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Abstract

The steady and unsteady state models were established for the performance analysis and design
of heavy water distillation columns packed with corrugated wire mesh. After the steady state
model was derived with pressure drops, separated D;O concentration and temperature profiles and
pressure gradients in the column were obtained by solving MESH equations with equation tearing
method. For the analysis of unsteady state behavior, the equilibrium stage transient model deduced
from modifying the Cohen’s ideal cascade equation was used to predict the concentration change of
heavy water with time. These models were in good agreement with the experimental results of
heavy water distillation at total reflux. And the newly developed packing material turned out to

be very efficient separation device for very small HETP, pressure drop and holdup.
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Nomenclature

bottom product flow rate(kgmol/hr)
number of component

top product flow rate(kgmol/hr)
feed flow rate(kgmol/hr)
F-factor(Ug +/pe) (m/sec vkg/m®)
gas load (kg/m?/sec)

enthalpy of D,0-H,0 mixture(kcal/
kgmol)

liquid phase holdup(kgmol/m)

vapor phase holdup(kgmol/m)
height equivalent to

a theoretical plate(m)

vapor-liquid equilibrum ratio

liquid flow rate (kgmol/hr)

number of equilibrium stages
number of theoretical stages per
meter (m~1)

perssure(mmHg, torr.)

mass transfer rate at phase interface
(kgmol/m/sec)

temperature (°K)

superficial gas velocity (m/sec)
liquid flow rate(m®/m?/hr)

vapor flow rate(kgmol/hr)

vapor flow rate(kgmol/sec)

mole fraction of component in liquid
phase

mole fraction of component in vapor
phase

total height of packed section(m)
height of packing from the bottom
(m)

mole fraction of feed stream

bottoms
distillate
feed

gas

at phase interface

J. Korean Nuclear Society, Vol. 18, No. 2, June, 1986

5 particular component ¢ in a stream

leaving stage j

L liquid phase

o infinite reservoir condition

R reboiler

vV vapor phase

z height of- packing from bottom
Greek syrhbol

a separation factor

1. Introduction

The accurate description of the steady and
unsteady state phenomena for the heavy water
separation from natural water is an essential
task in the design and analysis of heavy water
distillation towers,

Since the separation factor(a=1.04), which
is a yardstick for the difficulty of separation, is
extremly small, a large number of theoretical
stages is required for heavy water distillation
(1,2,3,4,5,6,7,8). Conventional steady state
calculational methods for the normal distillation

processes can not be employed in this case bec-

ause pressure drop throughout the column must
be taken into account, in addition to the mass
balance, enthalpy blance and equilibrium relati-
onships(MESH equations). Thus the pressure
drop at each stage should be expressed as a
function of vapor flow rate in order to obtain
accurate concentration and temperature profiles
and also pressure gradient of each steady state
stage.

The ideal cascade theory by Cohen (9, 10, 11)
has been used for the unsteady state analysis
(12, 13, 14) of general isotope separation proces-
ses. But a new model taking into account of
the non-ideality of the actual cascades must be
developed to predict the exact time to reach
equlibrium for practical heavy water distillation

process.
In this work, models have been developed for
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the analysis of heavy water behavior in packed
distillation columns not only at steady state but
also at unsteady state case. The validity of the
models have been examined by heavy water
separation experiments performed in a pilot scale
column packed with newly developed wire mesh
packings, Some design data produced on the

packings were also presented.
II. Theoretical Analysis

1. Analytical Solution of the Equilibrium
Stage Equations for the Prediction of
Unsteady State Behavior

The simple theory of ideal cascade for the
isotope separation is first developed by Cohen
(12). The fundamental equations by Cohen(9),
Benedict(1), and London(15) are expressed by
differential equations in the infinitesimal case
where the separation factor is very close to
unity. These theories are only applicable to the
case of ideal cascade, and are not amenable to

a detailed analysis of equilibrium stage such as

y-+dy x -+ dx
Z+dZ2 I l
yif xi
z
y X
Bottom

Fig. 1. Schematic Representation of a Heavy
Water Cascade

heavy water distillation process.

So, in this paper, two sets of balance equat-
ions are derived from equilibrium relationships
between flow rates and stage parameters.

The following analysis is based on a simple
packed distillation system(Fig. 1).If the isotope
in question is enriched in the liquid phase, the
material balances in the packed column can be
represented by the following equations,

for gas phase

Y o 1 0y
b =T Vi @
and for liquid phase
ox ox
H—at—-—wT+L-—az— ®)

Where T (kg-mole/m - sec) is the rate of
transfer of isotope to the depleted phase across
the interface per unit length of column assuming
dz==1 HETP, the following equilibrium relatio-
nship can be derived.

y+dy=az/ {1+ (a— 1Dz} 3
Since vapor phase holdup is negligilble, Eq. (1)

can be reduced to

T=V'(dy/dz) @
If (a—1)<1,Eq. (4) becomes
T=—k{y(l—z)—az(1—)} (5)

where, k=V//HETP, z=zu,0, y=¥m,0
Inserting Eq. (5) into Egqs. (1) and (2), We
can get the following equations,

v piy—a)

ot 0z
—(@a—1Dz(1-y)] (6)
HZ 1% _jy-o)
ot o0z
~(a—Dz(1—3)] )

These two equations can now be combined
with the assumption that (a—1) is very small.
Noting that the operator 9/6¢ is proportional
to (@—1)? and 3/0z is of the order of (a—1), ®

9 [ L-V' 9y

ay
" k 0z

ot oz
—L(a—l)y(l—y)JrD-y)] ®
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or

or Px

—%[D-H Via—Dz(1—1)] @)

for dilute solution of D,0(reassuming x—=xp,0
<1), Eq. (9) can be rearranged to

ox oz ox
3% a2 —2€(l+¢)—az 10)

where z=H/L-HETP
e=—V’(a—1)/2 L-HETP
¢p=—D/V/(a—1)

For the case of a column operated under total
reflux, i.e. no production, D=0 — ¢=0, with
the concentration at the bottom maintained at z,.

The boundary conditions for the total reflux
operation with infinite bottom reservoir are

2=0 — z=z,
2=Z — 0x/dz—=2¢x
t=0 — z=x,

The most expeditious method of solving Eq.
(10) under these boundary conditions is the use
of the Laplace transformation method. The

concentration at the top of the column varies
with time in the following form when we

neglect the higher transient terms, (9)

_i(g’i)h —eZsZ+ 2€eP"
T AT W
(5 + g (eZ—~De| Py
an
Now P, is given by
Z)? Z)?2
P=— ,(t!,)‘)f_*z,—,é(fﬁ)i (12)
and 7,Z is the smallest root of
tan Z=yZ/eZ. (13)

This equation always holds when the leading

transient term dominates after t=rZ2/10.
2. Analysis for Steady State Behavior

~ The development of a new computer code has
been carried out to simulate the process analysis
of pilot experimental column.This code includes
the packing characteristics and other factors such
as material balance, component balance, phase
equilibrium data, vapor pressure data and pre-

V/
Liquid from
stage above
M. txl’i—l
-1
Tj PJ"!
P,
Feed Valve Heat transfer
F < Stage j AW
4
Z. T (+} if from
Hy.s C stage
T, L {—1if to
P, ' stage
‘Jmn X,
.HV/N H:_
T T,
P P,
Vi
Vapor from stage below
L

Fig. 2. General Equilium Stage

ssure drop. Then the equations tearing method
is applied to a main calculational loop.

Consider a general, continuous, steady state
vapor-liquid separator which consists of many
stages, arranged in a countercurrent type cascade
(16, 17). Assume that the phase equilibrium is
achieved at each stage and that no chemical
reaction occurs.

Equation tearing method (18,19) is known
as an adequate numerical procedure for the
description of the multistage column such as
water distillation process. Associated with each
general theoretical stage are the following
indexed equations, so called MESH equations,
expressed in terms of the variable set in Fig.2.

1) M-equation: Material balance for each
component

M, ;=L; , i1+ Vi Yt F 2,
—L; z:,;j—V; 3,;=0 (14)
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The constituents of H,0,HDO and D,O can
be assumed as binary system (D,0-H,0) acco-
rding to Urey (20) and others(21, 22).

The assumptions are:

a. Liquid and vapor phases form ideal solu-
tion,

b. The vapor pressure HDO is the geometric
mean of the vapor pressure of H,0 and D,O.

¢. The distribution coefficient of the follow-
ing reaction has the value of 4.0

H,04-D,0=2HDO, Ke=4

2) E-equation: Phase equilibrum relationship

for each component
Ei,j:yi,j'—Ki,j z;,;=0 (15)
where K is the phase equilibrium ratio.

3) S-equation: Mole fraction summation

(Sx) :.é @i~ 1. 0==0 (16)

€
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Fig. 3. Flow chart for iteration.

4) H-equation: Energy balance
Hj=L;, Hyj 1+ Vi Hyj +F;
Hr;—L;H,;— V;Hy;=0 an

and total material balance is given by
Li=Vui+ 3 F—V, (18)
=

In addition to these equations we have the
pressure drop relationships obtained experiments.
5) Pressure drop relatioship
P;=P,— AP (19)
where 4P is pressure drop per HETP.
In this study, it is systematically analyzed by
a number of tearing technique for solving the
MESH equations with the given pressure drop
relationship.
The algorithms are shown in Fig.3.

II1. Experiment

1. Description of Distillation Column

Fig. 4 shows the schematic diagram of the
pilot system where the various separation chara-
cteristics of the corrugated wire mesh packing
were measured. The column has a diameter of
0.1m and filled with 4m height of packing
material. Four unit columns of each 1m height
was combined by flanges. The reboiler has a
capacity of 40 liters and the coil type condenser
has an external surface of 3. 1m* made of copper.
With the vacuum pump and vacuum regulator,
the operating pressure can be set around 10~2mm
of mercury absolute. The pressure drop was
measured with a U-tube filled with a high
boiling-point organic mixture and checked with
an accurate membrane manometer.

An orifice type distributor was installed at the
top of each unit column in an uniformly distri-
buted 37 points with each hole cross section of
8.04%x107%m?% To determine the NTSM, the
column was operated at total reflux. Each time
the equilibrium condition was reached, samples

were taken from the five sampling points and
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Fig. 4. Schematic Diagram of The Experimental
Pilot System.

analyzed by Infrared Spectrophotometer (23, 24).

A feed that contains about 5,000ppm {D/(D
+H)} was distilled over the various range of
operating pressure and flow rates. The vapor
flow rate was calculated by the cooling water
consumption.

2. Description of Corrugated Wire Mesh
Packing

Corrugated wire mesh packing has a regular
structure. Its surface, however, consists of thin
sheets with wire mesh, and the hydraulic diam-
eter of the crimps is comparatively large. The
packing is made in the form of cylindrical elem-
ents which fill the entire cross section of the
column. Adjacent packing bodies are then rotated
by 90° in series.

The characteristic data of corrugated wire
mesh packing are summarized in Table 1. The
angle of inclination is 45° to the column axis.
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Table 1. Characteristics of Packing

Material SUS304
Mesh size 60
Packing diameter 1.83cm
Packing height 2. 5cm
Size length 4.95mm
Corrugation angle 46°
Inclination angle 45°
Turning of succesive assembly 90°
Density of packing 0. 20g/cm®
Voidage 96.6%
Geometrical surface area 8. 4cm?/cm?

The trickling surface features many holes and
fine grooves. The holes promote turbulence in
liquid phase, whereas due to capillary action the
grooves cause the liquid to spread over the whole
surface area. As a result, uniform plug flow of
the liquid is obtained. In addition, strong lateral
mixing in the vapor phase compensates the effect

of a small maldistribution in the liquid flow.

IV. Results and Discussion

1. Hydrodynamics

1) Pressure drop

o Air-water pressure drop tests

In the distillation tests at total reflux, the
maximum liquid load was 43.2m3%/m2?.hr at
atomspheric pressure and with a F-factor of 3.
In order to obtain data at higher liquid loads
we conducted some experiments in a 0. Im dia-
meter column with air-water system. The liquid
load was changed from zero to 60m3/m2-hr,
while the gas velocity was varied from 0. 4m/s
to its flooding velocity. The results are plotted
in Fig. 5, where pressure drop for various liquid
loads is shown as a function of the F-factor.
At a low F-factor, the pressure drop is propor-
tional to the air velocity. At a higher F-factor,
the holdup increases and the open cross section
therefore becomes smaller. Hence the pressure
drop increases steadily until the slope becomes



Analysis of Steady and Unsteady...R.R. Kim, H.S. Chung, K.W. Sung, Y.E. Kim and K.J. Lee 113

100

l———  AIR-WATER SYSTEM. . ——
jd fJ /

2 BRIV

f%/
€3 Vi
7
:E):’) Loty '/}?'j
N
:i § 324 ’%7

o 25¢ /

i
o ‘,CIS,/O)!
0
02 0¢ 10 20 50 10

F -FACTOR(m/s( kg/rt))
Fig. 5. Pressure Drop for Different F-factor and
Liquid Load.

infinite and the flooding point is reached. When
the gas stream starts to blow droplets from the
upper end of the packing, small amounts of
liquid can be observed pulsating within the
packed bed mainly in the contact area between
the packing elements for the different liquid
loads. This zone is shown by a dotted line (upper
loading).

The pressure drop per unit height of packed
bed, across the dry and irrigated packings under
loading, was correlated by empirical equations
similar to those suggested by Billet et al.?®

For dry packing:

4P,/ Z=2. 043(Us +/pc) ** (20)
For irrigated packing:
AP|Z=0. 258 (4Py/z) U**" U}-* (21)
(4P : mbar)
Constants were evaluated after linearization of
the respective equations by regression analysis.
o Steam-water pressure drop tests
Pressure drop is an important quantity for the

o
™
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Fig. 6. Pressure Drop for Different Gas Load

and Head Pressure.

analysis of distillation columns. However, since
it decreases continuously with decreasing load,
it does not play any dominating role for the
performance analysis of corrugated wire mesh
packing, and turns out to be about half of that
for 1 inch Raschig ring.?® The pressure drop
of the corrugated wire mesh packing has such
a low value that its measured value was 10 to
60% flooding point (Fig. 6).

2) Liquid holdup

The holdup in the fractionation equipment
becomes a primary concern in batch and superf-
ractionation distillations. In our experiment, it
is an important factor affecting the sharpness of
separations and time to reach equilibrium respe-
ctively. Experimental holdup data were obtained
in a pilot test using level gauge. This informa-
tion is summarized graphically in Fig. 7. The
typical holdup has been estimated to be 5% at
vapor load value of 0.26kg/m?.s,

3) Heavy Water Distillation
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o Unsteady state analysis

Distillation process continued until equilibrium
condition is reached. Liquid samples were with-
drawn at each 30 minutes intervals. These sam-
ples were analyzed by Infrared Spectrophotom-
eter, which was standardized for every sample.

Particular examples of the solutions given by
Eq.(10) may be used in the experiments. The
most special case of the experiment, namely D
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Table 2. Operating Conditions

100mmHg
0.27kg/m?.s

3.1044x10°3{D/(D+H)
mole fraction}

bottom concentration 4.6052x10-*{D/(D+H)
(zo) mole fraction}

column head pressure
gas load
top concentration (zp)

=0 and ¢=0, has been considered in detail.
This is the case of column operated under total
reflux (no production) with the concentration at
bottom maintained constant. The operating con-
ditions are shown in Table 2,

In this condition, the dynamic behavoir of
column is shown on the Infrared . Spectrophoto-
meter curve (Fig. 8).

From Eq. (10), when D=0 and ¢=0, € is
given by

e=—(a—1)/2-HETP (22)
For this case, Eq. (10) becomes for t—oo

___2-HETP - Tp— g
Z= a—1 tanh [ Zp+To—2ZpTo }
(23)

In.this operation, a=1. 056, Z=4m and HE-
TP=0. 5658m. From the Eq. (12) and Eq. (13),
A=333.1 and 7,=0. 4218. Accordingly Eq. (10)
takes the form

z(£)=4.6052%107* {0. 67031
+0.253exp(—5.417 X 107%)}  (24)

Thus the unsteady - state equation (Eq. 24)

0.005
D,0-H,O(Total reflux)
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b , Gas load (0. 27 kg /o' -S)
- h
1 0 Exp{stz-4m}
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! :
I
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1 1 e it i : 1 1
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Time tmin)
Fig. 9. Time to Reach the Steady Operation at
Total Reflux
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shows good agreement with the experimental re-
sults (Fig. 9). Finally this model may be app-
lied to predict initial operation of a large scale
water distillation précess and heavy water upg-
rader (27).

OSteady state analysis

The column behavior at steady state was
observed and calculated by wusing a computer
program (Fig. 10). Fig. 11 shows the effect of
operating pressure and vapor flow rate on NT-
SM values.

In all cases, the overall NTSM value is esti-
mated to be about 2.7. It is not influenced by
the vapor flow rate under the present experim-
ental conditions, The significant conclusion dra-
wn from the fact of the constant NTSM is that
the equilibrium stage model is well suited for
prediction of the actual column behavior, and
the present computer ajded simulation allows us
to predict the column performance even in the

~
DO-HP (Total reflux )
Head pressure :100 Torr.
T  Gas load:0.27kg/nfs
—: simulation
P ° o : experiment
E
o
Rey
@
£
.o
c
£
@
a4
0
B3 0.004 ’ 0,005

0,0 Concentration (mdle fraction)
Fig. 10. Concentration Profile at Steady State.
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— OO~ 100 torr,

—_—O——O—— 200 torr,
t I L 1
0.05 0.1 0.15 a.2 0.25

gas load (kg /m hy
Fig. 11. Number of Theoretical Stages Per Meter
for Various Gas Load and Operating
Pressure

case where the packed column is higher and the
column is operated under various different con-
ditions.

V. Conclusion

The present study was performed for a pilot
scale heavy water distillation column. The col-
umn separates H,O and D,0O at total reflux ope-
ration mode. The current experiment and analy-
tical solution provides very useful information
to the design and analysis of heavy water dist-
illation column.

Some significant conclusions are recapitulated
here.

1) For unsteady state analysis, the dynamic
column behavior predicited by modified Cohen’s
equation based on equilibrium stage was in very
close agreement with the experimental observa-
tion.

2) For steady state analysis, the column beh-
avior predicted by the computer aided simulation
was in good agreement with experimental res-
ults.

3) The newly developed wire mesh packing
has very desirable characteristics such as

—high NTSM
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10.

11.

12.
13.

—low holdup and pressure drop.
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