

3.1 Calculation of liquid hold up in the column
The dynamic liquid hold up in the column was estimated using the following available correlation [13]:

1 L

h =0.93 UL |°f 42 [0 08, (3.1)
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g P9 ) | pg

Equation (3.1) was used to determine the total liquid hold up for the column, which was then divided by the equivalent

ol

number of trays to obtain the liquid hold up per tray. The hold ups in the reboiler and condensor are generally expected to be
more than that on individual trays, so these were taken as twice the tray hold up calculated above. All hold ups were assumed
to remain constant during the operation of the column. The physical properties of D,0O (liquid) were used to evaluate the hold

up from Equation (3.1) [14].

3.2 Pressure drop characteristics of the column
The calculation of pressure drop through the packed tower consists of first evaluating the pressure drop in dry condition

assuming only the vapour to be flowing, followed by correcting it for the flow of the liquid and the liquid hold up in the
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irrigated column. Equations (3.2) to (3.5) were used for pressure drop calculation for the structured packing used in the
distillation columns [12].

Pressure drop per unit length through dry packing was calculated as

WZE
A _ ¢ PV (3.2)
H S
where
f=0177+ 88.774 (3.3)
Reg
and
- (34)
= 4
°  esing
Pressure drop through the irrigated column was calculated from
AP AR 1Y
—_— = — (3.5
H H (1-K,h,
where K2=0.614+71.35S
The pressure drop at flooding was evaluated from equation (3.6) [15].
AP (inch foot of packing)=0.115F°7
W(lnc water per foot of packing)=0. ) (3.6)

Using the parameters reported in TABLE 1, the pressure drop per metre of packing through the distillation tower has been
calculated at various values of the reflux ratio (i.e. various possible combinations of gas and liquid flow rates through the
column) at a given total feed flow rate and presented in FIG. 2. It can be seen that for the typical range of flow rates and the
total height of packing considered to be present in the tower in this work, the total pressure drop under irrigated conditions
amounts to about 14 mm of Hg. This in turn means that the bottom temperature of the tower is about 1 to 1.5°C higher than

the top temperature. Thus the arithmetic mean of the top and bottom temperatures can be safely assumed as the constant



www.tsijournals.com | September-2018

average column operating temperature for the simulation studies with only a small negligible temperature gradient prevailing
inside the column.

FIG. 2 enables one to theoretically estimate the allowable limits of gas and liquid flows in the tower below the flooding point
in terms of the maximum allowed reflux ratio. The pressure drop at flood point only depends on the type of packing material
and thus it remains constant at every value of the reflux ratio and feed flow rate considered. Most packed towers with high
efficiency packing can operate at vapour velocities of 70 to 80% of flooding velocity, though for vacuum distillation
operation, the limit is conservatively set at 50% of the flooding velocity. FIG. 2 shows the maximum allowable reflux ratio
for each feed flow rate, so that the pressure drop remains at 80% of the flooding pressure drop. As can be seen, the limiting
values of reflux ratio necessary to cause this level of pressure drop are very high. This seems to indicate that even under
practically total reflux conditions (i.e. at high liquid boil up rates and consequently high vapour condensation rates with low
top product withdrawal), the column is not likely to get flooded. Thus the column can take up higher feed throughputs for the

same diameter.
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FIG.2. Pressure drop through the distillation column as a function of reflux ratio and feed flow rate for given top and
bottom liquid compositions (T = 333 K, feed IP = 98%, top IP = 0.1%, bottom IP = 99.95%).

3.3 Loading and flooding point characteristics of the column
Several correlations have been proposed in literature for the calculation of loading and flooding vapour velocities in a packed

column [12,15,16]. Iterative calculations using Equations (3.7) and (3.8) were performed to determine the loading point
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vapour velocity for a given liquid superficial velocity [12]. Liquid and vapour velocities inside the column were related to the
specified feed flow rate, feed quality, the top and bottom product flow rates calculated on the basis of an assumed component
split and the chosen reflux ratio above the minimum required value. Vapour and liquid properties were evaluated at a

temperature of 333 K, assuming liquid at bubble point and vapour at dew point.

00 3 5
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Similarly for the calculation of flooding point gas velocity, iterative calculations were done using Equations (3.9) to (3.11).

*(s-h
Uy = LE_QJ "f (hy /a, / (3.9)
fl

gfl = g 0.2 —0.39 (310)
c? Usor | 44 Pg
uglpg /ug pl
hg, (3hy —g):ga efiu, (3.112)
g P

Typical results of both loading and flooding point calculations for the column are shown in FIG. 3. This gives an idea of the

allowable vapour velocities for chosen liquid velocities in the packed sections of the column.
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FIG.3. Gas velocity at loading and flooding points as a function of liquid velocity in the distillation column (T = 333

K).

3.4 Evaluation of minimum wetting rate for the column

The minimum wetting rate in the distillation column was calculated from Equation 3.12 [13].

ug_7.7#10°° [

IR
,0|O'E jg 9 ?

w1 ) | a,

(3.12)

It can be easily shown that the liquid flow rates prevailing in the tower are much above the calculated minimum rate required

for wetting the packing, so efficient gas-liquid contact over the surface area provided by the packing can take place in

practice.

TABLE 1. Design and operating parameters for distillation column performance simulation [12,21,14].

Serial Number Parameter Value
1 Tower internal diameter 1.05m
2 Packed height 35m
3 Type of packing Corrugated metal wire gauze structured packing
4 HETP 0.08 m
5 Number of equivalent trays 437
6 Corrugation angle 600 with horizontal
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Side dimension of corrugation 0.009 m
Specific surface area of packing 700 m2/m3
Packing void fraction 0.85
10 Packing factor 21 m2/m3
11 Cs 25
12 Cfl 2.25
13 Average liquid density 983 kg/m3
14 Average liquid viscosity 500*10-6 Pas
15 Average liquid surface tension 0.0663 N m-1
16 Feed flow rate 40 LPH
17 Feed isotopic purity 90-98 %
18 Feed condition Saturated vapour (g = 0)
19 Desired bottom product isotopic purity 0.9995
20 D,0 % in top product 0.001

3.5 Fenske-Underwood-Gilliland (FUG) calculations for heavy water distillation column

The FUG calculations provide us with some starting point (e.g. assumed top and bottom compositions, initial composition
profile or reflux ratios to be considered) for the more detailed tray to tray simulations in case of multi-component distillation
[13,17]. These calculations were performed for the heavy water distillation column for some typical desired conditions
following the algorithm described in TABLE 2 and the results are presented in TABLE 3. Along with the separation
performance, the hydraulic behaviour of the column has also been incorporated in this modified form of the short cut
calculations. Additionally these calculations helped establish the adequacy of the tower height for the desired separation
under chosen operating conditions, since the theoretical number of trays required is much less than the available number of
trays based on total packed height in the column. Also the pressure drop at actual conditions is much less than the pressure
drop at flooding conditions, therefore showing that the column design is also hydrodynamically sound for the expected range
of operating conditions. The short-cut calculations also help in establishing the limits of operability of the given column e.g.
minimum feed IP that can be handled at the design feed flow rate and product compositions etc. It has been determined that
downgraded heavy water having feed IP of upto 70% can be handled in the column at 40 LPH feed flow rate while remaining

safely away from flooding limits.

TABLE 2. Algorithm for preliminary short-cut calculations for the heavy water distillation column.

o

Calculation/Specification

Select feed flow rate, feed isotopic purity, top and bottom product isotopic purity (IP) desired

Select feed temperature, feed quality, condenser pressure

Calculate dew point of distillate at top product IP and selected condenser pressure

Assume value of pressure drop through the column and calculate reboiler pressure

Calculate bubble point of bottoms product at bottom product IP and bottoms pressure

Calculate average relative volatility of key components as the geometric mean of the relative volatilities at top and bottom temperature

Calculate minimum number of trays using desired separation and average relative volatility and the Fenske Equation (Dutta 2007)

|~ o|ls |w N - |z

Calculate minimum reflux ratio using Underwood Equation

10
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Specify value of actual to minimum reflux ratio for the column and obtain actual number of trays from the Gilliland correlation and
actual reflux ratio

Calculate top and bottom product flow rates using values fixed in Step 1,calculate column average temperature as geometric mean of top
and bottom absolute temperatures

Calculate vapour and liquid rates in stripping and enriching section, calculate location of feed tray using Kirkbride equation

Evaluate liquid hold up, superficial gas and liquid velocities, evaluate pressure drop over the total column height, check for flooding

Refine value of reboiler pressure using value calculated in Step 12

Go to step 5 and repeat the calculations till step 13 till pressure drop value in step 12 from two successive trials converge

TABLE 3. Results of FUG calculations for the distillation column under typical operating conditions.
(Top IP = 0.1%, Bottom IP = 99.95%, Top pressure = 120 mm Hg (a), Feed temperature = 330 K).

Average relative Top temperature Bottom Theoretical
Feed IP volatility Numin Rumin (K) temperature (K) | AP/APf | number of trays
90 1.049 302 17.91 328.45 333.7 0.0427 343
92 1.0492 301 18.43 328.45 331.1 0.0343 341
94 1.0494 299 19.03 328.45 332.45 0.0258 340
96 1.0496 298 19.78 328.45 331.8 0.0171 339
98 1.0498 297 20.93 328.45 331 0.0085 337

4. Dynamic Model of the Heavy Water Distillation Column

The model equations for the dynamic simulation are based on the following assumptions [18]:

a) Both the vapour and the liquid phases are taken as ideal solutions.

b) The top temperature was estimated from the given condensor operating pressure. The feed and the reflux are assumed to be
at their dew point and bubble point respectively. The reflux condenser is assumed to be a total condenser.

c) The assumption of constant molal overflow is made, as a result of which the L / V ratio in rectifying section and L’/ V’
ratio in stripping section are taken as constant.

d) The stages are assumed to be 100% efficient and the liquid and the vapour streams leaving each tray are in equilibrium.

e) The pressure drop through the tower has been calculated based on the packing characteristics, which have been assumed to
be equivalent to Sulzer™ CY type corrugated metal wire mesh packing. Based on the tower bottom pressure, temperature of
the reboiler has been estimated. Knowledge of the top and bottom temperature enables calculation of a geometric average
relative volatility that has been assumed to remain constant throughout the tower.

f) The tower has only the feed, distillate and the bottoms streams and no other side streams. Hence it is a simple column.

g) The liquid volume or hold up in the reboiler, reflux drum and on the hypothetical column plates are well-mixed regions
having uniform composition, so no spatial variation of composition in the radial direction are envisaged. The liquid leaving
each tray has been taken to have the same composition as that of the liquid on the tray.

h) The dynamics of the overhead pipe work and condenser are negligible, thus there are no time lag elements in the system.
The dynamics of the vapour phase in the column are much faster than that of the liquid phase and are neglected.

i) The liquid hold-ups are constant on each tray and in the reboiler and reflux drums. Vapour hold ups are not considered in

the model equations.

11
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j) The exchange reactions between various isotopic water species on the trays have been neglected in studying the
performance of the column. No active metal surfaces are assumed to be present in the tower to catalyze these reactions to any
significant extent. All the three species have thus been considered independently, with no chemical reaction equilibrium
affecting their distribution between vapour and liquid phases. This is only valid for heavy water purifying condition wherein
feed of an already high D,0 content is being considered.

k) The column has been considered to have no heat losses through the walls, hence enthalpy balances are not considered in
this study, except for reflux condenser and reboiler heat duty calculations.

1) Owing to the rather low pressure drop calculated for the column operating conditions as specified in TABLE 1, a constant

operating pressure has been assumed for the simulation studies.
4.1 Column model under total reflux conditions
For column operation at total reflux condition, the above assumptions were used to write the following material balance

equations [18]:
For the reboiler or sump (tray number N+1):

M 5= dxN-¢—l,j
dt

= LXN,j _VyN+1,j (4.1)

For the tray section (for tray number n where n varies from 2 to N):

dx_ .

Mt#ZL(Xnﬂ,j—Xn,j)—V(yn-l,j_yn,j) (4.2)

For the reflux drum (tray number 1):

dx, .
My ?‘ =Wy, —Lx (4.3)

For operation under total reflux condition, V is equal to L. The vapour-liquid equilibrium relationship for the multi-

component system is expressed as:

aX

o= 4.4
Yij zajxi'j (4.4)

12
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Equations 4.1 to 4.4 were written for each component on each tray and simultaneously integrated to obtain the time
dependent composition profiles of each species on each tray. Calculations were continued till steady state compositions were
attained on each tray. For total reflux operation, a given quantity of the feed was assumed to be fed to the sump. The initial
feed composition as well as the initial composition of the liquid on each tray was specified. The numerical integration was
carried out with the assumed initial composition profile. The values of the hold up in the sump and on each tray were taken as
constants for a particular run. The vapour boil up rate can be varied by varying the heat input (steam flow rate or electrical
heater power output) to the sump liquid and it is assumed that the required vapour flow rate is instantly established by
neglecting heat transfer dynamics in the reboiler. The evolution of the composition profiles on each tray of the tower was
then determined and the compositions at steady state were obtained.

4.2 Column model with continuous feed input and product withdrawal

The model assumptions were used to write equations 4.5 to 4.11 for simulating the column behaviour under constant feed
introduction and top and bottom product withdrawal [18]. The initial composition on each simulated tray of the column was
assumed to be the composition attained from total reflux operation. The equations were then integrated as described in
Section 4.1 to obtain the dynamic composition profiles along the column and arrive at the steady state compositions on each
tray when the tower is operating continuously.

For the reflux drum (Tray 1):

dx, ;
dt

M, =Vy, , —(L+D)x (4.5)

For trays in the rectification section:

dx,, .
‘% B L(X“—l'i sy )+V (yn+1,j - yn,i) (4.6)
For the feed tray:
dx; .
ML= ()= L (50 )+ (i)=Y () P “n

For trays in the stripping section:

13
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dxm’ j
Codt

M :LI(Xm—lJ_vaj)+vl(ym+1,j_ym,j) (4.8)

For the reboiler (tray N+2):

dxs .
Mg Oli'l=LxN,j—WxB,j—VyB,j (4.9)

Vapour liquid equilibrium relation:

;X

Vi =
XY (5.0)

The relationship between the vapour and liquid flow rates in the enriching and stripping section to the feed quality can be

expressed as follows (Treybal, 1981):

V’=V+F(q-1)

L’=L+gF
5. Results and Discussion

Some typical results of the tray to tray calculations for both total reflux and continuous column operation are presented in
FIG. 4 and FIG. 5. Since the top and bottom products are of interest in the distillation column considered in this work, in all
subsequent figures in this section, only the top tray and bottom tray liquid isotopic compositions are plotted. It is seen that

composition pinch zones appear for D,0 near the column bottom and at the top of the column for HDO and H,0.

14
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x(DZO)

0.9

0.8

0.7

0.6

n

AL

0.4

0.3

0.2

0.1

10

20

30
TIME(hr)

40

o
=}

@

X(HDO)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0 10

20

30
TIME(hr)

40

A

o
=}
@

A

=}

x(HZO)

0.25

0.2

0.15

0.1

0.05

20 30

TIME(hr)




www.tsijournals.com | September-2018

FIG.5. Liquid composition profiles in heavy water distillation column under continuous operation (Initial feed
composition: x(D,0) = 0.9604, x(HDO) = 0.0393, x(H,0) = 0.0003, T = 333 K, Reflux ratio = 570, Feed flow rate = 250
mol hr-1, Feed on tray # 245).

5.1 Parametric studies on total reflux condition operation

The top and bottom tray fluid compositions (i.e. isotopic purity) are of importance since in continuous operation, the two
product streams will be withdrawn from these locations only. Based on the calculated composition profiles in terms of mole
fractions of the three species, the isotopic purities are computed as in Equation (5.1) and represented in the subsequent
figures.

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

IP = =
D+H 2x(D,0)+x(HDO)+2x(H,0)+x(HDO)

=x(D,0)+0.5x(HDO) (5.1)

FIG. 6 demonstrates the effect of changing the vapour/liquid rate at total reflux by varying the heating rate of reboiler liquid
on the top and bottom composition profiles. As the vapour rate changes, the liquid rate too changes and liquid superficial
velocity changes. This causes a change in the liquid hold up on each tray and affects the time required to attain a steady
composition profile. To illustrate the difference in the evolution of the composition profiles on changing the boil up rate, only
the first 600 seconds of operation have been shown in this figure. The effect is seen to be more profound in the topmost tray
(i.e. the reflux drum) profile.

16
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FI1G.6. Effect of boil up rate on the isotopic purity of bottom and top tray liquid at total reflux (Initial feed
composition: x(D,0) = 0.96, x(HDO) = 0.03, x(H,0) = 0.01, T = 333 K).

FIG. 7 illustrates the fact that increasing the average column operating temperature (which is directly dependent on the
column operating pressure and the pressure drop) leads to a lowering of the steady state isotopic purity value of the reboiler
liquid. This is due to the lower relative volatility at elevated temperature which leads to poor separation performance in the
given distillation tower. It is also evident that the change in composition for every degree change in temperature is more
pronounced for the reflux drum liquid as compared with the reboiler liquid.

Both FIG. 6 and 7 show that the steady state bottom isotopic purities are attained earlier than the steady top tray isotopic
purity values i.e. there is a difference in the time constants of the mass and energy transfer processes in the top and bottom
sections of the column due to the difference in composition of the fluids in the locations. In all the cases, the bottom liquid,

which is the product of interest reaches the desired value of isotopic composition.
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FIG.7. Effect of column average temperature on the isotopic purity of top and bottom tray liquid at total reflux (Initial
feed composition: x(D,0) = 0.96, x(HDO) = 0.03, x(H,0) = 0.01, V = 750 mol hr-1).

5.2 Parametric studies on continuous column operation

As with the operation under total reflux, parametric studies were carried out for the dynamic behaviour of the continuous
column up to a time equal to first 60 hours of column operation. Results are presented in terms of isotopic purity of the liquid
in the reflux drum and the reboiler in FIG. 8-12.

FIG. 8 exhibits the same overall effect of temperature on the isotopic purity obtained in the top and bottom tray liquid.
Increasing temperature lowers the purity and causes more deuterium to be lost through the top product. Increasing the reflux
ratio improves the separation possible in the column. Changing reflux ratio implies change in the liquid rate through the
column and thus this significantly affects the liquid hold up as well. Overall there is an improvement in the separation
obtained in the column with increasing reflux ratio as indicated by FIG. 9. FIG. 10 shows that on increasing the feed flow
rate through the column, it may initially appear that, product of higher isotopic purity is being obtained from the reboiler with
a corresponding drop in purity of the top product. But on attainment of true steady state (about 300 hours of operation), the
final product isotopic purities are seen to be independent of the feed flow rate. Higher feed flow rate implies higher liquid
hold up and hence different time required for attainment of the true steady state.

Feed tray location seems to have little effect on the evolution of the composition profiles in case of this distillation operation,
as indicated by FIG. 11. For feed having increasing isotopic purity (i.e. higher content of D,0), the calculations and FIG. 12
show that there is very little difference in the final isotopic purity of the reboiler product achieved, yet the time taken to reach
the steady state varies, with greater time being required for the more concentrated feed. Under off normal conditions, if feed

of significantly low isotopic purity has to be purified in the same column to produce a bottoms product having the same
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purity requirements as the base case considered here, with the same reflux ratio being maintained, the feed flow rate i.e. the
column throughput has to be proportionately reduced. For example, for feed having 20% IP, only 2.25 mol hr-1 of feed can
be processed in the column, whereas for 50% IP, 17 mol hr-1 of feed can be handled. For feed of 80% IP, the value can
increase to about 125 mol hr-1 while maintaining sufficient margin from flooding conditions as well as achieving desired
separation.

For each of the cases considered for parametric analysis, the isotopic purity of the bottom liquid reaches the required
specifications for reactor operation. But the top product too has a significantly high value of the deuterium content owing to
the removal of most of the HDO in the feed through it. An indirect split of the three components has been assumed in this
work, whereby D,O is recovered as a high purity product from the bottom of the column and it may be necessary to use
another smaller distillation column in series with the first to further recover valuable deuterium from the top product. The
other alternative would be to keep accumulating the top reject stream and then process it once or twice in the same column at

a chosen flow rate. It must be kept in mind that this option will lower the availability factor of the column for its main duty.

—. 100¢ 100 ¢ c :
X =
—+ I
= A
a s 9 -
3 5
=, S
=,
= 8o}
=
Z 99.5 =
2 a
< | -
U =) 70
3 o
0 &
o = 60} -
= _ 323K - m— 323 K
E 99 —— 328 K n E —— 308 K
o — 323G K (;) — 338 K
% —— 343 K % — 343 K
S 348 K 5 4or 348 K | |
9 353 K 2] 353 K
98.5 " r : 30¢ r ; :
o 20 40 60 o 20 40 60
TIME (hr) TIME (hr)

FI1G.8. Effect of column average temperature on the isotopic purity of top and bottom product (Feed composition:
x(D,0) = 0.9604, x(HDO) = 0.0393, x(H,0) = 0.0003, R = 570, Feed tray # 245, F = 250 mol hr-1)
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FIG. 9. Effect of reflux ratio on the isotopic purity of top and bottom product (Feed composition: x(D,0) = 0.9604,

x(HDO) = 0.0393, x(H,0) = 0.0003, T = 333 K, Feed tray # 245, F = 250 mol hr-1).
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FI1G.10. Effect of feed flow rate on the isotopic purity of top and bottom product (Feed composition

x(HDO) =0.0393, x(H,0) = 0.0003, R =570, T =333 K, Feed tray # 245).

- x(D,0) = 0.9604,
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FIG.11. Effect of feed tray location on the isotopic purity of top and bottom product (Feed composition: x(D,0) =
0.9604, x(HDO) = 0.0393, x(H,0) = 0.0003, R =570, T = 333 K, Feed flow rate = 250 mol hr™).
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FIG.12. Effect of feed composition on the isotopic purity of top and bottom product (Feed tray # 245, R = 1000, T =
333 K, Feed flow rate = 250 mol hr-1).

5.3 Thermodynamic efficiency of heavy water distillation process
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The second law efficiency of difficult distillation processes, such as the one considered in this work is known to be quite poor
[15]. Using the steady state compositions and flow rates predicted by the simulations, some estimates of the value of the
second law efficiency of the heavy water distillation process were obtained. These calculations require the knowledge of the
feed and product stream enthalpies and entropies. Experimental data in the form of equations are available in literature
expressing the values of these thermodynamic quantities for saturated liquid and vapour D,O and H,O as functions of
temperature [19,20,21], but not for the species HDO. Thus for stream enthalpy and entropy calculations, only the two species
D,0 and H,0 have been considered to be present in the feed. Stream property values have been calculated as the weighted
average of the pure component properties at the appropriate stream temperatures. Results have been presented in TABLE 3
for some selected operating conditions of the column. The efficiency values are expectedly low, with an increase in the value
being observed for higher column operating temperature and lowering of the value for a higher reflux ratio, keeping all other
conditions unchanged. The condensor and reboiler heat duties range between 70 and 76 kW for the conditions specified in
TABLE 4.

TABLE 4.Thermodynamic efficiency calculations for the purification column.
(TRS =389 K, TCW =303 K).

Bottom product flow

Overhead vapour flow

Feed flow rate / Feed Distillate flow rate / rate / Bottom rate / Overhead Second
temperature / Stream Top temperature / Temperature / Stream Temperature / Stream Reflux law
condition Stream condition condition condition ratio efficiency
2200 mol hr''/ 334 mol hr''/ 333 mol hr/ 335 K/ mol hr''/333 K/Saturated
K/Saturated vapour K/Saturated liquid Saturated liquid vapour 0.0191
2200 mol hr''/ 354 mol hr''/ 353 mol hr/ 355 K/ mol hr''/353 K/Saturated
K/Saturated vapour K/Saturated liquid Saturated liquid vapour 0.03
2200 mol hr'/ 334 mol hr''/ 333 mol hr/ 335 K/ mol hr''/333 K/Saturated
K/Saturated vapour K/Saturated liquid Saturated liquid vapour 0.0163
2200 mol hr''/ 354 mol hr''/ 353 mol hr/ 355 K/ mol hr''/353 K/Saturated
K/Saturated vapour K/Saturated liquid Saturated liquid vapour 0.0256

6. Summary and Conclusion

The paper presents an unsteady state mathematical model for performance simulation of the distillation column for purifying
the moderator and coolant heavy water of PHWRs with lower than desired isotopic purity for reactor oepration. Evaluation of
some of the measures of column hydraulic behaviour has also been done and hydraulic behaviour of the column has been
included in the simulation model along with the material balance and vapour liquid equilibrium equations. For the dynamic
analysis of the column performance, liquid hold up is an important parameter, since its value appears in the dynamic material
balance equations, unlike in the case of steady state simulations. Flooding and loading point calculations are pertinent for
packed column simulation since these place practical limits on the maximum throughput that can be handled by a given
column. For the typical column throughputs considered in this work, the prevailing vapour velocities are found to be much
lower than the flooding velocities for the given liquid rates. Energy effects and chemical isotopic exchange have been ignored

in this work and the vapour-liquid equilibrium data along with material balances have been used to predict the dynamic
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concentration profiles along the length of the column for both total reflux and continuous column operation. Effect of various
operating parameters on the separation performance achievable in the column has been investigated. It is observed that
increasing column temperature has an adverse effect on separation achieved but this may be countered by increasing the
reflux ratio. Increasing feed flow rate affects the time required to attain the steady state but does not affect the final top and
bottom product compositions achieved. Second law thermodynamic efficiency of the process is found to be around 1-3% for
the typical operating conditions of the column. The model presented here may be further modified by inclusion of all the
other isotopic water species in the material balance equations and equilibrium relationships. Further, consideration of the
vapour hold ups and isotope exchange effect in the model equations will enable the dynamic model to become a truly general

one for simulating or even designing water distillation columns through the method of repeated simulations.
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