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Abstract

Objectives. Determination of the parameters of the binary energy interaction of the (UNIversal
QUAsiChemical) UNIQUAC model on the basis of mathematical processing of experimental
literature data on the phase equilibrium of hydrogen isotopic mixtures D,~T,, D,-DT, DT-T, to
calculate the activity coefficients of the components D,, DT, and T,.

Methods. The method of successive approximations was used in junction with the “from stage to
stage” method, which consists in calculating a single evaporation process on a theoretical plate.

Results. Equations were written for calculating the activity coefficients of hydrogen isotopes on
the basis of the Sherwood theory as applied to binary D,~T,, D,~-DT, DT-T, and ternary D,~-DT-T,
hydrogen isotope mixtures. The graphical dependences of the activity coefficients and separation
coefficients of mixtures D,~T,, D,-DT, and DT-T, are compared in the range of the concentration
of a highly volatile component from O to 100 mol % at atmospheric pressure for three options:
ideal mixtures; non-ideal mixtures using the Sherwood theory; non-ideal mixtures on the basis of
the UNIQUAC model. The dependences of the separation coefficients a. were found to be similar
for all binary isotopic mixtures. However, when considering mixtures as ideal, o increases.

According to Sherwood’s theory, o remains a practically constant value, which is independent
of the composition of the mixture. The UNIQUAC model predicts a decrease in o. with an increase
in the concentration of a less volatile component in the mixture. The profile of the distribution
of hydrogen isotopes D,, DT, and T, of a three-component mixture D,~DT-T, along the
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height of a distillation column operating in a closed mode was calculated for three variants.
It was accepted that: pressure along the height of the column is constant and equal to
atmospheric 760 mm Hg. Art.; number of theoretical plates 21; concentration of components
in the liquid phase on the first plate (stage), in mol %: Xp = 65; X, = 10; Xy = 25; the accuracy
of calculating the composition of the vapor phase is 1071,

Conclusions. The parameters of the binary energy interaction of the UNIQUAC model of
hydrogen isotopic mixtures D,~T,, D,-DT, and DT-T, are determined. The UNIQUAC model is
adequate in relation to experimental data on the coefficient of separation. Due to systematic
deviations in the theoretical Sherwood and ideal models, they are not suitable for further
calculations of phase equilibrium of isotopic mixtures of hydrogen D,-T,, D,-DT, DT-T,, and
D,-DT-T,.

Keywords: UNIQUAC model, hydrogen isotopic mixtures D,~T,, D,-DT, DT-T,, D,-DT-T,,
vapor-liquid phase equilibrium
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HAYYHAS CTATHA
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(pa30B0r0 paBHOBeCUS AP — KUAKOCTD
U30TOMHBIX CMeceil Boaopoaa DZ—TZ, DZ—DT, DT—T2
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AnHOmauus

Ienu. OnpedeneHue napamempos OUHAPHO20 3HEpeemuUeckozo e3aumoodelicmaust Mooenu
UNIversal QUAsiChemical (UNIQUAC) Ha ocHoge mamemamuueckoll o6pabomKu JumepamypHbLX
9KCNepuUMeHmartbHblX OAHHBIX NO (PA3080MY PABHOBECUID U30MONHbLLIX cmecell sodopooa
D,-T,, D,-DT, DT-T, o5 pacuema koagppuyuermos axmugHocmu komnonernmos D,, DT u T,.
Memoowt. [IpumereHbl Memood Nnocaedo8amenbHblx NPUbUIKeHU U Memod «m cmyneHu K
cmyneHw, 3aK0UaOUULcs 8 pacueme npoyecca 00HOKPAmMHO20 UCNApeHUs. Ha Meopemuueckoli
mapeanke.

Pesynomameul. 3anucaHsl YpasHeHUst O/l pacuema Kod(h@ uUUUeHMo8 aKmueHocmu u3omo-
noe eodopoda Ha ocHoge meopuu Illepsyda npumerumensHo Kk 6uraprowm DT, D,-DT, DT-T,
u mpotunoit D,~DT-T, usomonHoim cmecsm eodopoda. IlpusedeHo cpasHeHue zpaguueckux
3asucumocmeil Ko3IpPuyueHmos aKkmueHocmu u KoappuyueHmos pasodeneHuss cmecell
D,-T, D,-DT, DT-T, e duanasoHe USMEHEeHUS KOHUEHMPAUUU Jie2Koiemyuez0 KOMNoOHeHma
om 0 0o 100 mon. % npu ammocgpepHoM OasaieHUU Ol mpex 8apuaHmos: udedlbHblx cmecell;
HeudealbHbIX € ucnosb3ogaHuem meopuu Illepeyda u HeudeanbHbLX HA OCHO8E MOOenU
UNIQUAC. BeuiseneHo, umo xapakmep nogedeHust 3asucumocmetl KoagdgpuyueHmos
pasdeneHust o aHano2uueH OAast ecex OUHApHbLX usomonHelx cmeceli. Ilpu paccmompeHuu
cmeceli 8 kKauecmge udeanbHblx o 8ospacmaem. Ilo meopuu Illepgyda o ocmaemest
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npaKkmuuecKu NOCMOSIHHOU 8esuuuHoll, He 3asucsiwel. om cocmasa cmecu. Mooeno UNIQUAC
NpozHOSUpYem CHUKEHUE 0o C POCMOM KOHUEHMPAUUU J1e2KOemyue20 KOMNOHEHMA 6 CMeCU.
[lnsa mpex 6apuanmos ebluucieH npoduib pacnpedeseHus usomonog egodopoda D, DT
u T, mpexxomnonenmnoil cmecu D,-DT-T, no ebicome peKmupuKkayUOHHOU KOJIOHHbL,
pabomarouieli 8 3amMKHYmMoMm pexxume. [IpuHamo: oasieHue no 8blcome KOJOHHbL NOCMOSIHHO U
pasHo ammocgepHomy 760 mm pm. cm.; HUCO meopemuueckux mapenok 21; KoHyeHmpayuu

KOMNOHEHMO8 8 JKUOKOU paze Ha nepsoli mapenke (cmyneHu), 8 moa. %: Xp, = 65; Xpr=10;

Xr, = 25; mourocmoe pacuema cocmasa napogoil hasel 1071°,

Bbleodst. Onpedesnerbl napamempsl OUHAPHO20 SHEp2emuuecKozo e3aumoodeticmaeust
modenu UNIQUAC usomonmoix cmeceti eodopooa D,~T, D,-DT, DT-T, Modeno UNIQUAC
adeKkeamHa NO OMHOWEHU K SKCNEPUMEHMANbHbIM OAHHbIM NO KoagguyueHmam
pasdenerust. Teopemuueckas modens Illepgyda u udeanbHasi Mooesb 0arm cucmemamuiecKkue
OMKJIOHEHUSL U He NPU200HbL 0151 OaibHelWUXx pacuemos pa3o8020 pasHO8eCcUs. U30MONHbBLX
cmecetl godopooa D ~T,, D,~DT, DT-T, u D ,~DT-T,.

Knroueevte cnoea: mooenv UNIQUAC, usomonHvle cmecu godopoda D,-T, D,-DT, DT-T,
D,-DT-T,, pasogoe pasHogecue nap — KuoKocmo

Jlna yumuposanusn: Koporkosa T.I. Tlapamerpsr monenmn UNIQUAC st omvicanust (a3oBOro paBHOBECHS Map — KUAKOCTh
u3oTonHbIx cmeced Bomopoma D-T,, D-DT, DT-T,. Touxue xumuueckue mexnonoeuu. 2022;17(6):459-472. https://doi.

0rg/10.32362/2410-6593-2022-17-6-459-472

INTRODUCTION

When calculating the low-temperature distillation
of liquid mixtures of hydrogen isotopes, the separation
factor o° is determined as the ratio of the vapor
pressures of the pure components of the highly volatile
B° to the hardly volatile P, calculated at a certain
temperature [1], while the phase equilibrium constant
of the ith component K is given as the ratio of the
vapor pressure of the pure component to the total
pressure P [2]. This approach involves classifying
isotopic mixtures of hydrogen as ideal, obeying
Raoult’s law.

o —go =t (1)

k=1 ©)
P

It is known from experimental studies that
mixtures D,-T,, D-DT, and DT-T, deviate from
ideal ones [3, 4]. Note that isotopic mixtures of
hydrogen are not azeotropic. In such binary mixtures,
the low-boiling component is highly volatile, while
the high-boiling component is hardly volatile. The
non-ideality of the mixture in the liquid phase is
taken into account by the activity coefficient of
the component, the calculation of which presents a

certain difficulty, since the identification of empirical
or thermodynamically justified equations should
be based on experimental data on vapor-liquid
equilibrium.

The theory of multicomponent liquid hydrogen
solutions presented in Sherwood and Souers in
1984 takes into account non-ideal vapor—liquid
equilibrium [5]. Activity coefficient of the ith component
Y; is related to the molar excess Gibbs free energy
of mixing Aéf according to the following expression:

AG*
=ex — | ’
. p[ G ] 3)
AG =Y x,4,-G" ¥
7
1
GEZEZ xix/‘Ai,j(Ai,j :0, izj)’ (5)

J

where 7 is temperature, K; R is the universal gas
constant, R = 8.314 J/(mol K); x is the mole fraction
of the component in the liquid; 4, is the parameter
of the binary interaction of hydrogen isotopes, J/mol;
indices i and j are component numbers.

Based on the virial equation of state, an equation
was obtained for calculating the total pressure P (Pa)
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as the sum of the partial pressures of the components
in which the second virial coefficient of the gas
mixture B, (m’/mol) takes into account the imperfection
of the gas phase, while the binary interaction parameter
4, (J/mol) represents the imperfection of the liquid
phase. In the case of a binary mixture, the equation is
represented as:

o _ 2

P b exp| BE ZBP T34
RT
) , (6)

+x, B exp B,P —B,P+x 4, i

RT
where

-b
B=B, (lj ; ™)
20

16 14.74
A, :12.1()»12 —xg) epr'Tj } (®)
Here, P° and P are vapor pressure values of

pure components, Pa; x and x,are mole fractions
of components in the liquid, mole fractions; index 1
denotes the highly volatile component, while index 2 is
the hardly volatile component.

Coefficients for calculating partial pressures of
hydrogen isotopes D,, DT, and T, are presented in
Table 1 [5].

For a ternary mixture, Eq. (5) is given as:

E
G =xx,4,, + x 3,45 + X,%, 4,5 . )

For the first component of the ternary mixture

A(_?IE = (l—xl)sz12 +(1—xl)x3A13 — X, 4,; . (10)

In the present article, the parameters of the
binary energy interaction of the UNIQUAC model for
calculating the activity coefficients y of components
D,, DT, and T, for isotopic mixtures of hydrogen
are obtained by analyzing the known experimental
data [3, 4]. We compared the calculated data
obtained for ideal mixtures and non-ideal mixtures
for binary D,-T,, D,-DT, DT-T, and ternary mixtures
D,-DT-T, according to the UNIQUAC method and
informed by the theory of multicomponent liquid
hydrogen solutions [5] presented above and referred
to as the Sherwood theory in further presentation.

Based on the calculation of the vapor—liquid phase
equilibrium, the separation coefficients o are calculated
for mixtures D -T,, D,-DT, DT-T, at different boiling
temperatures depending on pressure and composition.
The calculations were performed in the Pascal
programming language. To calculate the separation
factor a, the Raoult-Dalton law is applied for non-
ideal mixtures

a=th (11)
B,

METHODS

To determine the energy binary interaction
parameters Au , and Au, of the UNIQUAC model,
the method of successive approximations was used
until the minimum deviation of the calculated values
of the separation coefficients from the experimental
ones was reached.

For the calculation of closed rectification, the
“stage to stage” method was used, which consists
in calculating the process of single evaporation on a
theoretical plate. When calculating from bottom to top
for a steady process on each overlying tray, the
composition of the liquid is equal to the composition of
the vapor rising from the underlying tray.

Table 1. Coefficients for calculating partial pressures of hydrogen isotopes

Isotope B, (10° m*/mol) b A
D, —-184 1.64 1.224
DT -190 1.70 1.111
T, -197 1.77 1.000
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RESULTS AND DISCUSSION
Vapor pressure of pure components D, DT, T,

The value of the separation factor o depends to
a great extent on the vapor pressure of pure components,
whose calculation is carried out according to empirical
equations.

Vapor pressure D, The results of measurements
on the vapor pressure sz of normal deuterium D,
are given in [6—10]. Equations have been proposed by
a number of authors [7, 10-13]. In this work, the
following equation was used [7]:

IgPy —8.58549 - 24

2

—0.029345T +
(12)
+0.00047507-7°,

where PD°2 is the vapor pressure of deuterium, Pa; 7 is
the temperature, K.

Vapor pressure DT. Equations [14, 15] were
proposed to calculate the deuterotritium vapor
pressure DT FJ;. The Sherwood equation is adopted [15]:

InPS, =11.3802— 167989

(13)
+4.5193107-T +7.6369107°-T°,

where FJ; is the vapor pressure of deuterotritium, kPa;
T is the temperature, K.

Vapor pressure T, The vapor pressure PT(;
of normal tritium T, was measured by Grilly. The
measurement results and the calculation equation
Py are given in [10]. There is also data of 7 in the
work [9]. Other equations [14, 16] were proposed to
calculate PT° . In this work, the Grilly equation is adopted.

78.925

1gP =6.0334— +2107 (T -25)", (14)

where PT: is the vapor pressure, mm Hg; 7 is the
temperature, K.

Equations (12)—(14) used in this work are selected
based on a comparison of calculated and experimental
data. It is of note that, on the whole, the analyzed
equations adequately describe the experimental data.

There is no experimental data on the vapor pressure
of DT in the literature. Preference is given to the

Sherwood equation [15] rather than the Frost-Kalkwarf
equation [14] due to the fact that Sherwood performed
an analysis of the available P-T—x—y data in dilute
solutions, where the heteronuclear isotope is present
as stable trace particles. Here, the vapor pressure of
trace components was calculated on the basis of a
phase equilibrium model using the Chueh—Prausnitz
modification of the Redlich-Kwong equation. This
model better describes the parameter 4, to take
into account the imperfection of hydrogen isotopic
mixtures.

A small deviation between the calculated
vapor pressure curves, which are constructed
according to the Sherwood and Frost-Kalkwarf
equations, increases with increasing temperature.
In the Frost-Kalkwarf equation, the deuterotritium
vapor pressure Py is defined as the geometric mean,
i.e., as the square root of the product of the vapor
pressures _of the pure components D, and T,
Py =3RS P
Equations for calculating the activity coefficients

of hydrogen isotopes based on the theory

of multicomponent liquid hydrogen solutions
for isotopic mixtures D ~T,, D.-DT, DT-T,
and D,-DT-T,

Based on the Sherwood theory [5], the activity
coefficients of the components in binary mixtures
Yp, and Y1 ; Vp, and Ypr; Ypr and Yy, canbe determined
from Eq. (6), writing it in the form of

P —x,P°y, exp (WJ B

e, p(%jzo (15)
where

! zexp(x‘%ﬂ’ (16)
" exp[%) | (17)

Here, index 1 is the highly volatile component,
while index 2 is the hardly volatile component.

The temperature 7 of the vapor—liquid phase
equilibrium for a given mixture composition and
external pressure P is the root of the function of
Eq. (15), which can be obtained with some accuracy
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using one of the well-known numerical methods, for
example, the method of successive approximations.
Here, the values of B, B,, v, v,, and 4, are recalculated
during the iterative search for temperature.

Let us apply Sherwood’s theory to a three-component
mixture D -DT-T,. We introduce the notation: D, — 1;
DT - 2; T, - 3, where the numbers indicate the number
of the component in accordance with their volatility.
The highly volatile component is D,, the hardly volatile
component is T,, and DT is an intermediate component,
which behaves as a hardly volatile component with
respect to D,, and as a highly volatile component with
respect to T, over the entire range of concentrations.
Then Eq. (15) takes the form of

BPR -BP)

RT

BB -BP)
RT

B,P-BP) 0
RT ’

P—x,Ry, eXP(
-y, exp( (18)

—x, By, exp (

where by expanding Egs. (3)—(5), we have

=ex AG]E —
vi=exp| L

_ exp[(l - X, )sz12 + (1 —X, )x3A13 —X,%; 4, }’

RT
(G
i) p RT

_ exp[(l_xz)xlAlz + (l—xz)x3A23 —x,%;,4, J’
RT

(19)

(20)

(G
Y3 p RT

21)
1- A 1- A,y —x,x,4
=exp(( x3)x1 13+( x3)x2 iy — XX, 12}

RT

The above equations are subsequently used in
the calculation of the phase equilibrium of the single
evaporation process in the vapor—liquid system.

Separation factor of D -T,

The results of an experimental study of the
separation factor a of the DT, isotope mixture were
obtained by Sherman et al. [3] for three temperatures
ata D:T, molar ratio of 0.991:0.009. The experimental
value of the separation factor was calculated from
the expression, where the index 1 is the highly volatile
component, index 2 is the hardly volatile component

o= (22)
YaX

The averaged experimental values of the separation
coefficient of the DT, isotope mixture are given
in Table 2.

Analyzing the obtained o values for the
D,-T, binary mixture and those obtained for other
molar ratios of the D,-DT-T, ternary mixture [3],
Sherman noted that the wvalues of the separation
factor ay, ; are approximately 5-6% lower than the
ideal a° values.

In this work, the mathematical processing
of experimental data [3] is carried out as follows.
Molar ratio 0.991:0.009 converted to mole fractions:
Xp,=0.994; x; =0.006. Molar mass D,=4.028204 g/mol;
T, = 6.032100 g/mol [17]. For the obtained molar
composition of the liquid isotope mixture D,-T,,
the phase equilibrium p—x was calculated in the
temperature range from 20 to 30 K. The activity
coefficients v, and vy were calculated using the
UNIQUAC equation [18]. The volume parameters
r and area ¢ are taken to be the same as for the
hydrogen isotope H,, which are given in the Hysys
modeling software (4spen Technology, USA):
r = 0.4092; g = 0.47549 and are taken here and
below to be the same for all hydrogen isotopes. This
assumption is acceptable, since the approximately

Table 2. Experimental values of the separation factor of the D,~T, isotopic mixture

Temperature, K

Separation factor o

23 1.455+0.048
25 1.382 £ 0.056
27 1.318 £ 0.077

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2022;17(6):459-472

464



Tatyana G. Korotkova

similar  radius of hydrogen isotopes is:
rn, = 0741410"m, 7, = 0.7417-10"° m,

rT: =0.7414-10"" m, 1y =0.7417-107"° m [17].

The identification of the parameters of the
binary energy interaction Au,, and Au,, between
the molecules of the D, and T, components of the
UNIQUAC group composition model was carried
out according to the experimental data (Table 2) in
the following sequence. Arbitrarily set parameters
Au,,, Au, , whose values are in the range from —oo
to +oo. For a given molar composition of the mixture
(Xp,= 0.994 mol fract.; x; = 0.006 mol fract.) the
activity coefficients were calculated according to the
UNIQUAC equation, and the pressure was iteratively
determined by the method of successive approximations
for each given boiling point of the mixture in the
range from 20 to 30 K until the sum of the molar
concentrations of the components in the vapor phase
was equal to unity.

PO
Zyi = Z?xiYi =1. (23)

The calculation accuracy was 1071°. The separation
factor was calculated according to Eq. (11). Based on
the obtained values (o, 7), a graph was built and
the deviation of the calculated values of a from the
experimental values for three temperatures was
determined (Table 2). Restriction: the yp—x phase
equilibrium curve with the found parameters Au,,
and Au,, should not have an azeotrope point. The
discovered parameters Au,, and Au,, are presented
in Table 3.

A similar calculation was carried out with the
activity coefficients calculated according to Egs. (16)
and (17) based on the Sherwood theory, where the
separation coefficient was calculated according to Eq. (22).

Separation factor o

Figure 1 shows the experimental values of the
separation factor [3] along with the calculated curves
constructed when considering the mixture as ideal
(0°(1)), based on the theory of multicomponent
liquid hydrogen solutions (a(2)), as well as when
calculating the activity coefficients according to the
UNIQUAC equation (o(3)), where the relative the
deviation between the experimental and calculated
data according to the UNIQUAC equation does not
exceed 0.5%.

o D,-T,
1.8 =g
N N4
1.7 = S )
I RS S ) a2)
~ ~I5-.
L5 \ ~ \‘“é~~
i T ~<-A.
4 \ — {~~.,~\~-
T =3meal

13 a(3) E— =

| ——

20 21 22 23 24 25 26 27 28 29 30
Temperature, K
Ou[3] ====0°(1) = —o0o(2) Sherwood

o (3) UNIQUAC

Fig. 1. D-T, separation factor dependence from
temperature with liquid phase composition
Xp, =0.994 mol fract.; x; = 0.006 mol fract.

The discovered parameters Au,, and Au, are
used to calculate the phase equilibrium y—x at
a pressure of 760 mm Hg and concentration change
xp, from 0 to 100 mol %. The boiling point was
calculated according to the algorithm described and
presented in the form of a block diagram in [19].

Figure 2 shows the calculated curves of the
dependence of activity coefficients v, and vy, on
concentration Xy, in the liquid phase, both as obtained
according to the Sherwood theory and using the
UNIQUAC model.

Table 3. UNIQUAC model parameters Au,, u Au,, for mixtures D,.-T,, D,-DT, DT-T,

Mixture

Auy, , cal/mol

Au,, , cal/mol

D,(1)-T, ()

11.23 -2.21

D, (1)~ DT (2)

31.2

—21.43

DT (1)-T,(2)

-1.93

Note: The energy binary interaction parameters A, u Au,, are given at the universal gas constant R = 1.98721 cal/(mol-K);

r=0.4092; g = 0.47549.
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D,-T,
1.10 : .

P =760 mm Hg
YTz /
108 — YDy /

1.06 \

Activity coefficient y
\\

/

/
AN NS

/

1.04 \

1.02
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~
-\\/ ’/
-
™~ <k N
1.00 __/—-’ I —

=
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D, concentration in the liquid phase, mol %

— — Sherwood —— UNIQUAC

Fig. 2. Calculated curves of activity coefficients Y, and Yr,
of D,~T, mixture components versus D, concentration
in the liquid phase at atmospheric pressure.

Figure 3 shows the calculated dependences of
the separation coefficient a of the D,~T, mixture on
the concentration x;, in the liquid phase at a pressure
of 760 mm Hg. An analysis of the curves shows that,
with increasing concentration X, , the separation factor
a’(1) calculated from Eq. (1) increases; meanwhile,
a(2) calculated according to the Sherwood theory
changes insignificantly, and a(3) calculated according
to the UNIQUAC equation decreases. Moreover, for
smaller values of x;, , the value of o(3) is greater than
a”(1) and a(2), while for larger values of x;, the value
of a(3) is smaller. This means that the UNIQUAC
calculation predicts that the separation between D,
and T, will deteriorate as the concentration x;, in the
mixture increases.

Note that the separation factor o(2) calculated
using the Sherwood theory is practically independent
of the concentrations of the components in the mixture.
As will be shown below for D -DT and DT-T, mixtures,
this is a feature of the theory of multicomponent
liquid hydrogen solutions.

Vapor-liquid phase equilibrium
and separation factor D,-DT

Experimental studies of the separation factor o
of the D-DT isotope mixture at various temperatures
were carried out by Bigeleisen and Kerr in [4]. The

DZ_TZ
1.62 T T T
I~ P =760 mm Hg

n
2

A S e S i
2
a(2) a‘(}) \

1.42 |
0 10 20 30 40 50 60 70 80 90 100

D, concentration in the liquid phase, mol %

o~
=

Separation factor o
n
N~

--==a°(l) — —a(2) Sherwood o (3) UNIQUAC

Fig. 3. Dependence of the separation factor o
of the D,~T, mixture on the concentration of D,
in the liquid phase at atmospheric pressure.

concentration x, was 1-10® mole fractions. Here
the separation factor is defined as the ratio of the
concentration of DT in the liquid phase x  to the
concentration of DT in the vapor phase y. .

X
Op, pr = . (24)
Ypr

Such a calculation of the separation factor is
legitimate, since, at a concentration of x,, = 1-10°%
mole fractions the concentrations D, both in the liquid
and vapor phases tend to 1, and, being in the numerator
and denominator of Eq. (24), are reduced. From Eq. (24),
one can determine the value of the concentration DT
in the vapor phase y; .

Binary energy interaction parameters Au, and
Au,,  between the molecules of the D, and DT
components of the UNIQUAC group composition
model were identified as with the D,~T, mixture. The
results are shown in Table 3 and in Fig. 4.

The maximum relative deviation of the
experimental value of the separation factor from the
calculated one according to UNIQUAC is 1.6%.
Figure 4 demonstrated plotted in the form of
squares the separation factors o pp, obtained by
Sherman in [3] in the study of the phase equilibrium
of a three-component mixture D,-DT-T, at molar ratios
D, : DT : T, in the liquid phase of 0.931 : 0.062 : 0.0011
and 0.879 : 0.117 : 0.0041.

At the next stage, taking 7Yp,equal to 1 from
Eq. (11), the experimental values of the activity
coefficient Y, were calculated. Vapor pressures were
calculated from experimental temperatures using
Egs. (12) and (13). The calculation results are given
in Table 4.
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Fig. 4. Temperature dependence of the D,-DT separation
factor at concentration Xpp = 107* mol fract.

Table 4. Experimental and calculated data D,-DT

The values of the activity coefficient Y, given
in Table 4 are in the range from 1.017 to 1.057
demonstrating their slight deviation from unity.
Nevertheless, the application of the Sherwood theory
is widely practiced in the calculation of columns
for the separation of nonideal mixtures of hydrogen
isotopes [1].

Figure 5 compares the behavior of the deuterotritium
activity coefficient DT with temperature. The data
of Table 4 are plotted as experimental points. The
calculated curves were obtained from the Sherwood
and UNIQUAC models. The position of the
experimental points shows an increase in the activity
coefficient y,, with increasing temperature; thus,
according to the Sherwood model vy, it decreases.
The application of the discovered parameters of the

Experimental data [4] Calculated data
Xpp » mol fract. K Op, _pr Ypr» mol fract. PE‘,’z , kPa >, kPa Yor
1-10°8 18.669 1.357 7.369-107° 16.746 12.096 1.02018
1-10°% 18.882 1.350 7.407-107° 18.465 13.410 1.01998
1-10°8 19.428 1.335 7.491-107 23.487 17.289 1.01760
1-10°8 19.997 1.314 7.610-107 29.757 22.207 1.01979
1-10°% 20.015 1.309 7.639-107° 29.974 22.378 1.02325
1-10°8 20.093 1.306 7.657-107 30.928 23.133 1.02371
1-10°8 20.402 1.303 7.675-107° 34.932 26.318 1.01867
1-10°8 21.015 1.272 7.862-107° 44.006 33.620 1.02902
1-10°8 21.601 1.258 7.949-107 54.210 41.953 1.02716
1-10°8 21.828 1.234 8.104-10°° 58.596 45.568 1.04206
1-10°8 22.181 1.216 8.224-107° 65.925 51.649 1.04969
1-10°8 23.272 1.185 8.439-107° 92.812 74.309 1.05401
1-10°8 24.163 1.163 8.598-10°° 120.018 97.677 1.05651
1-10°8 24.952 1.147 8.718-107° 148.497 122.490 1.05695
1-10°8 26.137 1.135 8.811-107° 199.841 167.879 1.04880
1-10°8 27.069 1.120 8.929-10°° 248.171 211.143 1.04944
1-10°8 27.872 1.118 8.945-107° 295.945 254.253 1.04113
1-10°* 28.871 1.108 9.025-107 363.957 315.995 1.03951
1-10°8 30.177 1.086 9.208-107 468.507 411.305 1.04887
1-10°8 30.807 1.093 9.149-107 525.802 463.570 1.03774
1-10°* 31.378 1.070 9.346-107 581.854 514.646 1.05663
1-10°8 32.479 1.067 9.372-107 701.712 623.475 1.05481
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binary energy interaction of the UNIQUAC model
(Table 3) of the D-DT mixture to calculate the
activity coefficient  y,, demonstrated qualitative
agreement. The scatter of the experimental points
indicates the complexity of carrying out experimental
studies on the phase equilibrium of hydrogen
isotope mixtures.

)
X
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Fig. 5. Temperature dependence of activity coefficient DT.

Figure 6 shows the calculated curves of
dependence of activity coefficients Y, and Y, on
concentration x, in the liquid phase; these were
obtained according to the Sherwood theory and using
the UNIQUAC method. The behavior of the curve
Yp, is non-standard. If we take into account a small
deviation of values from unity, we can conclude
that this will not greatly affect the separation of
isotopes in a distillation column or cascades of columns.

Figure 7 shows the calculated dependences of
the separation factor ap pr oon the D, concentration
in the liquid phase at atmospheric pressure. The
character of the curves is similar to that of the
D,-T, mixture. The difference here is that the curve
constructed according to Sherwood’s theory decreases
slightly with growth x;, , and does not increase.

Vapor-liquid phase equilibrium
and separation factor DT-T,

While Sherman [3] does not provide experimental
data on the separation factor o, ; in his experimental
study of the separation factor on;_; , he reports
that oprp is below a°y ;, as obtained for ideal
mixtures by approximately 1%. Taking into account
the experience of the experimenter, a temperature
dependence curve OLODT,T2 was constructed and the
parameters of the binary energy interaction Au,
and Au, of the UNIQUAC model for the DT-T,
mixture were selected (Table 3), which made it

D,-DT
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Fig. 6. Calculated curves of the activity coefficients Vp,
and Y of the components of the D,~DT mixture versus
the concentration D, in the liquid phase at atmospheric

pressure.
D,-DT
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Fig. 7. Dependence of the separation coefficient a
of'a D ~DT mixture on the D, concentration in the liquid

phase at atmospheric pressure.

possible to reduce ty;_5 by about 1%. Restriction: the
y—x phase equilibrium curve with the found
parameters Au,, and Au, should not have an
azeotrope point. A comparison of the curves of the
dependence of the separation factor Qp _p, Op pr,
Opror,, and @y on the temperature is shown
in Fig. 8. As consistent with the data of other
researchers, the curve of dependence of the separation
factor of the DT-T, mixture is located between the
curves Op _p and Opr_y, .
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Figure 9 shows the dependence of the activity
coefficients vy, m y, of the DT-T, mixture
components on the concentration of DT in the liquid
phase at atmospheric pressure. The curves calculated
by the UNIQUAC equation are located above the
curves obtained by the Sherwood theory. This is
typical for all three considered binary mixtures D,-T,,
D,-DT, DT-T,.
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Fig. 9. Curves of the activity coefficients Yy and Yy, ofthe
components of the DT-T, mixture versus the concentration
of DT in the liquid phase at atmospheric pressure.

Figure 10 shows the dependence of the
separation factor a of a DT-T, mixture on the
concentration of DT in the liquid phase at atmospheric
pressure. The behavior of the curves is similar to those

Separation factor a

DT-T,
1.26 1 T T
] P =760 mm Hg a°(1)
125 l—t—F—F——F——— === e
] | [ A —
1.24 S PP L i T
7 a3)
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122 ] 7
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1.21
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DT concentration in the liquid phase, mol %

====0a°(l) =— —oa(2) Sherwood a (3) UNIQUAC

Fig. 10. Dependence of the separation factor a. of a DT-T,
mixture on the concentration of DT in the liquid phase
at atmospheric pressure.

shown in Figs. 3 and 7 for mixtures D,-T, and D-DT:
a’(1) increases, a(2) remains practically constant, while
a(3) decreases with increasing concentration of the
volatile component in the mixture.

Analyzing graphic dependences in Figs. 3, 7, and 10,
it can be concluded that, based on Sherwood’s
theory, the separation factor is not affected by the
composition of the liquid phase.

Distribution profile of components D,, DT,
and T, along the height of the distillation column
of a three-component mixture D,-DT-T,
with closed rectification

Under actual production conditions, the pressure,
boiling point, and composition of the liquid on the
plate changes along the height of the distillation
column. Consequently, the vapor pressures of pure
components and the separation factor change. Due
to the small deviation from ideality of hydrogen
isotope mixtures, obtaining a reliable description
of the boiling points of pure components at various
pressures, which correspond to the vapor pressures
of pure components, is of great importance. Table 5
shows the values of the boiling points D,, DT, T,
at various pressures calculated from Egs. (12), (13)
and (14) alongside literature data at atmospheric
pressure [7, 20].

Let us consider the distribution profile of
hydrogen isotopes of a three-component mixture
D,-DT-T, along the height of a distillation column
operating in a closed mode for three options: for
an ideal mixture at y, = 1, both when calculating
the activity coefficients according to the Sherwood
theory using Egs. (19)—(21) and according to the
UNIQUAC equation using the parameters of the
binary energy interaction (Table 3). Let us use the
“stage to stage” method. Let us assume that the
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Tabl 5. Boiling point of hydrogen isotope at various pressures

Isotope boiling point, K
Isotope Pressure, mm Hg
600 700 760 800 900 1000 1100
D, 22.785 23.290 23.569 23.56 [7] 23.746 24.162 24.546 24.904
DT 23.506 24.010 24.288 24.38 [20] 24.464 24.878 25.260 25.616
T, 24.245 24.754 25.035 25.04 [20] 25.213 25.631 26.017 26.375

pressure along the height of the column is constant
and equal to atmospheric 760 mm Hg Art.; number of
theoretical plates 21; concentration of components in
the liquid phase on the first plate (stage), in mol %:
Xp,= 65; Xpr= 10; x; = 25; the accuracy of vapor
phase composition calculation is 107'°.

Figure 11 shows the distribution profile of the
concentrations of the components D,, DT, and T, in
the liquid phase on the plates of the column from
the 11th to the 2lst. Along the abscissa, the
concentration of the component varies from 0
to 2 mol % for DT and T, isotopes (Fig. 1la) and
from 97 to 100 mol % for D, (Fig. 11b) in order to
better represent the profile of the curves. The calculation
according to the UNIQUAC model showed that

the separation of the three-component mixture
21
20 ‘\\
19 \
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\
A \\
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@ \ \\
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g 16 XY
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D,-DT-T, proceeds somewhat worse than according
to the Sherwood theory and when the mixture is
considered as ideal.

In future studies, it will be of interest to calculate
the cascades of continuous distillation columns
when feeding is introduced into the middle part of
the column using modern simulation environments.
Such calculations for the separation of the
H,~HD-HT-D_,-DT-T, isotope mixture, which includes
six hydrogen isotopes, are currently being carried
out in the Aspen Hysys medium [21, 22]. In [21],
researchers use the Peng—Robinson equation of state.
However, the authors note that, in order to improve
the description of the vapor—liquid equilibrium using
the Peng—Robinson equation of state, it is necessary
to tune the parameters of the binary interaction.

21 /l':,

20

Theoretical stages

A 7
/’

12 o
’I’ D2
11 <

97 98 99 100

Component concentration
in the liquid phase, mol %
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(b)

Fig. 11. The distribution profile of the concentrations of the components D,, DT, and T, along the height of the column

with closed distillation for a pressure of 760 mm Hg: (a) DT and T,; (b) D,
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CONCLUSIONS

The parameters of the binary energy interaction
of the UNIQUAC model are determined on the basis
of mathematical processing of literary experimental
data on the phase equilibrium of hydrogen isotopic
mixtures D-T,, D,-DT, DT-T,.

Equations are given for calculating the activity
coefficients of hydrogen isotopes based on the
Sherwood theory as applied to binary D,-T,, D,-DT,
DT-T,, as well as ternary D,-DT-T, hydrogen
isotope mixtures.

A comparison is made of the graphical
dependences of the activity coefficients and
mixture separation coefficients of DT, D,-DT,
DT-T, in the range of the concentration of
a highly volatile component from 0 to 100 mol %
at atmospheric pressure for three options: ideal
mixtures; non-ideal using the Sherwood theory and
non-ideal based on the UNIQUAC model. It was
found that the behavior of the curves of separation
coefficients o 1is similar for all binary isotopic
mixtures. However, when considering mixtures
as ideal, o increases. Sherwood’s theory showed that
at P = const o remains practically constant,
independent of the composition of the mixture.
The UNIQUAC model predicts a decrease in o with
an increase in the concentration of a highly volatile
component in the mixture.
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