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In this article, we develop a reactive distillation (RD) column configuration for the production of
hydrogen. This RD column is in the HI decomposition section of the sulphur - iodine (SI) thermochemical
cycle, in which HI decomposition and H; separation take place simultaneously. The section plays a major
role in high hydrogen production efficiency (that depends on reaction conversion and separation effi-
ciency) of the SI cycle. In the column simulation, the rigorous thermodynamic phase equilibrium and
reaction kinetic model are used. The tuning parameters involved in phase equilibrium model are
dependent on interactive components and system temperature. For kinetic model, parameter values are

ge}(/:‘:fl,;fﬁr-iodine) cycle adopted from the Aspen flowsheet simulator. Interestingly, there is no side reaction (e.g., solvation re-
HIx system action, electrolyte decomposition and polyiodide formation) considered aiming to make the proposed
Reactive distillation model simple that leads to a challenging prediction. The process parameters are determined on the basis
Simulation of optimal hydrogen production as reflux ratio = 0.87, total number of stages = 19 and feeding point at

Hydrogen production 8th stage. With this, the column operates at a reasonably low pressure (i.e., 8 bar) and produces hydrogen
in the distillate with a desired composition (Hy = 9.18 mol%, H,O = 88.27 mol% and HI = 2.54 mol%).
Finally, the results are compared with other model simulations. It is observed that the proposed scheme
leads to consume a reasonably low energy requirement of 327 MJ/kmol of Hy.

© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Energy plays a crucial role in socio-economic development of a
nation. The International Energy Agency [1] has already projected
that the world energy demand will increase by 50% within 2030,
67% of which will be spent in developing and emerging countries. It
is a fact that the major portion of energy being used today comes
through the carbon-based energy sources, like coal, crude oil etc.
Progressive depletion of these fossil fuels reserves and hence rise of
oil price as a consequence is a serious threat. Moreover, increasing
effect of global warming is another matter of concern. All these
factors stimulate a wide-spread research in finding an alternative
source of energy [2].

Among various alternatives, hydrogen (H;) is one of the most
promising energy carriers for the future [3—5]. At present, most of
the Hy is produced through thermochemical conversion of fossil
fuels [6—8] but this production process emits carbon dioxide (CO;)
to the atmosphere. Today it is widely accepted that a real benefit of
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CO, abatement can only be obtained if H is produced from a non-
fossil renewable source.

In order to reduce the emission of CO; and the use of fossil fuels,
the concerned scientific community is dedicated in exploring the
alternative sources of H, [9]. One of the prime sources is definitely
water, which is quite abundant. H production by decomposition of
water can be performed by different ways, namely direct thermal
decomposition, electrolysis and thermochemical cycles. Among
these techniques, water decomposition through thermochemical
cycle processes has received an increasing attention because direct
decomposition of water requires very high temperature (about
4000 K) and secures a very low conversion (about 4%) [10]. On the
other hand, for a reasonable conversion, the water electrolysis is
required to perform at a temperature range of 800—100 °C [11].
However, the thermochemical cycle typically involves low tem-
perature thermal energy, including nuclear or solar energy [12,13].

Water decomposition through thermochemical cycle was first
proposed by Funk and Reinstrom [14]. Thermochemical cycles are
being studied at various levels of effort since 1970s. However, they
have gained large attention since past 20 years, particularly in the
United States. Although the thermal efficiency of the
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thermochemical cycle is estimated to be high, versatile technology
is needed to be developed to achieve the high efficiency [13].
Keeping this issue in mind, this work aims to produce Hy through a
thermochemical cycle.

Over 100 cycles have been proposed by several research groups.
Amongst, Sulphur-lodine (SI) cycle has shown its promising per-
formance in H production [13]. This thermochemical SI cycle offers
several potential advantages. A few of them are as follows [13]:

o All process fluids are recycled and all harmful chemicals are kept
in the cycle

e High-temperature (~900 °C) step can be coupled to a nuclear or
solar reactor

e Minimal side reactions

The SI cycle has the highest reported efficiency (i.e., 52%) among
all the proposed thermochemical cycles based on an integrated
flowsheet and thus, in this study, it is adopted for further
advancement [13].

The SI thermochemical cycle consists of Bunsen section (Section
1), sulfuric acid (H,SO4) decomposition section (Section 2) and
hydriodic acid (HI) decomposition section (Section 3). The three
reactions of SI cycle are briefly highlighted below.

M Section 1: Bunsen reaction

2H,0 + SO, + I, »H,S0, + 2HI (Exothermic, at 90 — 1400C)

M Section 2: Sulfuric acid decomposition

H,SO04 — H,0 + SO, + %Oz (Endothermic, at 750 — 9000C)
M Section 3: Hydriodic acid decomposition [15].

2HI — H; + I, (Endothermic, at 100 — 5000C)

In Bunsen section, water reacts with iodine and sulfur dioxide
exothermally to produce aqueous H,SO4 and HI [15]. It is the excess
water and iodine that make the liquid-liquid split, that is the con-
version of acid mixture into a two-phase solution, a light phase
containing sulfuric acid and a heavy phase containing hydrogen
iodide and iodine. The latter phase that comprises of HI-H,0—1I5 is
the so-called HIx phase. The H,SO4 phase is treated in Section 2,
where oxygen is produced through decomposition. On the other
hand, the HIx system is dealt with in Section 3, where Hl is distilled
in a distillation column, and then decomposed to produce hydrogen
[9].

General Atomics (GA) claimed that The SI cycle has the potential
of producing hydrogen commercially by use of solar and nuclear
energy [13]. In the first decade of the 21st century, the SI thermo-
chemical cycle was studied in General Atomics (GA) in collabora-
tion with University of Kentucky (UK) and Sandia National
Laboratories (SNL) under the umbrella of the Nuclear Energy
Research Initiative (NERI) [13]. However, the interest on this ther-
mochemical cycle is perhaps getting declined, except in India [16]
and Japan [17]. This is because of several unresolved issues
remained associated with the SI cycle even after researching
continuously for 30—40 years. Some of them are as follows:

« Difficulty associated with multiphase reactor design for Bunsen
reaction [18].

o Difficulty associated with corrosive environment of HI decom-
position section [19,20].

Our current interest focuses on the issues in Section 3. It is
widely agreed that Section 3 is one of the most expensive and

energy consuming steps of the SI cycle [21]. This Section 3 has a
couple of problems [21] as listed below:

@® HI decomposition is an equilibrium limited reaction and
maximum possible conversion is 22.4% at 723 K.

@ Azeotropic composition of HI in distillate in the HI distillation
column is 13 mol% and it corresponds to a large energy
requirement to evaporate the water in excess.

In order to overcome these problems, several alternatives have
been proposed, including an electro-electrodialysis HI concentra-
tion process [22] and an I, extraction process with phosphoric acid
(H3PO4). These apart, there is another interesting scheme, namely
reactive distillation (RD) [21] that allows the simultaneous HI
decomposition reaction and H, separation in a single unit. It also
takes care of the issues concerning chemical equilibrium limited
reaction and azeotrope formation [23]. Among all these schemes,
RD has emerged as a strong candidate. With this, Hy yield increases
by shifting the HI decomposition reaction equilibrium to product
side by removing H, from reaction field. H, production from ther-
mochemical SI cycle via RD column has been studied by several
groups, namely Belaissaoui et al. [21], Roth and Knoche [24],
Goldstein et al. [25] and Murphy and O'Connell [26].

To develop the RD column, we need accurate phase equilibrium
as well as reaction kinetics. Here, we adopt a simple kinetic model
inbuilt in Aspen Plus flowsheet simulator and the Soave-Redlich-
Kwong (SRK) based homogeneous (¢-¢) thermodynamic model.
This vapour liquid equilibrium model is developed in our earlier
study [27], and tested comparing with experimental data and a
latest model of Murphy and O'Connell [26]. It is interesting to note
that the proposed RD model disregards all side reactions, such as
solvation reaction, electrolyte decomposition and polyiodide for-
mation, making it simple but more challenging. Finally, a system-
atic comparison is made between the proposed and the existing RD
column configurations.

2. Modelling of reactive distillation

In the present study, an RD column is developed to use for
simultaneous reaction and multicomponent separation. The
following assumptions are adopted in modelling the RD column
[28]:

@ Tray vapour holdups are neglected
@ Liquid holdup varies in each tray
@ All trays are perfectly mixed
@ Column is perfectly insulated (thermally)
@ Algebraic correlations are used to compute the phase
enthalpies
@ Fast energy dynamics is supposed (i.e., the energy accumu-
lation in the trays is neglected)
@® Nonideality exists in both liquid and vapour phase
The scheme of a typical nth plate is shown in Fig. 1. The tray
receives a liquid feed mixture. Side streams are withdrawn from the
same tray. The model consisting of MESH equations is presented
below [28].
Total mole bxalance

n

i=1

(1)
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Component mole balance

d(mnxn i)

2.1. Vapour liquid equilibrium (VLE) model

da ==Ly 1Xn_1 i +Vp1Yngt, i tFnza i — (Ln +Sh)xn7 i~ (Vn +SX>Yn, i +Rpdirnen (2)

Energy balance

The VLE for the HIx system developed in our earlier work [27] is
briefly presented below. At equilibrium, we have the following
relationship considered for a typical species i distributed among

d(m”Hﬁ) L v F L)L v\ v r
—g = naHn_1 + VayaHyog + FaHy — | Ln+ Sy | Hy — | Va4 Sy | Hy + RernHpen — Qo (3)
multiple phases [26] as:

Equilibrium f}/ :fiL :ff (8)

Yo i = ko iXn. i (4) Homggeneous approach (¢-¢). o -
In this approach, the vapour and liquid phase fugacities are
with calculated by the equation of state (EoS) model. In this work, we
employ the SRK EoS model for the HIx system with:
L
(p .
kn,i = 23 (5)  fi =vie! (T.P.y)P 9)
v

Summation ff = xiok(T, P, x)P (10)
Nc The standard thermodynamic relation for fugacity coefficient is
D xpi=1 (6)  given [29,30] as:
i=1

o

N 1n¢:[(271)—p (11)
> ni=1 (7) 0 P
i=1

It should be noted that there is no side cut involved in the RD
column [28]. The heat loss (Qy) is neglected under the assumption
that the RD column is perfectly insulated.

L Va
Xn-1,i yn,i
A
Tray n
(holdup = m,,) ——— F,» Zni
v
L, Vi
Xn,i Vi

Fig. 1. Quantities associated with a typical nth tray.

Obtaining an expression for (Z —1) term for the above equation
from an EoS model (i.e., SRK) and integrating, one obtains the
following expression:

B; A2 (2A2, B Z + B,P
w) _ ~1 _ _w wi _ Z1 w w
n(et) =g, @ =1 Bw<Ag BOJ)‘“( z")

—In(Z, — B,P) (12)

All the relevant terms specific to the SRK are defined in Table 1.
The relationship between these parameters and SRK are provided

Table 1
Parameters in Equation (12).
Parameter SRK
001 ﬂ
Bw
() 5
n A2 (282, B
B,\ A2 B
A(lu BAIP
2 0
/)m B,P
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in Ref. [31].

The compressibility factor is computed by a cubic form of
equation under an EoS model. For the SRK model, it has the
following form:

Z3— 7,2+ [szp —B,P(1+ BwP)] Zy—Au2PB,P=0  (13)

This equation has three roots and the first root can easily be
determined by the use of a numerical convergence method (e.g.,
Newton-Raphson approach). The rest two roots can be determined
subsequently from the quadratic form of Equation (13). It should be
noted that the largest real root corresponds to the vapour phase
and the smallest real root to the liquid phase [32]. There is no
physical significance for the intermediate real root. Again, when
there exists only one real root with T <Tg, it corresponds to the
vapour phase if the corresponding density is lower than the critical
density (p <pc) and to the liquid phase if p> pc. When T > T¢, the
single real root corresponds to the vapour phase.

For a multicomponent system, the mixing rule is taken into
account. In the equation of state (EoS) model,

272,
a; = 0.42747ﬂ (14)
Pci
b; = 0.08664 " I (15)
Pci
1
Ne  Nc 2
AL = Z ZXIXJAIA]<1 7pU) (16)
i=1 j=1
a9-5405
R | 1
A= (17)

o = [1 + (0.48508+1.5517vi—0.15611),-2) (1 - \/T_n>] (18)

T
Ty = T_O (19)
Icii
lij:laij +1bijT+T (20)
Nc
B, =) xB; (22)
i=1
_bi
Bi =t (23)
1
N. Nc 2
Av = | DD yivAA; (1 *pij> (24)
i=1 j=1
Nc
By = yiB; (25)
i=1

1

Ne 2
Avi = lAiZyjAjO —p,-,-)] (26)
j=1

P
Pij=Pay + b, T+ (27)

Dij = Dji (28)
The binary interaction parameters, l; and p; are defined in
Equations (20) and (27), respectively. These parameters are
regressed using the Aspen Plus flowsheet simulator. Basically, they
are obtained using the maximum likelihood method implemented
in the said simulator and are reported in Table 2 (T in °C). Moreover,
values of the Pitzer acentric factor, v are taken from Ref. [32].

2.2. Reaction equilibrium

As stated, the kinetic model available in the Aspen Plus is used in
the process simulation. The reaction equilibrium constant of HI
decomposition, K*? is a function of temperature and is defined by
the following form:

/
InkK® =A’ + BT +C In(T) + DT (29)

where, Tis in K. Parameters for the above equation is taken from the
Aspen Plus [33] as: A’ = —2.326, B’ = —1233.57,C' =0and D' = 0.

It should be noted that the following correlation can be used in
the process model defined in Eq. (1) — (7) to compute the term
associated with the reaction.

— = (05
— Cy,C
Chr = ( Il-?eqb) (30)

Here, the reaction equilibrium model disregards all side re-
actions, among which, the solvation reaction, electrolyte decom-
position and polyiodide formation are quite common.

3. Simulation results

A reactive distillation column represents Section 3 of the SI
thermochemical cycle. A feed stream, consisting of HI, H,O and I,
enters the RD column, in which, both reaction (i.e., HI decomposi-
tion) and separation of H, in the quaternary mixture
(HI-H,0—I,—H,) take place. This leads to improve the yield of
hydrogen.

Table 2
The SRK binary interaction parameters for vapour and liquid phase.
H,0 H,0 HI
Component i
Component j HI I I
Vapour phase
0.371394 —2.24553 —1.1908
— 4.82E-03 3.30E-03 — 1.98E-03
500.0137 231.9136 — 169.965
Liquid phase
— 42.5703 1.513953 1.79018
0.201085 — 1.3737 6.768968
0.103122 —0.02933 -0.025
— 1.41E-03 7.64E-03 0.011331
— 9183.94 3558.189 690.4659
238.6987 — 1372.75 — 3765.99




S. Mandal, A.K. Jana / Nuclear Engineering and Technology 52 (2020) 279—-286 283

1.1

1.0 |

0.9 \
0.8
0.7
0.6
05
0.4

0.3 " \
0.2 ]
0.1

0.0 -
0.80 0.81 0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.90 0.91

Hydrogen production (kmol/126 kmol of total feed)

Reflux ratio

Fig. 2. Effect of reflux ratio on hydrogen production (total number of stages (nr) = 19
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As shown in Fig. 5, the ternary liquid feed (51 mol% H0, 10 mol%
HI and 39 mol% I,) to the RD column that is basically discharged
from the acid separator at 120 °C and 1.85 bar is heated to 140 °C
and then pumped to the feed tray (i.e., 8th tray) at 8 bar with a flow
rate of 126 kmol/h. This feed condition is maintained to favor the
reaction with separation in the RD column.

3.1. Parametric study

For the developed RD column, we need to choose the reflux ratio
(RR), total number of stages (ny) and feed location. A sensitivity
analysis is conducted below to select these parameters to attain
optimal hydrogen production. It should be noted that initial values
of these parameters are adopted from the Aspen Plus simulator.

Fig. 2 demonstrates the effect of reflux ratio on the production of
hydrogen. In this simulation experiment, reflux is varied keeping
other parameters values fixed (i.e., ny = 19 and feeding point at 8th
tray). The operation pressure is set at 8 bar. With this, we produce
the plot between hydrogen production (in kmol/126 kmol feed) vs.
reflux ratio and it becomes obvious that the maximum hydrogen
production is achieved at RR of 0.87.

In the next phase, we attempt to select the total number of
stages (n7) keeping the reflux ratio fixed at 0.87, pressure at 8 bar
and feeding point at the middle of the column for all ny. The in-
fluence of ny on the hydrogen production is depicted in Fig. 3. At the
existing condition, the best performance is observed with ny equals
19.

Finally, Fig. 4 illustrates how the feed location affects the
hydrogen production. For this simulation experiment, the reflux
ratio, pressure and ny are kept constant at 0.87, 8 bar and 19,
respectively. It is evident that the feeding location at 8th stage leads
to the maximum hydrogen production. Accordingly, we select
RR = 0.87, ny =19 and feeding point at 8th stage for the subsequent
study.

3.2. Column profile

As stated, the proposed RD column operated at 8 bar produces
H, in vapour phase. Since HI decomposes to H, and Iy, a total of 4
components, namely Hy, HI, H,O, I, participate in separation in the
RD column. Among them, H; has the lowest boiling point
(i.e., —252.87 °C at 1 atm) and I, has the highest boiling point (i.e.,
184.3 °Cat 1 atm). As a consequence, the entire amount of H, comes
out with the distillate stream and that of I, gets discharged with the
bottoms. It is evident in Fig. 5 that the two intermediate compo-
nents, namely HI (boiling point at 1 atm = 34 °C) and H,O (boiling
point at 1 atm = 100 °C) are present in both the distillate and
bottom streams.

Fig. 6 depicts the temperature profile of the simulated RD col-
umn. In the rectifying section (i.e., Tray 1-7) of the column, the HI
decomposition mostly occurs. This is because the rectifying section
has low iodine content, and for this, according to the Le Chatelier's
principle, the reaction (endothermic) equilibrium shifts towards
the production of hydrogen, the least boiling component. Because
of cooling at the condenser the temperature at the top section is
reasonably low. Then gradually the temperature rises toward the
bottom and it expectedly reaches the highest value (i.e., 178.32 °C)
in the reboiler where boiling occurs.

Fig. 7 displays the variation of phase composition of HI, HO and
I against the distillation stage. In Fig. 7A, the H; production profile
is also included. As indicated, the top of the RD column is enriched
with Hy and bottom with I,. Other two intermediate components,
namely H>O and unconverted HI are present in both the top and
bottom products. Actually, as feed enters 8th stage, the heaviest
component, I, moves down and thus, its composition increases
from 9th stage onward to the reboiler (see Fig. 7B). On the other
hand, the light component, HI starts accumulating in the top sec-
tion of the RD column where HI decomposition occurs.

3.3. A comparative study

Table 3 compares the proposed column with different RD
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Fig. 5. Schematic diagram of the overall reactive distillation process for the HIx system.

180

170 .

Temperature (°C)
.

-
N
o

-
o
o

100

01 2 3 456 7 8 9 10111213 14 1516 17 18 19 20
Stage

Fig. 6. Temperature profile of the reactive distillation column for quaternary HIx
system.

schemes. As shown, Goldstein et al. [25], Belaissaoui et al. [21], and
Roth and Knoche [24] have considered high operating pressure (i.e.,
50, 22 and 22 bar, respectively) as well as bottom temperature (i.e.,
316, 338.94 and 310 °C, respectively) in RD operation to produce
hydrogen. On the other hand, the RD column of Murphy and
O'Connell [29], and the proposed one operate with relatively low
pressure (i.e., 12 and 8 bar, respectively) as well as bottom tem-
perature (i.e., 232 and 178.62 °C, respectively). Also, there is a
variation in the total number of trays, reflux ratio and the VLE
model used. The proposed column shows a competitive perfor-
mance with that of Murphy and O'Connell [29] in the aspect of
required feed for producing 1 kmol of Hy. On this point, Roth and
Knoche [24] have also reported the same value. It is a fact that
depending on the reaction conversion and separation efficiency,
the feed rate and heat requirement vary for producing 1 kmol of Hy.
With this, the energy requirement for 1 kmol of Hy production is
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Fig. 7. Composition profile of the reactive distillation column: (A) vapour composition
vs. stage, and (B) liquid composition vs. stage.
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Table 3
A comparative study of RD columnsof the HIx system.
RD column operating Reference
conditions
Item Roth and Knoche Belaissaoui et al. [21]  Goldstein et al. [25] Murphy and O'Connell [29] Proposed model
[24]
Feed composition H,0- 51% H,0- 51% H,0- 51% H,0- 51% H,0- 51%
(mol%) HI- 10% HI- 10% HI- 10% HI- 10% HI- 10%
I,- 39% Io- 39% I,- 39% Io- 39% I,- 39%
Distillate composition H,0-54% H,0-91.036% H,0-68.49% H,0-32.4% H,0-88.27%
(mol%) HI-16% HI-0.002% HI-0.28% HI-0.0% HI-2.54%
H,-30% H,-8.962% H,-23.11% H,-63.3% H,-9.18%
(RD-only) (RD-only) 1,-8.12% 1-4.3% (RD-only)
(RD followed by (RD flowsheet)
separator)
Feed temperature (°C) 262 259.78 311 227 140
Feed Pressure (bar) - - 50 - 8
No of stages® - 11 25 10-13 19
Feed type Saturated liquid Saturated liquid - - Subcooled liquid
Feed stage - 10 18 9 8
Operating pressure (bar) 22 22 50 12 8
Top temperature (°C) 221 213 275.4 215 1183
Bottom temperature (°C) 310 338.94 316 232 178.62
Feed rate (kmol/hr) to 126 22.52 41.6 126 to 140 126
produce
1 kmol of Hy/hr
VLE model - Neumann's proposed  Neumann's proposed  Murphy and O'Connell's proposed SRK with a proposed
model model model parameter set
Reflux ratio - 5 - 0.75 0.87
Energy requirement (M]/ — 327
kmol H)
237 375 367 (RD-only)
(heat integrated (heat integrated (heat integrated scheme)
scheme) scheme)
¢ Including condenser and reboiler — Not available.
lowest for the heat integrated RD (HIRD) column of Roth and Nomenclature
Knoche (i.e.,, 237 M]) followed by the proposed RD-only (i.e.,
327 M]), and HIRD of Murphy and O'Connell (i.e., 367 M]) and
Goldstein et al. (i.e., 375 M]J). As indicated, all the schemes Abbreviation
compared in Table 3 (except the proposed one) consider heat EoS Equation of state
integration with the RD column. HIRD heat integrated RD
HIx A system consisting of HI-H20—I2
MESH Material balance, vapour-liquid Equilibrium, mole
4. Conclusi fraction Summation and Heat balance
- tonclusion RD Reactive distillation
. . N RR Reflux ratio (dimensionless)
In this work, we formulate a reactive distillation column for the .
. . SI Sulphur-lodine cycle
HIx system of SI thermochemical cycle for the production of -
hvd Developi fund tal del with di SRK Soave-Redlich-Kwong (EoS)
ydrogen. Developing a fundamental process model wi is- VLE Vapour liquid equilibrium
regarding all side reactions, we simulate the column using a ho-
mogeneous phase equilibrium model that considers the
> L . Symbol
nonideality in both the liquid and vapour phase, and a HI decom- f P . . . S .
o T A B', C', D’ Coefficients in reaction equilibrium Equation
position kinetic model. The column parameters (RR = 0.87, ny =19 i .
. . . . (29) (dimensionless)
and feeding point at 8th stage) are determined through the sensi- . . s . .
. : ) - ) . AC Coefficients in phase equilibrium (dimensionless)
tivity analysis. With this, we perform a systematic comparison . .
. - a; EoS model coefficient pressure correction factor
between the proposed column and the existing ones. It is observed .
o . . [bar.(liter/mol)2]
that the proposed RD shows a competitive result, particularly in . . .
. . h . B Coefficients in phase equilibrium (K)
terms of Hy production, with the simulation results reported by b EoS model coefficient volume correction factor (liter/
Murphy and O'Connell [29], and Roth and Knoche [24]. ! mol)
D Coefficients in phase equilibrium (K-1)
C Mass concentration (kg/m3)
Acknowledgement f Fugacity (bar)
k Feed flow rate (kmol/hr)
Financial support for this work by the Bhabha Atomic Research HL Liquid enthalpy (J/kmol)
Centre (BARC), India, Grant 2009/36/97-BRNS/3228 is gratefully k Vapour-liquid equilibrium coefficient (dimensionless)
acknowledged. Ked Reaction equilibrium constant (dimensionless)
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Binary interaction parameter

Liquid flow rate (kmol/hr)

Liquid hold up (kmol)

Total number of components (dimensionless)
Total number of stages (dimensionless)
Binary interaction parameter

Pressure (bar)

Critical pressure (bar)

Reduced pressure (dimensionless)

Binary interaction parameter for pair i-j (dimensionless)
Heat loss (kW)

Multiplication factor (zero for nonreactive and one for
reactive stage)

Reaction rate (kmol/m3 hr)

Universal gas constant (8.314 J/mol K)

Side stream flow rate (kmol/hr)

Temperature (0C or K)

Critical temperature (0C)

Reduced temperature (dimensionless)

Pitzer factor (dimensionless)

Vapour flow rate (kmol/hr)

Liquid phase composition (mole fraction)
Vapour phase composition (mole fraction)
Compressibility factor (dimensionless)

Feed composition (mole fraction)
Stoichiometric coefficient (dimensionless)
Volume of catalyst (m3)

EoS model coefficient (dimensionless)
Fugacity coefficient (dimensionless)

Component index

Component index (when interaction involved)

Liquid

Tray index

Solid

Vapour

Phase index (for liquid, w = L and for vapour, w = V)
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