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Abstract

Objectives. To apply an analytical method for the calculation of a distillation column for the
production of D,0 at a two-column Kuhn installation operating under vacuum: to simulate the
Kuhn installation in the Hysys software; and to compare experimental and calculated data.
Methods. Analytical method for the calculation of distillation columns “from stage to stage,” from
the lower theoretical separation stage (TSS) to the upper stage. This method is based on phase
equilibrium at the TSS with known data of input flows and component concentrations in the
column bottoms. Hysys was used as modeling software.

Results. Comparison of the calculation results with Kuhn’s experimental data testified to the high
calculation accuracy of the vapor-liquid phase equilibrium for the H,0-D,0 mixture at the TSS. The
convergence of the D,O material balance for the entire installation was 0.005%. The identification
parameter was the number of the column feed plate. Simulation of the Kuhn installation in the
Hysys software showed a qualitative agreement of D,O concentrations in material flows. The
UNIQUAC (UNIversal QUAsiChemical) model was used to calculate activity coefficients. The found
values of the number of theoretical separation stages (NTSS) in both columns, were 88 and 153
taking into account the reboiler and condenser. This is less than the experimental 295 and 400,
respectively. The discrepancy can be explained by the increased phase equilibrium H,O constant
in the UNIQUAC model. However, the convergence of the material balance in terms of D,O was
high and amounted to 1.38'10°%%. The absolute error of the found concentrations in material
flows did not exceed 0.12 mol %.

Conclusions. The results obtained indicated the possible use of the Hysys modeling software
when searching for and optimizing the operating mode of the block diagram of a cascade of
distillation columns with direct and recycle flows to separate a mixture of water into light and
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heavy water. The final results obtained with regard to the operating mode, inlet and outlet
material flows (flow rate, composition, temperature, and pressure drop across the column) are
recommended for use in the analytical program for the calculation of the distillation column to
refine the NTSS and distribution profile of the concentrations of the H,O and D,O components
along the height of the column.

Keywords: light water, heavy water, Hysys, continuous distillation, separation factor, activity
coefficients of H,0O and D,O
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AHHOMAyus

IMenu. ITpumeHeHue AHAUMUUECK020 Memooa pacuema peKmupuUKAUUOHHOU KOJIOHHbL 011 Noyue-
Hust D,0 e dsyxiononHoll ycmaroeke Kyna, pabomaroueti nod eaxyymom. ModenuposarHue ycmaHos-
rxu KyHa e npoepammHotil cpede Hysys. CpasHeHue s5KCNepuMeHmalbHbLX U pACUEMHBLLX OAHHBLX.
Memoodbst. Ananumuueckuii Memoo pacuema peKmupuKAQUUOHHOU KOJIOHHbL «OM CMYNeHU K CMyneHuy
om HuWxHell meopemuueckoti cmyneHu paszoeserust (TCP) Kk gepxHetl, 0CHOBAHHbLI HA (PA3080M PABHO-
secuu Ha TCP npu u3gecmmbix UCXOOHBbIX OAHHbBLX 8XOOHbLX NOMOKO08 U KOHUEHMPAUULl KOMNOHEHMO8 8
Kybe KonoHHbL Cpeda modenuposarusi Hysys.

Pesynemameot. CpasHeHue pesyibmamos paciema ¢ sKcnepumeHmaibHbimu oaHHbmu KyHa ceude-
MeNbCME08aJI0 0 8bICOKOLL MOUHOCTU pacuema pasHosecus pas nap — skuokocms ons emecu H,0-D,0
Ha TCP. Cxo0umocms mamepuansHozo banarica no D,0 no ycmaroske 6 yenom cocmasuna 0.005%.
Iapamempom udeHmupurayuu sI8sLICSL HOMEP Mapesiku Numarust KonoHHsL. Modenuposarue ycma-
Hoexku KyHa e cpede Hysys nokasano KauecmeeHHoe coanacosaque koHuenmpayuii D,0 e mamepu-
anbHbIX nomokax. /[nsa pacuema KO3I(pPuyueHmos axmusHocmu ucnoavzosaHa modens UNIversal
QUAsiChemical (UNIQUAC). Hafli0eHHble 3HAUEeHUST UUCAA Meopemuveckux cmyneHell pasoeneHust
(4TCP) 8 obeux KONOHHAX ¢ yuemom peboliiepa u KoHoeHcamopa cocmagasiom 88 u 153, umo meHob-
we sxcnepumerHmanioHbix 295 u 400 coomgememeeHHo. PacxoxoeHue 06bsicHAemes: NO8bIUUEHHbLM
sHaueHuem KoHcmaxmbt gpazoeoeo pasHosecus H,O mooenu UNIQUAC, 00HAKO CXo0UMOCTb Mamepu-
anbHozo banarica no D,0 evicokas u cocmaensem 1.38:107°%. ACOnOMHAs NOZPEULHOCMb HAUOEHHbIX
3HAaUEHUTL KOHYeHMpayuii 8 mamepuaibHbix nomokax He npegvuuaem 0.12 mon. %.

Bbeoobt. TlonyueHtble pe3yibmambl ceUOemesbCmsylom 0 803MONKHOM NPUMEHeHUU cpedbl Mode-
auposarust Hysys 05t noucka U onmumusauuil peskuma pabomsl CMpyKmypHOU cxembl Kackaoa
PEKMUPUKAUUOHHBIX KOJIOHH C NPSIMBbIMU U PEUUKI08bIMU NOMOKAMU O51 pa30esieHuUst cmecu 800bl
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HQa Jleekyto U mskeayro eody. IlonyueHHble KOHeuHble pe3ytebmambl No peskumy pabombl, 8X00HbLM
U 8blXOOHbIM MAMEPUAILHBIM NOMOKAM (pacxod, cocmas, memnepamypa, nepenad o0agrieHuil no
KOJIOHHE) PeKOMEHA0BAHO UCNONB308AMb 8 AHANIUMUUECKOU NPoZpamMMe pacuema pexmugpura-
UUOHHOU KOJIOHHBL 0151 ymouHeHust YTCP u npoghunst pachpedeneHust KOHUSHMpPayuli KOMNOHEHMO8

H,0 u D,0 no ebicome KONOHHbL.

Knroueevle cnoea: nezkasi 8oda, mskenass eoda, Hysys, HenpepwbleHas pekmugurayus,
Kospuyuenm pasdenerus, KospgpuyueHmol axmusHocmu H,O u D,0

Hna yumuposanus: Koporkosa T.I., Kaceanos I'M. Amanus pextuduraunonnoro pasaenenus cvecn H,0-D,0 na
JIETKYIO U TSDKEILY0 BOAY METOJOM MaTeMaTHYeCKOro Moienuposanus. Toukue xumuveckue mexuonoeuu. 2022;17(3):189-200.
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INTRODUCTION

It is impossible to improve and optimize
technological schemes for the separation of
homogeneous mixtures by the method of rectification
without the use of modern software for modeling
complex chemical-technological systems (CCTS).
For this purpose, modern software is equipped with
a library of component properties, modules for
calculating apparatuses, mathematical modules for
ensuring the convergence of calculations, equations
for calculating the properties of a multicomponent
mixture, etc. The availability of programming tools
and the level of development of visualization allows
such software as Matlab (Matrix Laboratory) to be
created. This tool is a package of applied programs
for technical calculations, engineering, and scientific
problems in any industry. SPSS Statistics (Statistical
Package for the Social Sciences) is a computer
program for applied research and statistical data
processing. ChemCad (Chemical Computer-Aided
Design) is used mainly in modeling processes and
flowsheets of chemical and petrochemical industries.
Ansys Fluent is a software and computational complex
for modeling the flows of liquids and gasses in the
aerospace industry, automotive, turbomachinery,
oil and gas, and chemical industries. Hysys (Aspen
Hysys) is a programming software for technological
schemes of an arbitrary structure of chemical and
technological industries and other software packages
for computer simulation.

Simulation of CCTS allows the results obtained
to be analyzed not on an operational plant, but in
computer systems with a range of different devices
and technological modes of their operation. This

optimizes the technological scheme allowing the
desired product quality to be achieved or energy
costs minimized with subsequent implementation in
industrial production.

The widespread use of Hysys in CCTS modeling
is due to the multi-circuit architecture in Hysys
which allows an arbitrary number of circuits to be
created within one calculation. If necessary, you can
use your own thermodynamic package of properties
in each subcircuit. A large scheme can be divided
into separate sections and the mode of operation of
a particular section of the technological scheme can
be found. Therefore, the structure of the technological
scheme, consisting of a set of apparatuses and
devices, changing the parameters of their operation
mode, such as process temperature, pressure, and
component composition can be optimized.

In [1], the designs of heat pumps of closed and
open “pipe in pipe” types were considered, while the
adequacy of the computer model of the “rectification
unit—heat pump of closed type” system was checked
using the Hysys simulation software. In [2], the Hysys
software was used to perform a simulation of a crude
oil distillation unit. This included four main stages:
preliminary evaporation, atmospheric, stabilizing,
and vacuum.

When water is separated by distillation into
light (H,0) and heavy (D,0) water, the number of
theoretical separation stages (NTSS) is very large.
Therefore, a cascade of several columns of tray or
packed type is used rather than one distillation
column [3]. The Hysys data library contains the
physicochemical properties of the H/O and D,O
components. In this case, the use of modern modeling
software for the analysis and improvement of such
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CCTS is reasonable and necessary. However, there are
no publications on the study of the use of the Hysys
simulation software for the separation of a mixture of
H,0-D,0 into light and heavy water.

In this paper, we propose the use of Hysys
simulation software for the development of
technological schemes consisting of a cascade of
distillation columns with direct and recycle flows
to separate the H,0-D,0 mixture into light and
heavy water. This is followed by refinement of
the NTSS and the profile of the distribution of
component concentrations along the height of the
column based on the analytical column calculation
method [4].

METHODS

The modeling of distillation is based on the
calculation of the vapor—liquid phase equilibrium at
the theoretical separation stage (TSS), the reliability
of the description of which affects the quality of the
separated products. The main difficulty is the choice of
an equation for calculating the activity coefficients of
the components.

The group composition models the following:
UNIversal Functional Activity Coefficient
(UNIFAC), UNIversal QUAsiChemical (UNIQUAC),
Non Random Two Liquid (NRTL) models, etc. It
also models their modifications [5], which have
proven themselves well in the calculation of
column distillation apparatuses in the chemical
industry. Such have been widely developed in
chemical [6], oil refining, petrochemical [7],
and alcohol industries [8, 9] in the separation of
multicomponent mixtures with a slight deviation
from the Raoult law and azeotropic mixtures in the
production of bioethanol [10, 11], characterized by
strong nonideality.

In the analytical methods proposed for
calculating column apparatus when separating a
mixture of H,O0-D,0O into light and heavy water,
the activity coefficients vy, and ypo were
not considered [3], or the mixture was classified
as ideal both in the liquid and vapor phases [12].
It is equivalent to equating the activity coefficients
to units.

We have shown [4] that the H/O-D,0 mixture
is not ideal, i.e., it does not obey the Raoult
law. Based on the material balance equations,
the equilibrium equation, and the equation for
calculating the separation coefficient (H.C. Urey),
Egs. (1) and (2) for calculating the activity
coefficients of the H/O and D,O components were
obtained based on the assumption that the mixture
being separated consists of two components H,O

and D,0. A method for the calculation of the
column “from stage to stage,” including the
calculation of phase equilibrium on the TSS, was
proposed.

1
YH,0 = 5 ) )
: B0 B0

2
P Xp,0 T 0H-D p D0

1
TD,0 = o o ’ (2)
? 1 A H,0 + B0 X
oo “p 0T p M0

The activity coefficients of the H,O and D,O
components are interconnected by the separation
factor o, .

¥p,0 = O%H-D " TH,0 3)

Based on a comparison of experimental and
calculated data, the applicability of this method to the
separation of an isotopic mixture of H,O-D,O into
light and heavy water is shown.

RESULTS AND DISCUSSION

Let us apply the method of calculating a
distillation column for separating a mixture of
H,0-D,0, as described in [4], to the well-known
experimental  two-column  Kuhn installation
for obtaining D,0. The material balance of this
installation is shown in Fig. 1 [13]. The height
of the separating part of the first stage is 530 cm;
the height of the equivalent theoretical stage (HETS)
is 1.8 cm; the height of the separating part of the
second stage is 680 cm; while HETS is 1.7 cm.
The pressure in the upper part of the first stage is
120 mm Hg, and the pressure in the upper part
of the second stage is 60 mm Hg. The calculation
will be carried out for each stage separately. In
relation to the hardly volatile component D,O,
the input flow (feed) divides the column into two
parts: the upper (exhaustive) and the lower
(strengthening). By analyzing the initial data
of the Kuhn installation (Fig. 1), we can determine
the values of the quantities necessary for modeling
each stage (Tables 1 and 2). In Fig. 1 and in
Tables 1 and 2, the concentration of D,O is given
in mol %.
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In Tables 1 and 2, the reflux ratio R is defined

P20 mm]fg as the ratio of the amount of liquid stream flowing
375 mL/day | £~ 60 mmHg down the column, to the amount of distillate

;Qm 2% D0 withdrawn from the top of the column. The molar
0.1%D:0 _| flow rates of material flows are determined by known

expressions. These expressions take into account
the average value of the density and the average
value of the molar mass of the flow, depending
on the concentrations of the H,O and D,O components
in the flow. When recalculating, the following is
assumed: the molar mass of H,O is 18.02 kg/kmol,
D,0 is 20.03 kg/kmol; while the density, taking
into account the separation process under vacuum
2 stage H,O, is 998 kg/m’, D,O 1108 kg/m’ [14, 15]. NTSS
in columns is determined by the ratio of the height
of the separating part of the stage to HETS. In the
first approximation, it is assumed when modeling that
) the pressure at the bottom of the first stage is 18 kPa,
360 mL/day .
ngbg% D,0 the pressure of the second stage is 9 kPa.
g The feed plate number was taken as the
Fig. 1. Scheme of material balance identification pgrameter. The calculation of the
of twostaee Kuhn plant fo obtain D.O column was carried out by the method “from stage to
£ P L stage” from the bottom up. The plates are numbered
from bottom to top. The results of the calculation
are shown in Fig. 2. The convergence of the material

#
40 Liday
1% DO

28 L/day ———» \]\—

1000 L/day

1 stage

735 mL/day

50% DO

Table 1. Initial data of the Kuhn installation

Material flows
Stage number L/day kmol/day
F D w Rec F D w Rec
1 stage 40 39.64 0.735 0.375 2.20202 2.18216 0.0405 0.02064
2 stage 0.735 0.375 0.36 - 0.0405 0.02064 0.01986 -

Note: F is feed; D is distillate; I is bottom residue; Rec is recycling.

Table 2. Initial data of the Kuhn installation (continued)

D,O concentration, mol %
Stage number P, kPa R f NTSS
xF xD xW rec
1 stage 1.0 0.1 50 2.0 16 25.227 1.0091 295
2 stage 50 2.0 99.8 - 8 74.667 1.9622 400

Note: x,,x,,x,,x,__ are D,O concentrations in feed, distillate, bottoms, and recycle, respectively;
rec 2

P is the pressure of the top of the column; R is the reflux ratio; /= F/D.
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0.02064 kmol/day | 7 =8 kPa
2.03% D,O

2.18216 P=16kPa | 4
kmol/day f—74

0.1006% | 4
D,O R =25227

£=1.0091

R=174.667
£=1.9622

Nr=206

. >
2.20202 kmol/day
1% DO

Np=343

2 stage
NTSS =400

1 stage
NTSS =295

P=9kPa

0.01986 kmol/day
99.8% D0

Lt

<«— 1.54112 kmol/day

0.0405 kmol/day

50% DO

[ <— 55.0494 kmol/day

P =18 kPa

Fig. 2. Calculated data for the two-column Kuhn
installation based on the analytical calculation method.

balance for D,0O for the entire plant was 0.0005%. The
profile of the change in D,O concentration along the
height of the columns at the first and second stages is
shown in Fig. 3.

Point a characterizes the transition from the
strengthening part of the column to the exhaustive
part. The observed break in the curves of the
concentration profile corresponds to the general ideas
regarding the change in concentrations in the liquid
phase in the feed zone of the distillation column.

400
350
300 — @
250 2
é’ 200 <
150
100 1 —
50

0

™

\\

0 10 20 30 40 50 60 70 80 90 100
D,0 concentration in the liquid phase, mol %

Fig. 3. Profile of change in the D,O concentration along
the height of the columns based on the analytical method
of calculation: (1) first stage; (2) second stage.

Analysis of the dependence of the activity
coefficient of the H,O and D,O components
on the mixture composition at P = const

Based on the algorithm for calculating the
boiling point of a mixture of H,O-D,0, as described
in [4], incorporating a block for calculating phase
equilibrium on TSS, a program was developed in
the Borland Pascal language. As an example, in
Fig. 4 shows the results of calculating the activity
coefficients of the H,O and D,0 components for
atmospheric pressure P = 101.325 kPa and for
reduced pressure P = 60 kPa, with a change in the
D,0 concentration in the liquid phase from 0 to
100 mol %. The accuracy of calculating the boiling
point of the mixture on the plate is ¢ = 107'°°C.

Based on the appearance of the dependences of
the activity coefficients YH,0 and Yp,o (Fig. 4), it
can be concluded that they are practically straight
lines at P = const. This is because the separation
coefficient o, depends on the pressure and
boiling point of the H,0-D,0 mixture, which
changes slightly with a change in the composition
of the mixture at P = const. However, with a
pressure drop along the height of the column, as
shown in [4], the change in the activity coefficients
of these components is nonlinear. The values of
the activity coefficients of both components are
within unity, while the value of the activity
coefficient of deuterium oxide Yp,o is greater than
that of hydrogen oxide Ym,0 in the entire range
of concentrations. This result is embedded in Eq. (3),
in which the separation factor a,, ;> 1. Also, Yp,0 > 1,
but Yp,0o < 1, and at concentrations equal to 1,
the activity coefficients are also equal to 1.

Activity coefficients Yy,0 and Yp,o, calculated
by the UNIQUAC group composition method.

1.04 ;
1.03 =
1.02 =l T
1.01 =
1.00 1
0.99 =
0.98 ———
0.97 2
0.96

[N
N

1

J1!
(U
1"
]
I

1
"

= =

Activity coefficient y

0 10 20 30 40 50 60 70 80 90 100
D,O concentration in the liquid phase, mol %

—y(H,0) == -v(D,0)

Fig. 4. Dependence of the activity coefficients of the H,0
and D,0 components calculated by Egs. (1) and (2)
on the D,O concentration in the liquid phase at:

(1) P=101.325 kPa and (2) P = 60 kPa.
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The mathematical form is given in [5]: it changes
from 0.997 to 1.000 when D,O changes from 0 to
100 mol % in a mixture of H,0-D,O. The
calculation was carried out at P = 101.325 kPa and
P = 60 kPa. Therefore, their values are almost equal
to 1, which is typical for ideal mixtures.

The predicted parameters of the binary energy
interaction Au, and Au, of the UNIQUAC model
between the molecules of the H,O and D,O
components were taken from the database of the
Hysys software (Table 3).

Optimizing the parameters of the energy
binary interaction Au,, and Au, of the UNIQUAC
model in the range of change from —o to +owo
did not lead to an increase in the accuracy of
calculating a,, , the H,O-D,0 mixture. It should be
noted that for large values of the binary interaction
parameters  Au,, and Au,  regardless of
their sign, the equilibrium curve in the x—y
diagram intersects the diagonal of the square,
meaning the presence of an azeotrope point.
This is not supported by experimental data
and the industrial method for separating a mixture
of HO and D,O, ie., the H,0-D,0O mixture
is not azeotropic. A similar picture was obtained
when optimizing the parameters of the NRTL
equation (Ag,,, Ag,, and a, ). Therefore, further
calculations give the parameters presented in Table 3.

The calculated value of the separation factor
o, , using the UNIQUAC model at atmospheric
pressure was 1.053 (at Xg,0 =Xp,0= 0.5 mol %),
while the experimental value was 1.026 [16].
The values of the separation factors in the
analytical calculation of the activity coefficients
YH,0 and Yp,o are consistent with the experimental
values.

Figure 5 shows the curves of the separation
factors, constructed according to Eq. (4) and
according to the UNIQUAC method. The vapor
pressure of the pure component was calculated
using the Antoine equation, the mathematical
form of which and the equation constants are given
in [4].

1.12

1.10 —
€ 108 X\
=}
2 1.06 ~—~—
§ \ -\
& 1.04

1 \\\
1.02 ——

323 333 343 353 363 373 383

Temperature, K

Fig. 5. Dependence of the separation factor
on temperature: (1) calculation according to Eq. (4);
(2) calculation according to UNIQUAC.

Bio
(XH_D = 02 (4)
B0

Thus, when considering the H,O-D,0O isotopic
mixture as ideal, the separation factor a,
(curve 2, Fig. 5) exceeds the known experimental
data considered by us in [17]. This data is consistent
with that constructed using Eq. (4) (curve 1,
Fig. 5), and coincides with the curve based on the
analytical calculation method.

Let us consider the effect of the difference
in the separation factor thus defined on the phase
equilibrium in the vapor—liquid system of the
H,0-D,0 binary mixture. Let us take the phase
equilibrium constant Ky o as the ratio of the
equilibrium molar concentrations of H,O in the
vapor yu,0 and liquid xy,0 phases. We will carry
out the calculation based on the UNIQUAC
method and Eq. (5).

Ko = = Yi,0> ©)

where vy, will be calculated with Eq. (1) and the
separation factor in Eq. (1) is determined by Eq. (4).

Table 3. Parameters of the UNIQUAC model (according to Hysys)

Au_,, cal/mol Au, , cal/mol
Component r q 1 > w >
H,0 (1) D,0 (2)
H,O (1) 0.92 1.3997 - —48.413
D,0 (2) 0.92 1.3998 48.724 -

Note: r and g are volume and area parameters of the components. The energy parameters of the binary interaction Au , and Au,,

are given at the universal gas constant R = 1.98721 cal/(mol-K).
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The results of the calculation are shown in Fig. 6
for two pressures P = 101.325 kPa and P = 60 kPa.
Data analysis in Fig. 6 shows that with decreasing
pressure, the phase equilibrium constant of the
highly volatile component H,O increases, while with
an increase in the concentration of H,O in the
liquid phase, it also decreases at xy,0o = 1. The
constant is equal to one, which is already known.
A change in pressure does not lead to a change in
the qualitative picture of the phase equilibrium
constant. The shape of the curves is close to linear
at P = const. However, when calculating distillation
columns, the pressure drop across the column
has a significant effect on the nonlinearity of this
dependence [4]. The value of the phase equilibrium
constant in the calculation by the UNIQUAC method
is greater than in the analytical calculation method,
which includes the calculation of the separation
factor o, according to the Urey’s Eq. (4). Despite
a slight difference in hundredths, this discrepancy,
as will be shown below, leads to a significant
decrease in the NTSS as determined in Hysys
software when calculating the activity coefficients
using the UNIQUAC method.

= 1.07 | ’

< N

£ 1.06 F~<

2 N o 2 1

8 105 = STt a

E o4 AR <57

= 1.03 P——] ~L A <2

S 102 — AN N

g — ~Js<

2 101 — S
= 1.00 ‘1§\§.

0 10 20 30 40 50 60 70 80 90 100
H,O concentration in the liquid phase, mol %

- = -UNIQUAC

Calculation according to Eq. (5)

Fig. 6. Dependence of the H,O phase equilibrium constant
on its composition in the liquid phase for the H,0-D,0
mixture: (1) P=101.325 kPa; (2) P = 60 kPa.

Thus, the main influence on the phase
equilibrium constant is exerted by the vapor
pressure of the pure component, which can be
determined with a high level of accuracy. We do not
recommend taking the activity coefficients of the
H,O and D,O components equal to 1 into the
analytical calculation method, since the H,0-D,0
mixture is not ideal.

Let us simulate a two-column Kuhn installation
in the Hysys software. The block diagram with
the calculation results in tabular form in the Hysys
graphical software is shown in Fig. 7. The pressure
in the upper part of the columns was determined
according to Kuhn’s experimental data, and is
0.016 MPa (120 mm Hg) for the first stage,
0.008 MPa (60 mm Hg) for the second stage.
The pressure in the lower part of the column of
the first stage was 0.018 MPa, while the pressure
of the second stage was 0.009 MPa. In the column
of the first stage, the reflux ratio and the amount
of withdrawal of distillate were taken as active
specifications; while in the column of the second
stage—the reflux ratio and the amount of with
drawal of the distillate residue. The calculation of
the activity coefficients of the H,O and D,O
components was performed using the UNIQUAC
method. We took the NTSS and the number of the
feed plate for each column as identification
parameters. The simulation results are given in
Table 4 and in the flow tables in Fig. 7.

For the first stage, the NTSS was 86, excluding
the reboiler and condenser, the feed plate was
numbered 67th. For the second stage, the NTSS
was 151; the feed plate was 136th. The TSS values
discovered in both columns were 88 and 153,
including the reboiler and condenser. These were
less than the experimental values (295 and 400)
in the Kuhn installation. The D,0 concentration
profile was smoother (Fig. 8) compared to the
profile shown in Fig. 3. This can be explained by the
error in calculating the phase equilibrium constants

Table 4. Material balance of the two-column Kuhn plant in the Hysys environment

Material flows, kmol/day D,O concentration, mol %
Stage R NTSS N,
number F
F D w Rec X x, L. -
1 stage 2.2159 2.1959 | 0.04069 | 0.02077 0.10242 | 49.997 | 2.0851 25.23 86 67
2 stage 0.04069 | 0.02077 | 0.01991 - 49.997 | 2.0851 99.977 - 74.67 151 136

Note: N, is the feed plate number; number of theoretical separation stages (NTSS) does not include a reboiler and

F
a dephlegmator condenser.
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Pressure 0.018000 | MPa Temperature 45.887974 | C
Comp Mole Frac (D20) 0.49997315 Pressure 0.009000 | MPa
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Q_7 Liquid Volume Flow 3.6000003e-04 | m3/h
-G
B 4
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Fig. 7. Graphical interface of the Kuhn installation in the Hysys software: C-1, C-2 are distillation columns;
1-11 are material flows; Q-1-Q-8 are energy (heat) flows.

160
140 \\\
120 \\ 2
- 100 T —
)
Z g0 a —
E I
ZI \\
[_‘
Z 40 N 1 \
2 iy
0 \‘\\.
0
0 10 20 30 40 50 60 70 80 90 100

D,O0 concentration in the liquid phase, mol %

Fig. 8. Profile of change in D,O concentration along
the height of the columns (according to the calculation
data in the Hysys simulation software):

(1) first stage; (2) second stage.

using the UNIQUAC method. However, the
convergence of the material balance for D,O was
1.38-107%% and the absolute error of the found values
of concentrations in material flows did not exceed
0.12 mol %.

The results obtained indicate that the Hysys software
can be recommended when searching for and optimizing
the block diagram of a cascade of distillation columns

with direct and recycle flows, designed to separate a
mixture of H,0-D,O. The calculated data obtained
in Hysys on the inlet and outlet flows of each column
(flow rate, composition, temperature, and pressure)
can be used in the analytical program for the calculation
of the distillation column to refine the NTSS and
the distribution profile of the concentrations of the H,O
and D,0 components along the height of the column.

CONCLUSIONS

The simulation of an experimental two-column
Kuhn installation for D,0O production was carried
out based on the analytical method for calculating
the column, as well as using Hysys simulation
software. The calculation of the activity coefficients
of the H,O and D,0 components in the analytical
method of calculation was performed according
to Egs. (1) and (2), and in the Hysys software,
according to the UNIQUAC equation. Both
calculations showed sufficient convergence of
calculated and experimental data in material flows.
The NTSS found in the Hysys software in both
columns, taking into account the reboiler and
condenser, are 88 and 153. This is less than the
experimental 295 and 400, respectively.
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Analysis of the graphical dependences of
the activity coefficients vy, and vp,o of the H,O
and D,O components on the D,0 concentration in
the liquid phase at P = 101.325 kPa and P = 60 kPa,
calculated by Eqs. (1) and (2), showed that yp, o > 1 and
Yn,0 < I, and at concentrations equal to 1, the activity
coefficients are equal to 1. The main influence on the
phase equilibrium constant is exerted by the vapor
pressure of the pure component, which is determined
with a high level of accuracy.

The activity coefficients of the H,O and D,O
components calculated by the UNIQUAC method
at P =101.325 kPa and P = 60 kPa vary in the range
from 0.997 to 1.000. However, both are less than 1,
affecting the value of the separation coefficient
o, Wwhich at atmospheric pressure was 1.053
(at xg,0=%p,0 = 0.5 mole fractions), while the
experimental value was 1.026.

An overestimated value of the separation factor
o, , led to an increase in the phase equilibrium constant
of H,O, which affected the NTSS in the column.
However, the convergence of the material balance for
D,O is high and amounted to 1.38-10°%. The absolute
error of the values of concentrations in material flows did
not exceed 0.12 mol %.
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