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Preface

Distillation is one of the most used processes for industrial separation, and is respon-
sible for a great part of energy consumption. The correct design and operation of a
distillation column can lead to large savings of energy. Having sufficient knowledge to
make an efficient column project and establish the best operational conditions needs
experience and many tests. These types of tests can be very expensive, and is one of
the reasons why it is justified to use process simulation tools, because with simulation
tools various virtual tests and process changes can be evaluated at a reduced cost.

A mathematical model is necessary for making a simulation and consequently many
simulations are necessary for the optimization of a process. However, the math-
ematical model must correctly represent the quantities and reflect the state of the
studied system, so that simulation and optimization can succeed. During math-
ematical model construction an engineer must attempt to make the model simpler.
This can be done without significant loss of capacity of system properties behavior.

The book is divided into four main sections. The first section contains the introduc-
tory chapter. The second section has two chapters dealing with the modeling of the
distillation process using solar distillation and batch distillation. The third section
has two chapters that discuss topics related to phase equilibrium modeling and sim-
ulation, very important steps of distillation process modeling. The last section deals
with the modeling, simulation, and optimization of reactive distillation processes, a
technique combining both reaction and separation in a single unit operation.

The importance of distillation can be reflected by the number of variations of the
process, e.g., batch distillation, solar distillation, vacuum distillation, steam distil-
lation, and fractional distillation. In some cases the mixture being distillated creates
a problem in the separation process leading to modifications such as extractive
distillation, azeotropic distillation, etc. Attempts to improve product quality can be
done by the addition of, e.g., pump-around, side-stripper, etc. Energy saving can
be attained by strategies such as vapor compression and vapor recompression. One
of the most successful variants of distillation is reactive distillation (also known

as reactive distillation with side reactors), a process intensification that has been
applied successfully to lots of applications and has been revealed as a promising
strategy for recent challenges. This book presents just a small part of the large
scientific field involving modeling, simulation, and optimization of distillation.

Vilmar Steffen

Departamento Académico de Engenharia Quimica,
Universidade Tecnolégica Federal do Parana,
Francisco Beltrio,

Parand, Brazil
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Chapter1

Introductory Chapter: Distillation

Vilmar Steffen

1. Modelling, simulation, and optimization of distillation processes

Obtaining a phenomenological model of a process consists on applying law
conservations, like mass, energy, and momentum balances and constitutive rela-
tions, like vapor-liquid equilibrium, chemical reaction rate, chemical equilibrium
relation, etc. A mathematical model, developed to represent (approximately)
the real behavior of a process, is very important to analyze an existing plant or to
evaluate the technical viability of a new chemical process plant. These analyses and
evaluations normally are carried out by making changes in some process parameter
and measuring the results of the respective change, in other words, carry out lots of
“what if ” relations. The analysis of a plant, by simulation, within the development
of new processes may frequently show beforehand whether it is technically and
economically viable [1].

The solution process of a mathematical model is known as simulation (nowa-
days, simulation is synonymous of computational simulation). Analyzing a process
based only in the mathematical model, is a task almost impossible, but the numeri-
cal results of simulation can be easier analyzed. The mathematical model is very
important, beyond for simulation and analyses, for the optimization of a process.
The mathematical model must correctly represent the quantities and reflect the
state of the studied system, only so the simulation and optimization will succeed.
In the step of the mathematical model construction, the engineer must analyze if
some simplifications, which can make the model simpler (or much simpler), can
be adopted without a significant loss in the prediction capacity of system property
behavior. However complex a model may be, it cannot represent exactly the real
behavior, so some simplifications can be accepted, resulting in a much more simpler
model, with little loss in the result quality [2].

The complexity of a distillation column is not due to the material and energy
balances that normally are simple equations. This complexity comes from the
constitutive relations of chemical reaction (for the case of reactive distillation),
mass transfer relation (in a more simplified way, phase equilibrium), and relations
to compute the enthalpy. The chemical reaction must be analyzed for chemical
equilibrium limitation and chemical reaction rates to evaluate if, in the column
dimensions and operation conditions, the desired conversion will be reached.

The enthalpies must be precisely evaluated, because it has influence on the heat
duties of the condenser and reboiler. And, the thermodynamic property that has
the greatest influence on the simulation of separation processes are those related
to phase equilibria, for this part is necessary the non-idealities prediction of vapor
phase (usually performed with equations of state) and liquid phase (associated
with the excess Gibbs energy models). A good phase equilibrium modelling

can predict limitations on the separation like those ones caused by azeotrope
formation.

The distillation process is the most commonly used in industry to separate
chemical mixtures; its applications range from cosmetic and pharmaceutical to
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petrochemical industries [3] and are responsible for a great part of energy con-
sumption. Evaporation systems are some of the most energy-intensive parts of
chemical plants [4], and the needed energy in a distillation column is used in the
heat change process occurring in the reboiler. Finding solutions for energy saving
has become one of the most demanding issues faced by almost all the governments,
decision-makers, and stakeholders all over the world [5]. Energy saving is practiced
for improving the efficiency, to minimize fossil and renewable fuels consumption,
and to reduce resulting pollution and environmental burdens [4, 6]. This last item
is closely related to climate change and other negative environmental impacts. But,
high-energy consumption remains a challenge [7]. Fortunately, there are different
ways of saving energy. In production, starting with the selection of production
process thereby reducing the environmental stress [8]. The energy-efficient policies
with renewable energy integration are not an actual trend; this is a requirement for
sustainability [9].

A good way to reduce the environmental impacts is using solar energy. Solar dis-
tillation (solar stills that user solar radiation in the distillation process) is a method
of water purification that can be implemented at low cost and less energy consump-
tion (if compared with conventional processes) and is environmentally friendly.

Process intensification is an effective strategy to achieve increased energy
efficiency. Process intensification aims at reducing the mass and heat transfer
resistances while overcoming thermodynamic limitations through the integrated
design and operation [10]. Recent developments in energy-related research increas-
ingly rely upon simultaneous resource saving and pollution reduction by applying
process integration [4]. Process intensification is a feasible way to reduce heat
requirement [7]. One of the most common examples of the process intensification
field is the reactive distillation, where the integration of reaction and separation is
performed. In the cases where reactive distillation has been used, the operating and
investment costs are significantly reduced, when compared to the classic set-up of a
reactor followed by distillation. Reactive distillation processes offer several impor-
tant advantages that include the increment of the reaction yield and selectivity,
the overcoming of thermodynamic restrictions, and the considerable reduction in
energy, water, and solvent consumptions [10]. So, this integration has been suc-
cessfully applied in several plants. Unfortunately, the modelling and simulation (an
important in the process analysis) become a quite complex.

Concluding, it is very important to well design, operate, and control (for keep-
ing the optimal condition operation) a distillation column, which can lead to a large
save on energy and raw material consumption. But, having enough knowledge for
making an efficient column project and establishing the best operational conditions
need much experience and lots of tests on the process in study, and this type of tests
can be very expensive; this is one of the reasons that justify the usage of process
simulation tools. Analysis based on numerical simulation results (various virtual
tests Considering lots of changes in the process parameters) probably will lead to
cost reduction or increase in profit.
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Chapter 2

Fuzzy Logic Modeling and
Observers Applied to Estimate
Compositions in Batch Distillation
Columns

Mario Heras-Cervantes, Gerardo Marx Chdvez-Campos,
Héctor Javier Vergara Herndndez,

Adriana del Carmen Téllez-Anguiano,

Juan Anzurez-Marin and Elisa Espinosa-Judrez

Abstract

In this chapter, the analysis and design of a fuzzy observer based on a Takagi-
Sugeno model of a batch distillation column are presented. The observer estimates
the molar compositions and temperatures of the light component in the distillation
column considering a binary mixture. This estimation aims to allow monitoring the
physical variables in the process to improve the quality of the distillated product as
well as to detect failures that could affect the system performance. The Takagi-
Sugeno fuzzy model is based on eight linear subsystems determined by three pre-
mise variables: the opening percentage of the reflux valve and the liquid molar
composition of the light element of the binary mixture in the boiler and in the
condenser. The stability analysis and the observer gains are obtained by linear
matrix inequalities (LMIs). The observer is validated by MATLAB® simulations
using real data obtained from a distillation column to verify the observer’s conver-
gence and analyze its response under system disturbances.

Keywords: Takagi-Sugeno modeling, fuzzy observers, composition estimation,
distillation column

1. Introduction

Distillation is the process to separate chemical substances most used in the
industry, with the petrochemical (petroleum products) [1] and food (alcoholic
beverages production) industries being the most important due to the current
people lifestyle in which the daily use of petroleum fuels is essential for both
transport and energy generation.

Fractional distillation is used to separate homogeneous liquid mixtures in which
the difference between the boiling points of the components is less than 25°C. Each
of the separate components is called fractions. In general, there are two operating
modes: continuous and batch. In the continuous mode, the feeding of the liquid
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mixture and the extraction of the distilled product are carried out continuously. In
the batch distillation, the mixture is initially deposited in the boiler; at the end of the
process, the distillate and bottom product are extracted.

The batch operation is mainly used to separate small amounts of mixture, to
obtain different qualities of the distilled product from the same mixture, or to
separate multicomponent mixtures.

A batch distillation column is not operated using constant parameters; the control
actions are continuously adjusted according to the state of the distillation; therefore,
monitoring and controlling all the variables of the process are essential to improve the
quality and quantity of the distilled product, as well as to guarantee the safety of the
process and the operators. To fulfill or facilitate this objective, it is necessary to
implement control techniques such as models, observers, and controllers.

In the literature, modeling and control techniques such as estimators, observers,
fault detection systems, and control systems are applied to distillation columns in order
to obtain a better analysis and understanding of the dynamics of the process, improving
the quality of the distilled product and enhancing the user safety, among other tasks.

Distillation column simplified models present the basic principles of the process
and its operation taking into account several considerations to describe the dynam-
ics of the system in a simpler but understandable form. Authors in [2] present a
simplified model of a binary distillation column, based on the liquid-vapor equilib-
rium of the binary mixture and the mass balance considering all the elements of the
distillation column as plates.

Authors in [3] design a model based on the existence of the liquid and vapor molar
fluids that vary in each column plate; the compositions of the bottom product and the
distilled product are estimated using a dynamic model based on the mass and com-
ponent balances. In [4] a low-order model of an ideal multicomponent distillation
using the theory of nonlinear wave propagation is presented. Authors in [5] present a
low-order model for a reactive multicomponent distillation column, in addition to
designing a predictive control to obtain the best quality of the distilled product.

Rigorous models are more complete because they represent plate by plate the
element balance of phases in each element of the distillation column (boiler, con-
denser, and plates). In these models, the mathematic expressions are determined by a
series of differential equations given by mass, light component, or energy balances
depending on the application, the control strategy, or the operation type. An impor-
tant advantage of the rigorous modeling is the high resolution of the dynamics,
having the disadvantage of combining a greater number of variables and expressions
that make difficult the design, simulation, and implementation of controllers.

In [6], a model based on neural networks is presented in order to optimize the
energy efficiency in a binary distillation column. Authors in [7] present a model of a
binary distillation column based on neural networks. The neural network training
and validation are performed using real data from a nine-plate pilot plant for a
mixture of methanol and water. Authors in [8] present the simulation and optimi-
zation of a rigorous model for a batch reactive distillation column. Authors in [9]
present the design and simulation of a discrete Kalman filter to estimate the molar
compositions of the light component in a batch distillation column.

Generally, the light component composition measurement is performed offline
using expensive instruments, so the implementation of state observers to estimate
online this composition has become a frequent and important task. Authors in
[10-12] present high-gain observers to estimate the light component composition
in all the distillation column plates from the measurement of the temperature of
some plates and the column actual inputs.

Due to the different distillation types and their mathematical representation,
there are different types of observers for different applications. In [13] the authors
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present a discrete-time D-LPV observer to estimate sensors and actuators states and
faults, using the Hoo approach applied to the estimation error.

In [14], the authors present a pair of extended Luenberger observers (complete
and reduced order) to estimate the compositions of a multicomponent mixture
from temperature measurements of the distillation column plates. The observers’
gains are calculated from the location of the closed-loop eigenvalues using a math-
ematical software.

In [15], a full-order nonlinear observer is presented to estimate the composition
and temperatures of a distillation column. A nonlinear model obtained by the mass
balance in each plate of the column is used, resulting in a set of high-order differ-
ential equations with nonlinear terms. The observer is validated in simulation to
demonstrate his behavior and his robustness. The parametric representation or
identification is another methodology used to estimate certain variables of the
distillation columns, as presented in [16, 17].

The difficulty of designing and implementing the observers lies mainly in the
nonlinear dynamics of the distillation column; thus, having a linear system would
facilitate the design of observers and controllers to implement control strategies
such as fault detection and diagnosis systems and automatic control and tolerant
control in order to improve the performance and safety of the process, as well as the
quality of the distilled product.

The Takagi-Sugeno fuzzy modeling is a tool to model and control complex
systems using a nonlinear system decomposition in a multi-model structure formed
by linear and not necessarily independent and fuzzy logic models [18, 19], where
the representation of the nonlinear system is achieved by a weighted summation of
the whole subsystems. The Takagi-Sugeno representation provides a solution to
solve the problems in the design and implementation of control strategies for
nonlinear systems.

In [20], the authors propose a methodology to design control techniques for
systems represented in the Takagi-Sugeno form. In [21] the identification of a
model of a binary distillation column, based on fuzzy models, taking into account 6
system inputs and 2 outputs for 64 rules is presented. The model is simulated using
real data to validate its performance.

Authors in [22] present a controller of the molar composition of the distilled and
bottom products for a binary distillation column using neural networks and fuzzy
logic (ANFIS) based on a 2 x 2 MIMO system. In [23] an adaptive PID controller
based on Takagi-Sugeno modeling to control the distilled and bottom products of a
binary distillation column is presented.

Due to the close relationship between the fuzzy representation of nonlinear
systems and the theory of linear matrix inequalities, different works based on both
techniques have been developed, allowing to find solutions to the calculations
corresponding to the observer and controller gains and the Lyapunov stability
analysis. In [24], a methodology to design observers and controllers for a fuzzy
system is proposed.

The main contribution of this work is the design of a fuzzy observer based on a
Takagi-Sugeno model to estimate the molar compositions and temperatures of the
light component in each plate of a binary distillation column. The observer perfor-
mance is validated for applications such as system monitoring and fault detection.

2. Takagi-Sugeno fuzzy model for a batch distillation column

The objective of a batch distillation process is to separate two or more elements
from a mixture, where the most volatile element is obtained as the distilled
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product. The equipment used to carry out the distillation process is the distillation
columns or the distillation pilot plants, as shown in Figure 1.

A distillation column is composed by a boiler that provides the heat necessary to
evaporate the mixture to be distilled; the body of the column is formed by # — 2
plates, where a partial separation of the mixture is performed due to the phase
equilibrium and a condenser that provides the necessary cooling to convert the
distilled product to liquid [11].

Due to the high cost of the distillation columns and the amount of energy
required in a distillation process, it is necessary to design adequate control strate-
gies to monitor the main process variables and detect sensor and actuator faults
to improve the quality of the distilled product and the safety of the process and
the user.

2.1 Binary distillation column nonlinear model

The mathematical model of a distillation column consists of a set of differ-
ential equations that represent the dynamics of each plate of the column. Usu-
ally, the model of a distillation column is based on the balance of the light
component in all the plates [10]. The model of a distillation column that con-
siders a binary mixture as well as constant vapor and liquid flows through all
columns is shown in Eq. (1):

Condenser Distillate
7
> -
—-—
2
Reflux

'Y
LT

22| Tray p+2

I IELTT

Boiler

Figure 1.
Distillation column.
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dxi _ V(¥ — ;) + L(xio1 —x:)
dr M;

1)

where V is the vapor molar flow, L is the liquid molar flow, M is the retained
mass, x; is the liquid composition in plate 7, and y; is the vapor composition in
plate i.

The dynamic representation of a distillation column is based on submodels of
the light component balance in each element of the column.

For the condenser, numbered as plate 1, Eq. (2) shows:

@ _ Vyi+1 — in_l — Dx
dr M,

(2)
For the intermediate plates of the body of the distillation column, Eq. (3) shows:

dx;  V(¥iq —¥;) +Lxioa —xi)

dar M; 3
wherei =2,3..m — 1.
For the boiler, numbered as plate 1, Eq. (4) shows:
v n L n—17"%n
dxy _ V(xn —y,) +L(xn1 —xn) @

dt M,

where D is the distilled product and # is the total number of plates.
2.1.1 Distillation column state-space model
The state-space dynamics of the distillation column, considering as states the

light component composition in all the plates and as control inputs to the heating
power, Qy, and the reflux, Ry, is expressed in Eq. (5):

X1
X2 Rf
el (2 ©
Xn—1
Xn

where A and B matrixes are defined by

(V+D) V- Gxia)

— ... 0 0
M; M;
L _ V- G(xi+1(ll’+1) —L 0 0
M; M;
A =
_V'G(.X'n,1 an,1) —L VG(.X” a,,)
0 0 M, 4 M, 4
0 O L L
M, M,
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Lx1
— 0
M,
0
0
B == : :
) 0
0
x%p(1— G(xy ay))
0

(Hf“f’xn +H(1-x, )M,,)
where the molar fluids of liquid, L, and vapor, V, are determined by Egs. (6) and (7):

Q,
V= 6
H"x, +H;ﬂp(1 — %) ©)

L=(1-R)V @)

where H;” is the light component vapor enthalpy, H;*” is the heavy component
vapor enthalpy, and x,, is the light component composition in the boiler.

The G(x;, o;)function is determined by the light component composition (x;),
the relative volatility (a;), the saturation pressure (P{), the pressure in the column
Pr, the vapor molar (V), and the activity coefficient (y;), as expressed in Eq. (8):

VP;”)G

G(xl-,ai) = PT (8)

2.2 Distillation column Takagi-Sugeno model

The Takagi-Sugeno model is the fuzzy representation of a nonlinear model
obtained from the linear subsystems interpolation according to fuzzy rules having
the form (Eq. 9):

Model i rule
If z; (t) is M1 and ... and 2, (t) is M1
Then (9)
%(¢) = Aix(t) + Bu(z)

i=12 .,r

where z;(t) ~ z,(t) is the premise variables, M;; ~ M, is the fuzzy sets, r is the
number of linear subsystems, x(t) is the state vector, u(t) is the input vector, A;is
the linear submodel state matrices, and B; is the input vector for each subsystem.

Each consecutive linear equation represented by A;x(¢) + Biu(t) is called a
subsystem and represents an operating point of the nonlinear system.

Given the pair (x(¢);u(t)), the complete fuzzy model is obtained by using a
singleton fuzifier, product-type inference mechanism, and center of gravity as a
defuser, as described in Eq. (10):

w(t) = Tt E0) (A x(¢) + B u(r)
Trwilz(0))
= i ihi(z(t)(4; () + B u(t)) (10)

> wiz0))Cix®) o |
Yowilz() 2i1hi(z(t))(Ci x(2))

(@) =
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where the vector for p premise variables z(¢) is defined by Eq. (11):
Z(t) = [zl<t)722(t)v 7Zp(t)] (11)

In addition, the calculated weight w;(z(t)) for each 7 rule from the membership
functions is defined by Eq. (12):

J4
wil=(t) = | [ Myz(0) (12)
j=1

and the normalized weight /; for each rule is defined by Eq. (13):

hi(z(t)) = % "

2.3 Fuzzy observer

According to the structure of the fuzzy observer [24-26] expressed in Eq. (14),

r

x(t) = Yhi(z(t))(Aix(t) + Biu(t) + Ki(e(t)))
= (14)

~

¥ = Xhiz(t))(C;x(r))

i=1
The estimation error is determined by Eq. (15):
e(t) =y(t) —y() (15)

The fuzzy observer stability is demonstrated if each A;, C; pair is observable and
P complies with the Lyapunov equation expressed in Eq. (16):

PA; +A/P;<0 (16)
where
E = Ai — I(,'C,'

In [25], the demonstration that the observer is stable is presented as long as a
positive definite matrix P that satisfies the system of linear matrix inequalities
(LMIs) is found, as shown in Eq. (17):

P>0
N;>0
AP — CN} + PA; — N;C; <0 17)
AP — CIN; + PA; — NG + PA] — GIN/ + PA; — N;C; < 0
i<j

The observer gains are defined by the LMI systems solution defined in Eq. (18):

K; = P;'N; (18)

3. Case of study: EDF-1000 distillation pilot plant

As a case of study, an EDF-1000 distillation pilot plant is used (Figure 2),
consisting of 11 perforated plates, having 7 RTD (PT100) temperature sensors
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Figure 2.
EDF-1000 distillation pilot plant.

located in the condenser (plate 1); in plates 2, 4, 6, 8, and 10; and in the boiler
(plate 11).

The boiler is composed of a 2-L tank to contain the mixture and a side tank to
contain a 300-watt heating resistance.

3.1 Case of study: state-space nonlinear model

The following assumptions are considered in the EDF-1000 distillation pilot
plant to simplify the designing state without significantly affecting the dynamics
and precision of the model:

* Constant pressure in the column.
* Liquid output flows in the column.
* No vapor retention.

* Vapor and liquid balance in all the column plates.
* Adiabatic distillation column.

* Batch operation type.
16
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Eq. (19) shows the mathematical model of a batch-type 11-plate EDF-1000
distillation pilot plant for an ethanol-water mixture, considering the compositions
in each plate (xq,2%3, --- x10,%11), where the condenser composition is x; and the
boiler composition is x11; in addition, the control inputs are the heating power Q¢

and the reflux Ry:

X1
X2
R
x=A + B y
Qb
X10
X11 (19)
X1
X2
y=C
X10
X11

where A and B matrixes are defined by

_(V+D) V Glm) 0 0
M, M,
L V-G —
LV Glsa)-L
M, M,
A =
B V- G(x10a10) —L 1% G(xnan)
0 M10 MlO
0 L L
My M1
LX1
— 0
M,
0 0
B = . N
0 0
0 x11(1 — G(x11011))

(Hggxn + Hippo (1 — %11)Mn)

where the output matrix is defined by an 11 x 11 identity matrix as shown in

Eq. (20).

17

1 0 0 o

0o 1 :0
C=

0 o0 0 1

(20)
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3.2 Case of study: Takagi-Sugeno fuzzy model

The state-space model of the case of study expressed in Eq. (10) contains non-
linearities in the A and B matrices since both are dependent on the states; in
addition, the reflux input (Rf) disturbs all the states of the system (compositions)
when it is activated.

The premise variables considered in the fuzzy model are the reflux valve open-
ing percentage (23 = Rf) due to its effect in all the states of the system; the light
component composition in the condenser (z; = x1), where the distillate product is
obtained; and the light component composition in the boiler (z; = x11), where the
original mixture is located; besides, the boiler is directly related to the heating
power (one of the system input variables) that provides the energy required to
evaporate the mixture.

According to the steady-state dynamics of the distillation column, trapezoidal-
type membership functions are chosen with two rules for each one, as expressed
mathematically in Eqgs. (21) and (22). This type of function is selected because it
allows a greater range in the universe of discourse, where the belonging degree of
belonging is 1, which prevents an oscillation when the states stabilize:

Lz<a
M1 = b _Z,agzsb (21)
b—a
0,z2>b
0,z<a
M2 = Z:Z,astb (22)
L,z>b

The number of subsystems of the Takagi-Sugeno fuzzy model is dependent on
the number of combinations that the membership functions have; for the case of
study considering three premise variables (21 = x11, 22 = x1, and 23 = Rf), each one
with two rules (2 and Zimin), the number of subsystems is 23 =8.

Model 1 rule
If z1(t) is M1, 25(t) is M3 and z3(t) is M5
Then
x(¢) = A1x(t) + Biu(t)
y = Cix(t)
Model 2 rule
If 21(t) is M1, 2,(¢) is and M3 z,(t) is M6
Then
x(t) = Axx(t) + Bou(t)
y = Cx(t)
Model 3 rule
If 21(¢) is M1, 2,(t) is M4 andzs(t) is M5
Then
x(t) = Asx(t) + Bau(t)
y = Csx(t)
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Model 4 rule
If z1(t) is M1, 25(¢) is and M4 z,(¢) is M6
Then
x(2) = Aax(t) + Bau(t)
y = Cax(t)
Model 5 rule
If 21(2) is M2, 2,(t) is M3 and z3(t) is M5
Then
x(t) = Asx(t) + Bsu(t)
y = Csx(t)
Model 6 rule
If z1(t) is M2, 2,(¢) is and M3 z,(¢) is M6
Then
x(t) = Aex(t) + Beu(t)
y = Cex(z)
Model 7 rule
If 21(t) is M2, 2,(¢) is M4 and z3(¢) is M5
Then
x(t) = Asx(t) + Byu(t)
y = Cx(t)
Model 8 rule
If 21(t) is M2, 2,(¢) is and M4 z;(t) is M6
Then
x(¢) = Agx(t) + Bgu(t)
y = Cex(t)
where M1 and M2 are fuzzy sets for z1(¢), M3 and M4 are fuzzy sets for 2, (¢),
and M5 and M6 are fuzzy sets for z3(t).

According to the fuzzy rules, the Takagi-Sugeno fuzzy model of the EDF-100
distillation pilot plant is expressed in Eq. (23):

8

(23)
) = Lhi#®)(Cx(2)
3.3 Case of study: fuzzy observer
From the general structure of the fuzzy observer presented in Eq. (14) and

the fuzzy Takagi-Sugeno model expressed in Eq. (9), the fuzzy observer for the
11-plate distillation column is expressed in Eq. (24):
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8

(24)

The fuzzy observer scheme proposed for the distillation column of the case study is
shown in Figure 3, taking as inputs the heating power and the reflux action; the
estimated states are the molar compositions in all the plates, and the measured outputs
are the temperatures in the condenser; in plates 2, 4, 6, 8, and 10; and in the boiler.

Using the LMI system for eight rules, the LMI system for the fuzzy observer is
obtained. The LMI’s characteristics of each function are expressed in Eq. (25):

AP — CIN]+PA; —N:1C;: <0
AP — C,N, + PA; — N,C, <0

(25)
ALP — C,N, +PA; —N;C; <0

ALP — CyN} + PAg — NgCg <0

The LMIs that represent the membership functions overlaps are expressed in
Eq. (26):

AP — C,N', + PA; — N1C; + PA) — C,N), + PA; — N,C; < 0
AP — C,N/, + PA; — N1C3 + PA}, — C,N; + PA3 — N3C; <0
AP — C,N, + PAy — N1Cy + PA, — C,N/, + PA; — N;C; < 0
ALP — CyN)y + PA; — NoCs + PA} — CyN} + PA3 — N3C, <0

ALP — C,N} + PAy — NyCy + PA,, — C,N'y + PA4 — N4C, <0

ALP — C,N', + PA; — N,C; + PA, — CyN', + PA; — N7C, < 0 26)
ALP — C,N} + PA3 — N3C4 + PA), — C4N, + PA4 — N4,C3< 0

ALP — CiN), + PA3 — N3Cs + PA} — C4N% + PAs — N5sC3 <0

ALP — C,N/, + PAg — N¢C; + PA, — C4N, + PA; — N7Ce < 0

AP — C4N}, + PA; — N7Cg + PA} — C,N} + PAg — NgC; <0

where P is positive definite diagonal matrix P> 0 of 11 x 11 dimension, and N is
an auxiliary matrix dependent on the number of states (11) and the measured out-
puts (7), resulting in a 7 x 11 dimension.

The resulting system of 36 LMIs is solved using the MATLAB® Imiedit tool. Once
the LMI system is solved, with P > 0 to guarantee the closed-loop stability of each
subsystem, the K; gains are calculated in Eq. (27):
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Figure 3.
Observer scheme.

4, Results and discussion

K, =P'N;
K, =P IN,
K; = PN,
Kg = PNy

(27)

The fuzzy observer validation is performed using real data from a distillation
process; the main characteristics are shown in Tables 1 and 2.

The process operates during 50 min, taking the initial compositions

x(0) = [0.8555, 0.8525, 0.8480, 0.8412, 0.8309, 0.8148, 0.7896, 0.7483, 0.6767,

0.5369, 0.2300] in steady state.

Parameter Magnitude Units
EtOH volume in the boiler 1000 ml
H,O volume in the boiler 1000 ml
Process total pressure 662 mmHg
Table 1.
Process parameters.
Parameter Ethanol Water Units
Density (p;) 0.789 1 kg/m?
Molecular weight (W;) 46.069 18.0528 g/mol
Boiling temperature (T};) 78.4 100 °C

Table 2.
Mixture parameters.
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The system input signals used in the validation stage are the reflux signal,
considering an opening percentage of 20%, starting at the 5 min and lasting 30 min,
and the heating power.

Figure 4 shows the light component compositions calculated by the nonlinear
model in the 11 plates of the distillation column; this simulation is carried out
considering no disturbances in the system.

Figure 5 shows the composition estimated by the observer with initial conditions
different from the nonlinear model. The composition initial conditions of the
observer are fc(O) = [0.8555, 0.8525, 0.8480, 0.8412, 0.8309, 0.8148, 0.7896,
0.7483, 0.6767, 0.5369, 0.2300]. The convergence time of the observer is 48 sec.

Figure 6 shows the result of the fuzzy observer simulation considering a distur-
bance in the plate 6 composition.

Figure 7 shows the plate 6 composition estimated by the fuzzy observer and the
comparison with the nonlinear model to verify the observer’s convergence.

Figure 8 shows the simulation of the compositions estimated by the fuzzy
observer under seven perturbations in the composition of plates 4, 6, and 8.

In Figure 9, a comparison between the light component compositions in plates
4, 6, and 8 is shown to verify the convergence of the fuzzy observer with the
nonlinear model.

Composition - Nonlinear Model

F 3 =
[ e —
2 — e e f — Piwi 1
Y — igie 1
2 o P #
E — iy B
2 g 7
o Pyl &
&
B — M
= — P d

2 Piate 3

Pl 3
— -
o3 ——__‘_'—-—_______-_ — Piaia 1
F .
Time {miinj
Figure 4.

Light component composition, nonlinear model.

Compaosition Estimation Fuzzy Observer
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— = Plads |

Molar composition (%)

Thrma {min}

Figure 5.
Light component estimated by the observer. Different initial conditions.
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Plate 6 light component estimation under disturbance.
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Figure 7.
Plate 6 light component estimation comparison.
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Figure 8.
Plates 4, 6, and 8 light component estimations under disturbances.

It can be noted that the light component composition estimation has a minimum
error compared with the composition obtained from the nonlinear model using
real data; besides, the convergence time is suitable for an online failure detection
system or different control tasks.
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Light Component Composition in Plates 4, 6 and 8
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Figure 9.
Plates 4, 6, and 8 light component estimation comparison.

5. Conclusions

In this work a fuzzy observer to estimate the molar composition of the light
component in each plate of a binary distillation column is presented. The observer is
based on a Takagi-Sugeno fuzzy model of eight rules, taking as premise variables
the light component composition in the condenser and in the boiler, as well as the
reflux signal.

The gains are calculated by means of LMIs in order to guarantee the stability for
each of the closed loop linear subsystems.

The fuzzy observer is validated in simulation by using real data from an 11-plate
binary distillation column for an ethanol-water mixture, considering seven RTD
temperature sensors and a 300-watt heating resistor. In order to validate the fuzzy
observer convergence, different tests were carried out with ideal and different
initial conditions between the nonlinear system and the fuzzy observer, as well as
disturbances in the light component composition in the nonlinear system.

The observer under different initial conditions has a convergence time of 45 sec.
It is also shown that the observer’s convergence time under disturbances in the
composition of the plate 1is 1 sec.

Applying from two to seven perturbations to the nonlinear system, it is demon-
strated that the observer is robust under multiple perturbations, enabling its imple-
mentation as a residual generator in a fault detection system.
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Chapter 3

The Mathematical Model of
Basin-Type Solar Distillation
Systems

Nguyen The Bao

Abstract

This chapter presents a numerical model for calculating basin-type solar water
distillation. The model is used to calculate solar distillation for both passive natural
convection and forced convection with external condensers. For passive systems,
the numerical model allows to simulate and calculate more complex parameters
than previous models. For active-forced convection systems, this model allows the
simulations of the heat transfer and mass process inside both the distillation unit
and the internal heat exchanger. Comparison of numerical simulation results and
experimental results shows that the numerical model achieves the acceptable accu-
racy in calculating the parameters of the fluid flow inside the distillation and the
condenser-type heat recovery as well as estimation of the distillate output
corresponding to both types of solar distillation.

Keywords: basin-type solar distillation system, passive solar still, active solar still,
forced circulation distillation system with external condenser,
enhanced heat recovery

1. Introduction

People in the world are increasingly facing the lack of clean water for living
nowadays. Every year, millions of people die from lack of clean water and from the
diseases relating to drinking and living water. There is a lot of technology in the
world to produce fresh water from sea water or brackish water. However, these
technologies are mostly expensive, not suitable for the poor and developing coun-
tries and communities where most of the water shortages are occurring. In addition,
most of industrial-scale distillation technologies and equipment consume a lot of
energy, contributing to the depletion of fossil fuel energy sources and increasing
environmental pollution. It is therefore necessary to promote cheap, less energy-
efficient, and environmentally friendly distillation methods. The methodology and
technology of solar distillation almost meet all three criteria: simple equipment with
low-cost, no use of fossil fuels, and no contribution to the environmental pollution.

Solar water distillation is a method of using solar energy, a source of clean and
endless energy, to produce clean water from impure water. In solar water distilla-
tion equipment, evaporation and purification of pure water occur, thereby remov-
ing salts and impurities that are harmful to human health from marine and brackish
water resources to give out drinking water. In many solar water distillation
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technologies and devices, the solar stills are widely used because they are designed
and operated in a manner that is consistent with the technological level and eco-
nomic conditions of the poor and developing countries and communities.

The most popular solar stills are passive type, in which distillation process occurs
within the still through evaporation and condensation [1]. They are simple in design
and manufacture, easy to operate, usually small, and reasonably cheap. Passive solar
stills only use solar energy to remove the salts or impurities in saline or brackish
water; thus, it is environmentally friendly and saving energy. Therefore, it is still of
value to study in this type of stills to continue improving its efficiencies and designs.
This is the main aim of this chapter.

The main drawback of this type of solar distillation system is low energy effi-
ciency and distillate productivities. Hence, many active distillation systems such as
solar still coupled with flat plate or evacuated tube collectors, solar still coupled with
parabolic concentrator, solar still coupled with heat pipe, solar still coupled with
hybrid PV/T system, multistage active solar distillation system, multi-effect active
solar distillation system, etc. have been developed theoretically and experimentally
[2]. However, a forced circulation solar still with enhanced water recovery has not
been researched and presented. Therefore, this type of solar still has been developed
and modeled, both theoretically and experimentally, and will be presented in this
chapter as well.

In terms of numerical analyses of passive and active solar distillation systems,
there are several models presented in literatures [2-8]. Sampathkumar et al. [2]
comprehensively reviewed mathematical models applied to predict the perfor-
mances of active solar distillation systems and concluded that Kumar and Tiwari’s
model [3] was most suitable for evaluating the internal heat transfer coefficients
and hourly yield accurately except in extreme cases. However, Dwivedi and Tiwari
[4] observed from their studies in passive solar still that Dunkle’s model [5] gave
better agreement between theoretical and experimental results. Madhlopa and
Johnstone [6] numerically modeled a passive solar still with separate condenser and
claimed that the distillation productivity of their still was 62% higher than that of
the conventional passive solar still. Ahsan et al. [7] reviewed a few numerical
models of a tubular solar still and compared them with Dunkle and Ueda models.
Recently, Edalatpour et al. [8] reviewed the latest developments in numerical sim-
ulations for solar stills including the use of computational fluid dynamics (CFD)
simulations, MATLAB.

Based on the above literature review, it is obvious that although Dunkle’s model
is one of the oldest thermal model for predicting the internal heat transfers of solar
stills, it still can be used to accurately present the performance of heat transfers
inside the solar stills. However, there is no research found in the literature review
that consistently uses Dunkle’s equations to develop the numerical models for both
passive and active solar stills. Therefore, this chapter will use this approach to
develop the mathematical models for a conventional solar still and a forced circula-
tion solar still with enhanced water recovery.

2. The mathematical model of a passive basin-type solar still

The relationships of heat and mass transfer in a solar still under steady-state
conditions were first studied in 1961 by Dunkle [5]. Based on this initial work, this
research has developed the transient mode of the solar still in which all heat and
mass coefficients and still parameters are calculated using the formulae within the
model. The weather data used for simulation will be either input from actual

30



The Mathematical Model of Basin-Type Solar Distillation Systems
DOI: http://dx.doi.org/10.5772 /intechopen.83228

measured data or data generated from a sub-computer program developed by the
author and linked to the main program [9].

The processes of heat and mass transfer in a passive solar still are indicated in
Figure 1. In order to develop the formulae for the energy and mass balances in the
still, the following assumptions are made:

* The lost amount of water through evaporation is small compared to the amount
of water in the basin and can be ignored.

* The energy required to heat up the water from outside temperature before
adding to the still to the basin temperature is negligible as compared to the
latent energy required to evaporate the same amount of water. In other words,
Cow(Tw — Ta) < hy,.

* There is no leakage in a well-designed still.
* The areas of the cover, the water surface, and the still basin are equal.

* The temperature gradients along the cover thickness and the water depth are
ignored.

As can be seen in Figure 1, the heat and mass transfer inside the solar still occurs
as follows: the solar incidence Q from the sun reaches the glass, part of it will be
reflected Q,, part will be absorbed by the glass Q,, and the remaining Q” will
transfer through the glass and reach the basin water. Then, Q” absorbed into the
basin water will be partially reflected back to the glass under convection qcy,
evaporation qey, and radiation q,, partially transfer to the basin g, », and the
remaining will increase the temperature of the basin water M,, %. The basin, in its

turn, gains the energy partially from the sun (aQ%), partially from the water (quw.p).
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The heat and mass transfer processes in a conventional solar still.
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This gained energy will be partially lost from surroundings qp,, and the remaining
will increase the temperature of the basin M, %. Similarly, the energy going in the
glass includes the reflected energy from the basin water through convection qey,
evaporation qey, radiation gy, and the energy absorbed from the sun o,Qr. This
gained energy of the glass will partially transfer to the ambient through convection
(ca and radiation g, and partially increase the temperature of the glass M, %.

Based on these assumptions and the heat and mass transfer explained above, the
energy balances for the glass, for the basin water and for the basin, are

aT,
ch + qew + qrw + (ngT = (qm + qca) +M§W (1)
, dT,
aWQT 4w + 9ew + 9w + Qw—b + M, d—t (2)
, dT,
@Qr + 4y, =4, + My~ 3)

where
quw: heat transfer by convection from the still water to the glass (W/m?), which
is calculated by using Dunkle’s equation:

1/3

(P = P,)(Tw +273) (To-T) @

(268.9 x 10> —p,)

. = 0.884| (T — T,) +

with p,, and p, being the partial pressure of water vapor at the temperatures of

the basin water and the glass, respectively (in Pa).
qew: heat transfer by evaporation from the still water to the glass (W/m?):

_ -3 ( w —Pg>
q,, =16.276 x 10™°q,,, 7(7110 — Tg) (5)

q,,: heat transfer by radiation from the basin water to the glass cover (W/m?),
given by

G = €00 | (T +273)* = (T, + 273)4] (6)

where ¢, is the emission of water

6 =5.67 x 10 W/m?.K*

4., heat transfer by convection from the glass to the ambient around the still
(W/m?), calculated as [10]

Qe = (570 +3.8)(Ty — Ta) 7)

with W being the velocity of wind (m/s) and T, the temperature of the
atmosphere (°C).
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q,,: heat transfer by radiation from the glass to the ambient around the still
(W/m?):

9 = &0 |(Ty +273)" = (T, +273)"] 8)

where ¢, is the emission of the glass.
q,,,,: heat transfer by convection from the still water to the absorbing surface of
the basin (W/m?):

9wt = Mw-p(Tw — Ty) 9)

where %,,_;, is the coefficient of convection from the water to the basin
(W/m?°C).

q,: heat transfer by convection from the basin to the surroundings of the still
(W/m?):

g, =hy(Tp — Ta) (10)

where %, is the coefficient of convection from the basin to the ambient around
the still (W/m?.°C):
1 5insul 1

h_b B kinsul * ]’Tz (11)

Kinsut (W/m.°C) and 6,5 (m) are the basin thermal conductivity and the
thickness of the basin insulation, respectively.

h;: the combination of heat transfer coefficients by convection and radiation
from the basin insulation to the ambient surroundings, which can be derived
from formulae (6) and (7).

Qr: global solar irradiation to the cover, in W/m®.
Q7: global solar irradiation dropping on the still water, after transmitting

through the glass, in W/ m?.

Q;: global solar irradiation dropping on the basin, after transmitting

through the still water, in W/m?,

ay, &, and a,: solar radiation absorption coefficients of the basin, water,
and glass, respectively.

M,,, My, and Mj: solar radiation heat capacities per unit area of the basin,
water, and glass, in J/m?.°C.

Ty, Tw, and T,: transient temperatures of the basin, of the water, and of the
glass, respectively, in °C.

Formulae (1), (2), and (3) can be derived as follows:

dT,
Mgd_tg = GgQT + 9w + 9ew + Qv — (qm + qm) (12)
aT,,
W? = 0<W(2—/T - (ch + 9ew + 9w + qwfb) (13)
dT ,
My~ = o4Qr + 4, — 4y (14)
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It is often to present all solar components Qr, Q/, and Q in the above formulae
by the global solar incidence of the sloped cover, Qr, which is well-known com-
puted [9]. If 75, 7,,, and 7, are, respectively, defined as the proportions of solar
radiation incident absorbed by the basin, water, and glass liner, formulae (12), (13),
and (14) can be written as

dT

Mng - TbQT + Tew + Dew + Qrw — (qm +qca) (15)
daT,
Mu;? =17,Qr — (ch +9. 9, T qw—b) (16)
dT,
M, Ttb =1Qr + 9y, — 9 (17)

3. The mathematical model of an active basin-type solar distillation
system with enhanced water recovery condenser

This section will focus in developing the relationships of heat and mass transfer
in an active solar distillation system with enhanced water recovery condenser.
Then, this mathematical model will be validated by comparing its results with those
from the experimental model.

An active solar distillation system with enhanced water recovery condenser has
been chosen in this study for several reasons. Compared with other types of active
solar stills such as solar stills coupled with flat plate or evacuated tube collectors,
solar stills coupled with parabolic concentrator, solar stills coupled with heat pipe,
solar stills coupled with hybrid PV/T system, multistage active solar distillation
systems, multi-effect active solar distillation systems, etc., solar stills represent
simple yet mature technology. This is suitable for poor and developing countries
and communities like Vietnam.

The main disadvantage of a conventional passive solar still as low productivity
and efficiency can be overcome by changing the principle of operation as follows:

* Using air as an intermediate fluid and using forced convection to increase the
heat transfer in the still, leading to increase the evaporation of water.

* Replacing saturated air in the passive solar still by “drier” air to increase the
potential for mass transfer in the still, resulting in increasing the distillate
outputs.

* Circulating the air-vapor mixture from the passive still to an external
condenser to increase efficiency from a lower condensing temperature. If the
water with low temperatures such as well water or wastewater from
refrigeration process is available, then this condensing process will be more
effective.

* Recovering heat extracted in the condensing process and using it to preheat the
air-vapor mixture entering the still.

* Replacing the limited condensing area of the hot glass covers in the standard

still by the external condenser with much larger heat exchange areas and much
lower temperature to increase condensing process.
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3.1 Developing of the relationships of heat and mass transfer in an active solar
distillation system

Figure 2 presents a schematic diagram of an active solar distillation system with
enhanced water recovery condenser. The airflow entering the solar still with a
temperature of Tg, and moisture content wy, is heated up. After absorbing the
vapor from the basin water, the airflow exits the solar still at a temperature of Ty,
and moisture content wo,.. Then the hot air-vapor mixture passes through the
dehumidifying coil, acting as a condenser. The dehumidifying coil with cooling
water running inside will cool the hot air-vapor mixture down and condense the
vapor from the mixture to produce the distillate. The air after passing the condenser
has T out and We_oye. The airflow continues passing through the preheater before
going back to the still; hence, part of its heat will be extracted to recover in the
preheater.

The heat and mass transfer relationships in this still can be seen in Figure 3. The
heat and mass transfer is mainly similar to that of the conventional solar still, except
the energy reflecting from the basin water through convection 4., and evaporation
Gew Will go into the flowing air first (defined as qcyr and g,,,) instead of going
directly to glass as in the conventional case. Then, the flowing air (the flow) will
release part of its energy to the glass through convection q.¢. The gained energy of
the flow, mainly from the basin water, will increase both latent heat (hyy: — hi,) and

sensible heat My dd% of the flow.

From Figure 3, the energy and mass balances for the glass, for the flow in the
still, for the basin water, and for the basin are

dT,

q‘fg + qrw + agQT = (qm + qm) +Mg dar (18)
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Figure 2.
Schematic diagram of a forced civculation solar still with enhanced water recovery.

35



Distillation - Modelling, Simulation and Optimization

Cofnneon, Bl radiabicn
. U
0 ATinspacTe LY "'ﬁn o nedence |
Y e .
Aatrienl mspesuine ﬂ:\ __"3.- m_:x__& II| Erleelri),
sk tarramrat s, T, .--":,.--""-' T J =
Pt T, -~
_'_/_-_j'_.»"' Glass e, Ty 7 ‘H,_'::\J“_/ .
__z.:'_',.»"q" Fg “I,!:‘M':‘._‘f?;é:tstrﬂcd Q-

Pt Ay, !
L~ it . /

"‘-.\ few Tlow tamp T / l
— mle= flnss 'y Ir" Thitlet Alrme ——
—_—

e foo
T \\. / e, Dustillats
T

—s

Tar. ?"-u ¢ Ten=Te War
e “'.II Chat ,'f"-“! i
\ N - H
Fedocmed !
Taeanrat an G COQGCA0N Cor 3 ¥
Heditinr: g " - b,
Lodiahior gy ) 3
\L\ I"‘. n ?!f i
¢
. .'\4' .
T f} ¢

i : » N
i Bz wnator g g l Bazalozzg a'f Abzarhed ber ez
ll' —_—_—nmm

rehisie-bied Ly aviilen

I

. A ..
/ Lempezzane g

J

; . { Eedecmd
5 Casartewp T !
i

Figure 3.
The heat and mass transfer process in a forced civculation solar still.

daT
9ew + chf = qgfg + mf(hout - h) +Mfd_tf

Mew = qﬂ = mf(wout - LU) + Mew—g (20)

hg

(19)

daT,
aWQIT = qc“f + 9ew + 9w + [/ + My 7 (21)

% Qr + 4, =4, +Mp ”% (22)
gews: heat transfer by convection from the still water to the air (W/ m?). In

theory, the blower flowing the air must use energy as low as possible, or it should be
powered by solar PV system. Depending on the flow velocity, the process of heat
transfer in the still may be in natural or forced mode. Therefore, in this mathemat-
ical model, the coefficient of heat transfer in the still is computed by using both
Reynolds and Grashof numbers for the forced and natural convection relations
separately; then the larger one is chosen [10]:

'ATL?
Re = @ (24)

where L is the distance between the water surface and the glass, in m;
g=981 m/s” is the gravity constant; 8’ is the volumetric expansion coefficient, in
K% for air #/ = 1/T; AT is the difference between the water and the glass temper-
atures, in °C; v is the kinematic viscosity, in m/s%; V is the airflow velocity, in m/s;

Dy, = % is the hydraulic diameter of the solar still.

If the natural mode dominates, the heat transfer by convection from the still
water to the airflow can be calculated from
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heufL

Nu = A

= 0.075(Gr.Pr)*3 (25)

with Pr = £ being the Prandtl number.

In order to have the same format with Dunkle’s expression [11], T is replaced
for T,:
g

1/3
Ty — T¢)(Ty + 27315
(268 x 10> — p,,)

Qews = 0.884 | (Ty, — T¢) +

where prand p,, are, respectively, the partial water vapor pressures at the
temperatures of the flow and the basin water, in Pa.

If the forced convection dominates, the relation between Nu and Re is
given by [10]

Bt D
Nu = ”"i " 0.664 x ReY/? x Prl/3 (27)

Considering T, = 50°C and Ty = 40°C and introducing the corresponding air
properties into Eq. (27), the convective heat transfer rate between the basin water
and the flow can be computed by

v 1/2

Qew: heat transfer by evaporation (W/ m?) from the still water to the flow, which
is calculated using formula (5) with ps and T¢ are replaced for py and Tj.

qQrw: heat transfer by radiation (W/m?) from the still water to the glass, which is
computed by using formula (6).

qcfg: heat transfer by convection (W/ m?) from the air to the glass, which is
computed as

V4/5
9y = 28| 775 | (Tr = Te) (29)

with V the airflow velocity (m/s) and L are the still length (m).

gea and qy, are, respectively, the heat transfer rates by convection and radiation
(W/m?) from the glass and the ambient around the still, calculated from formulae
(7) and (8) correspondently.

Gw-b and qp, are the heat transfer (W/ m?) from the still water to the basin and
from the basin to the ambient around the still and computed from formulae (9) and
(10) correspondently.

Qr: the global solar irradiation dropping on the still (W/m?).

Q’1: the global solar irradiation dropping on the water, after transmitting
through the glass, (W/ m?).

Q”1: global solar irradiation dropping on the basin, after transmitting through
the still water, (W/m?).

myg: the airflow mass rate, in kg/s.

m,,,: the mass rate evaporating from the basin water to the airflow, in kg/s.

ay, ayy,and ag: solar absorption ratios of the basin, of the water and of the glass
correspondently.
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My, Mg, M,,, and Mgzz heat mass are unit area of the basin, the air, the water in the
still, and the glass (J/m~.°C).

Ty, Tg, Ty, and Ty respectively, the basin, the airflow, the still water, and the
glass temperatures (°C).

hg,: latent heat of vaporization of water at T¢ (J/kg).

Wout and wiy,: the air-vapor mixture’s moisture contents exit and enter the still
(kg/kg).

hoyt and hy,: respectively, the enthalpies of air exiting and entering the still
(J/kg). The air enthalpy exiting the still h,,; can be computed as the temperature

T¢ function as follows:
hour = (Tf + Wourx (2500 + 1.81T§)) x 10 (30)

The yield of the distillate in the solar still depends on the air and the glass
temperatures. Water will condense on the glass surface only when the airflow dew
point temperature Tgq is higher than the glass temperature T,. In this case, the
amount of the distillate produced from the glass m., can be computed from
(kg/s m?):

9eon -g
h

(31)

Mew—g =

hg,: latent heat of vaporization of water at Ty, (J/kg).
Qeon-g = Neon-g(Ts — Tg): heat transfer by condensation from the airflow to the
glass. Using the Nusselt to calculate

Bon—gL. g2sinphgL? v
_ Neon—ghee felec
Nu =28 — 0,943 <7ﬂk o ) (32)

where L. is the length of the glass, in m; L. = L; k is the thermal conductivity, in
W/mK; g=9.81m/ s gravity constant; f is the slope of the glass, in degree; p is the
air density, in kg/m?; AT is the dew point temperature difference between the
airflow and the glass, in °K; p is absolute viscosity, in Pa s.

Using the properties of the air at T¢ = 40°C, one can achieve

smﬂ 0.25
ATL,

= 70.93( (33)

9con -g

Hence, with five formulae from (18) to (19), five parameters Ty, Ty, T, Wous
and Ty, can be found.

3.2 The dehumidifying coil and preheating coil calculation

The calculation of dehumidifying and preheating coils has been studied and is
shown in [11, 12]. However, a clear and detailed procedure for simulating the
performance of dehumidifying coils was not available in these references. Hence, a
numerical model of the performance of the dehumidifying and the preheater coils
in this research was developed from the handbook and the standard. The calculation
procedures for the psychometric properties of humid air were given in [11]. A
detailed procedure for simulating the coils of preheating and dehumidifying of an
active distillation system is presented in [9].
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The simulation of the preheater includes (i) computing the heat transfer coeffi-
cient for the coil, (ii) computing the coil effectiveness, and then (iii) calculating the

air and cooling water temperatures leaving the coil.
The simulation of the dehumidifying includes finding consistent values of tem-

perature and humidity by using an iterative process.

4. The comparison of results from numerical modeling and
experimental results

4.1 The passive solar still

Figures 4 and 5 show the computed distillate yields and still water temperatures
from the mathematical model compared to those from the experiments. As shown
in these figures, the simulation model developed in this study gave very accurate
calculated results. Hence, one can confidently use this program to simulate solar

passive stills.
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The water calculated and measured temperatures in a passive solar still.
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The measured and predicted distillate outputs of a conventional solar still.
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4.2 The active solar distillation system with external condenser and enhanced
water recovery

To simulate the performance of the active distillation system, the computer
program is first input with the measured weather parameters of the site and the
measured values of the air entering the still’s relative humidity and temperature.
The results of the simulation program include still water temperature, glass tem-
perature, basin temperature, air leaving the still temperature and relative humidity,
air leaving the condenser temperature, and air leaving heat recovery’s temperature
and relative humidity, as well as the distillate production from the glass and from
the condenser. Figure 6 shows the measured and predicted temperatures and rela-
tive humidity of the air leaving the still, while Figure 7 shows those of the air
leaving the preheater. Figure 8 shows the air leaving the still calculated and mea-
sured moisture content, and Figure 9 shows the basin water calculated and mea-
sured temperatures. Figures 10 and 11 correspondingly show the calculated and
measured distillate yields from the glass and the condenser.
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The predicted and measured temperature and relative humidity of the air leaving the forced convection still.
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Figure 7.
The predicted and measured temperature and relative humidity of the air leaving the preheater.
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The predicted and measured moisture content of the air leaving the still.
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Figure 9.
The predicted and measured temperature of the water in the still.
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Figure 10.
The predicted and measured distillate condensed on the glass of the still.
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Figure 11.
The predicted and measured distillate collected from the condenser of the still.

As shown in Figure 6, the mathematical model can predict reasonably well both
the actual values and the trend of the temperature of the air leaving the still. The
maximum error of the calculated temperatures compared to measured values is 5°C
and occurs in the early afternoon. The average errors in the relative humidity
calculation are around 10% with maximum error values up to 20%. In most cases,
the computed values are lower than the measured ones. Figure 8 once again con-
firms that the mathematical model underestimates the moisture in the air leaving
the still in the middle of the day. At other times, the predicted and measured
computed moisture contents of the outlet air are similar, which shows the observed
variations in relative humidity at these times are due to difference between the
predicted and measured air temperatures.

5. Conclusion

In this chapter, a numerical model for calculating basin-type solar water distil-
lation was presented. The model can be used to calculate solar distillation for both
passive natural convection and forced convection with external condensers. For
passive systems, the numerical model allows to simulate and calculate more com-
plex parameters than previous models. For active-forced convection systems, this
model allows the simulations of the heat transfer and mass process inside both the
distillation unit and the internal heat exchanger. Comparison of numerical simula-
tion results and experimental results showed that the numerical model achieves the
acceptable accuracy in calculating the parameters of the fluid flow inside the distil-
lation and the condenser-type heat recovery as well as estimation of the distillate
output corresponding to both types of solar distillation.
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Chapter 4

A Practical Fitting Method
Involving a Trade-Off Decision
in the Parametrization Procedure
of a Thermodynamic Model and
Its Repercussion on Distillation
Processes

Adpriel Sosa, Luis Ferndndez, Elena Gomez,
Eugénia A. Macedo and Juan Ortega

Abstract

The design of processes containing information on phase equilibria must be
carried out through a series of steps, experimentation « verification < modeling <
simulation. Each of these steps should be rigorously performed to guarantee a good
representation of the behavior of the system under study, whose adequate modeling
could be used to simulate the corresponding process. To carry out the different
previous tasks, two representative systems, extracted from known database, are
used. The quality checking of experimental data series is certified through several
thermodynamic consistency methods. The modeling is done by applying a multi-
objective optimization procedure, which allows to define a solution front (Pareto
front) for different sub-models that are established in this work. The fitness of
trade-off solutions, obtained from the efficient front, on the design of distillation
processes is analyzed through a simulation.

Keywords: multiproperty modeling, optimization procedure, trade-off decision,
distillation, simulation

1. Introduction

Nowadays, process simulation [1] plays an important role in the chemical engi-
neering field as an indispensable tool to gain precise knowledge about the process
units. The use of powerful mathematical-computational tools allows to accomplish
an optimal final design of chemical processes. An important matter is to ensure that
the mathematical model correctly represents the quantities that reflect the state of
the studied system. Then, what is a model? A model is a mathematical relationship
that links the state variables of a system, such as temperature, pressure, or
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compositions, influencing the process performance. Therefore, the accuracy of the
selected model is essential and greatly affects the final results of the simulation and
design processes. Two milestones should be considered.

The first one is the selection of the model, built-in with the mathematical
relationships that best represent the variables of the system. There is no a priori a
procedure to make this choice, so heuristic or experience-based criteria are gener-
ally used [2]. The second question refers to get the best parameters that complete
the definition of the model for a given data series. For this latter case, there are
several numerical procedures [3, 4] that allow to address the problem to optimize
the parameter set considering the starting hypothesis.

The thermodynamic properties having the greatest influence on the simulation
of separation processes are those related to phase equilibria (vapor-liquid equilib-
rium, VLE, in the scope of this work), as well as other thermodynamic quantities
that arise in the mixing process. These properties are associated with the excess
Gibbs energy g", which is written as g = g" (x;,p,T). As such, the goal of the
modeling is to achieve a functional type of f = f(0,x;,p,I’) that minimizes the norm
|¢® — f|- The vector @ represents a set of parameters in the model, which must be
optimized. However, due to the existing relation between phase and mixing prop-
erties, former approach may not be enough. In the first place, g* values can only be
obtained from VLE, which satisfies a dependency of the type, F(x;,p,T) = 0,
preventing us from obtaining individual relations of g* with each one of the vari-
ables. On the other hand, defects in the experimental data could give place to
incoherencies between experimental activity coefficients y; = y;(x;,p;,p,T") and the
excess Gibbs function g". Thus, the VLE fitting process becomes a bi-objective
optimization problem; hence, two error functions are included in the correlation
problem. The complexity grows as other properties, such as 4* = 1*(x,p.T), are
included in the modeling, since new error functions should also be minimized.
However, one of the benefits of this approach is to use a unique thermodynamic
model that avoids the issues caused by possible discontinuities or inconsistencies
between partial models of some properties. Even more relevant is that this allows
the model to describe better the physics of the system under study. This supposes a
mean to verify the coherence of the mathematical formalism imposed by thermo-
dynamics, validating the different properties. A drawback of this practice is the
increase of the complexity of the procedure, but this is just a numerical issue of
relative complexity. Therefore, addressing the global modeling of the thermody-
namic behavior of solutions as a problem with multiple objectives is a notable
contribution in chemical engineering.

It is known that the resolution of multi-objective problems does not produce a
single result; on the contrary, a set of non-dominated results that constitute the so-
called Pareto front [5] is obtained. There is no precise mathematical criterion that
allows the selection of a unique result. However, the process simulation requires a
single result to define the intended design, having to resort to external criteria
different from those used to obtain the front.

This study evaluates the effect of choosing the different results from the Pareto

front in the simulation task. To achieve this, some partial goals are proposed such as
(a) to establish a rigorous methodology to carry out the optimization procedure
with the suggested modeling and (b) to check the real impact of the chosen model
on the simulation, with the purpose of proposing a selection criterion. Thus, the
designed methodology should include different stages, like the data selection used
in the procedure, obtaining the result front and the election of the final result. Two
systems, considered as standard in many studies on thermodynamic behavior of
solutions, are selected since the necessary experimental information (VLE and hE) is
available in literature. After checking the data sets [6, 7], making up the
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testing — modeling steps, and having obtained the corresponding result fronts, each
candidate model is analyzed on its suitability for process simulation.

2. Modeling procedures
2.1 Thermodynamic model
The correlation of the iso-p {VLE + h*} data for each one of the two systems

selected is carried out using a parametric equation already used by us [8], which is
applied to the excess Gibbs function of a binary system:

2 : x
L. Tx)=z1(1-21) L g(p.T)ezr = ——57— 1)
i—0 X1 +kg X2
and as described in [8]:
g(p.T) =gy +guop” +83pT + 8/ T +2:sT" (2)

where kg’ is a fitting parameter. In this study, several forms of Eq. (2) are
tested, by adapting it according to the availability of experimental data. Thus,
different “sub-models” are defined by neglecting terms in Eq. (2) which give rise to
the following four cases:

M1 — {ginnggimgis} =0;M2 — {gi27gi3’g15} =0;

M3 — {gi27gi5} =0M4—g,=0 ©)
From Eq. (1), the expression that characterizes the activity coefficients is
RTIny; = z1(1—21)(gy + 821 +85%1) + (1 —i—x1)
(g0 +2(g1 —£o)21 +3(g, — &)z — 4g22ﬂké'1(z1/x1)2 ®
Likewise, the excess enthalpies 4" are calculated considering.
hE =gB — T(dgE/aT)X)P; hE=z(1 —z1) (ho + hiz1 + hoz?) (5)

Egs. (1) and (5) assume that the different sub-models established by Eq. (3)
impose certain behavior hypothesis in the mixture. Thus, sub-model M1 implies
that g" = h". For the remaining assumptions, g* # h", allowing different functions to
express the h"s.

2.2 Calculation of the efficient fronts
To obtain the optimal parameters of the different sub-models that represent the

data set iso-p VLE and k", the multi-objective optimization (MOO) procedure is
used, which is characterized by the vector

OF = [s(g®/RT) s(h")] (6)

where 5(y®) is the root of the mean square error (or RMSE) calculated by the
model when representing the generic property y":
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, 705
s(F) = [Z <yEexp — yfal) /m} ;m = number of experimental points @)

The result of such a problem is a discrete set of values, taken from the efficient
front, s(gE/RT) =f [s(h®)], where each one of these give rise to different estimates of
the thermodynamic behavior. Here the e-constraint algorithm [3] is used to solve
the MOO optimization problem. This procedure converts the multi-objective
nonlinear problem (MNLP) into multiple single-objective problem (constrained
nonlinear problem (CNLP)), thence minimizing only the first objective in Eq. (6),
that is,

OF, =s(g"/RT) (8)
using the other vector element to establish a constraint in the calculation, that is,
constraint — s(hE) <e (9)

The value of ¢ is limited, from 0 to 500 J mol %, since greater errors in the hE are
not acceptable. The efficient front is then achieved by solving the CNLP (Egs. (8)
and (9)) for different values of ¢ in the indicated range. To do so, we used a hybrid
evolutionary algorithm [3], coupled with Nelder-Mead algorithm [9], for local
refinement.

3. Verification and selection of data series
3.1 Acetone + ethanol

There are 10 useful references in literature containing VLE data for the
acetone(1) + ethanol(2) system [10-19] showing a total of 15 experimental series. In
Figure 1, seven sets are iso-p (Figure 1(a)), and eight sets are iso-T (Figure 1(b)).

For use we refer to data series with information for the two phases. This is a
requirement to check the thermodynamic consistency. Figure 1(b) shows an azeo-
trope at high pressures, which moves from the acetone-rich region toward pure
ethanol as pressure increases; the separation between the compositions in the two
phases is reduced. Figure 1(c) and (d) contains, respectively, the variation of y; and
£"/RT with the liquid composition for the system at 101 kPa. Ethanol’s activity
coefficient shows some errors that surely affect the global consistency of the data
series. High slopes are observed as x; — 0 along with negative values of the natural
logarithm of y, for data series other than those referenced [14-16]. This is a clear
sign of inconsistency.

Table 1 shows the results obtained in the application of different consistency
methods. The observation of the said table produces some comments which are
interesting in the work development. The Wisniak test and the direct van Ness test
accept most of the experimental series. The first of the methods rejects two (noted
as n° 10,12) while the second fails to validate only one, n° 8. The Kojima test rejects
five data series, with the error observed in the system n° 12 being critical. A new
methodology recently proposed by us [6, 7] was also applied, which rejects nine
systems: three by the integral form (n° 9, 11, 12) and six by the differential form
(n°1, 3, 4, 8,9, 12). These systems present obvious signs of inconsistency that are
also observed by at least one of the other methods. Therefore, the overall assess-
ment of these series (in other words, the quality of their experimental data) is not
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Figure 1.

Plot of VLE data of the binary: acetone(1) + ethanol(2), iso-p ~ 101.32 kPa. (a) T,x,y; (c) ,x; (d) gE/RT,x.
(x) Ref. [10]; (V) Ref. [11]; (O) Ref. [12]; (O) Ref. [13]; (+) Ref. [14]; (/\) Ref. [15]; (T Ref. [16];
(b) p,xy. iso-T: ([>) Ref. [14]; (O) Ref. [17]; Ref. [18] (x) T = 372.67 K; (V) T = 422.56 K, (/\)
T=397.67 K; Ref. [19], (() T = 344.19 K, (+) T=363.19 K, ({)) T = 35818 K.

positive, ruling out the use of these series for other subsequent tasks, such as
modeling and, specially, simulation.

Regarding 1, six references were found [20-25]. All extracted values are shown
in Figure 2(a and b), where the different series show an acceptable coherence,
having (dh"/dT), 5 > 0.

3.2 Benzene + hexane

In studies related to the thermodynamics of solutions, the experimental infor-
mation generated by the binary benzene + hexane, for different properties, has
been, and still is, used by researchers in that area as a reference of their investiga-
tions; therefore, the choice of this system is justified. Twenty-three useful VLE data
series were found in the bibliography [26-42], 16 iso-p and 7 iso-T. Figure 3 shows
important errors in some of the series [29, 31, 37] at 101 kPa, with data missing the
trend observed in the other series. These are propagated to the T vs x,y representa-
tions (Figure 4(a)). The random error for these series is serious as evidenced in
Figure 4(b).
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Figure 3.
Plftuofiso—p VLE data of the binary benzene + hexane at 101 kPa. (a) T,x,y; (b) y,x;gE/RT,x. (O) Ref. [34]
(%) Ref. [35] (+) Ref. [26] (O) Ref. [37]; (x) Ref. [29]; (V) Ref. [32]; ([>) Ref. [31]; (<]) Ref. [37].

Figure 4 depicts the iso-p data set at pressures other than the atmospheric.
Figure 5(b) indicates that three of the published series [28] (the ones that corre-
spond to p = 610.8 kPa, 810.8 kPa, and 1013.5 kPa) show systematic errors, giving
rise to gE/RT < 0; thus y; < 1asx; — 1. However, the representation of T vsx,y does
not reflect this anomalous behavior, so that probably they will be caused by a
systematic deficiency in the monitored temperature.

Available iso-T data series are represented in Figure 5. Data are found for the
whole composition interval only at 333 and 345 K. Several series were measured at
333 K [40-42], allowing their comparison. From the representation of p,x,y
(Figure 5(a)) and related mixing quantities (Figure 5(b)), an acceptable coinci-
dence is observed. Two of the data sets (Ref. [41]) show negative values of gE/RT in
the extreme points, at infinite dilution, which is a clear sign of inconsistency.

Conclusions drawn from the visual inspection are confirmed by the consistency
analysis presented in Table 2. Data series n° 11 is discarded since consistency cannot
be evaluated due to the lack of data in the zone corresponding to x; > 0.2. All
consistency tests, except the direct van Ness, did not accept the series measured at
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Plot of iso-T VLE data of the binary benzene(1) + hexane(2). (a) p,x,y; (b) gE/RT,x. (O) Ref. [40]; (D
Ref: [42] Ref- [41]: (+) T =314 K; () T =323 K; (x) T=333 K (A) T=303 K (V) Ref- [39].

the highest pressures (n° 13-16). This is due to the wrong relationship between the
pure component saturation temperature (Appendix Table A1) and equilibrium
temperature. However, it is interesting to recognize that when using other vapor
pressure parameters this defect can be solved. The data series (n° 3, 4, 6-9, 19,
21-23) accepted by the proposed test [7] offer the highest consensus among all the
battery of test about the quality of data, so these series could be used for subsequent
tasks.

A total of 17 references were found in literature [36, 43-58] of 1 measured in
the range of [293-323] K and atmospheric pressure, except those data of Yi et al.
[58], at 80 kPa. Figure 6(a) presents the data series considered in this study. It
refers to a solution with endothermic effects (2* ~ 900 J mol " at x = 0.5 and
T =298 K), decreasing as temperature increases; however, the high observed dis-
persion of experimental values is not sufficient evidence to ensure this effect.
Inspection of the 4* does not recommend excluding any of these data series; thus
they will be considered in the data treatment.
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Figure 6.

PlftuofhE values for the binary benzene + hexane. (a) K vs x, (b) hE (at x = 0.5) vs T. (O) Ref. [43], (D)
Ref. [44], (+) Ref. [45], (Q) Ref. [46], (x) Ref. [47], (/\) Ref. [48], (\/) Ref. [36], ([>) Ref. [49],

(<D Ref. [50], (O Ref. [51], (B} Ref- [52], () Ref- [53], (R} Ref. [54], (@) Ref. [55], (#) Ref. [56], (€)
Ref- [57], () Ref. [58].

4. Results and discussion
4.1 Modeling: efficient front and models

The VLE data series previously verified has been modeled according to the
procedure described in Section 2. The efficient fronts obtained for each system are
shown in Figure 7.

0.3

Figure 7.
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Efficient fronts for s(g"/RT) = f(s(h)), obtained for acetone + ethanol. Arrows and labels indicate the chosen
vesults on each of the fronts, using the models: (A) M2; (x) M3; and (v) M4.
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Acetone(1) + ethanol(2): the efficient fronts of results for the binary
acetone + ethanol were obtained from sub-models M2, M3, and M4. Sub-model M1
did not produce an acceptable representation of the thermodynamic behavior, so it
was ignored. The obtained fronts shown in Figure 7 reveal that the three sub-
models produced similar results when acceptable error in h* is greater than
140] mol L. This implies that, from this limit on, the problem becomes mono-
objective, regardless of the sub-model used. For smaller errors of the hE, s(h®)
< 140 J mol %, differences between sub-models M2, M3, and M4 to reproduce the
VLE data are significant, reducing the maximum error by approximately s
(¢%/RT) ~ 0.15 between them. The efficient front achieved with model M4 shows an
almost constant s(¢"/RT). The other two sub-models reveal an exponential behavior
as s(h®) decreases. From the set of results obtained, three of them are chosen (see
Figure 7) to carry out a more detailed analysis on their ability to describe simulta-
neously the VLE and 4. Some particular comments on those three results are:

* The result labeled as “1” (by M4) describes well the two properties under
study, as seen in Figure 8, but at the expense of using more parameters.
Specifically, this model links the state variables at equilibrium (Figure 8(a)),
describing the observed folding at the lowest temperatures. The estimate of
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Figure 8.

Plot of VLE at 101 kPa and hE estimates for binary acetone(1) + ethanol(2) at 101.32 kPa. Models drawn
from Figure 7(a). Results (——) 1-(M4), | 12-(M3), 13-(M3). (a) Tvs x5,y (b)y:i vs x5 (c)
gE/RT vs x5 (d) hE vs x,.
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activity coefficients (Figure 8(b)) is acceptable. Estimations of g"/RT for this
system are close to the set that displays the highest values. The estimate for the
h* is acceptable, although the model does not reproduce the data series
extracted from Ref. [20].

* Result 2 (M3), which displays the highest error in the VLE estimate, wrongly
estimates an azeotrope and a whole range immiscible region (Figure 8(a)).
This poor description of the liquid phase is due to the high values of y; and the
£"/RT (Figure 8(b and c)). At first, the 4" is correctly represented by this
parametrization, although the presence of the immiscibility truncates the
validity region of the model (Figure 8(d)).

* Result 3 (M3) produces an unsatisfactory representation in the 4"s, which also
presents an inversion of the thermal gradient of this property.

Final model selection should ensure that selected parametrization describes, at
least qualitatively, the thermodynamic behavior closest to the real one. In this case,
result 2 reproduces almost exactly the 4, although it produces an incorrect g*
behavior, hence limiting its subsequent applicability. The choice between results 1
and 3 will depend on the influence of the A" on the calculations in which the model
is involved.

This analysis will serve as a basis to inspect the results of the remaining binary
(benzene + hexane) on the results emitted by each of the models.

Bengzene(1) + hexane(2): sub-model M4 was not used for the binary
benzene + hexane because of the similarity with the efficient front produced by M3
model. Thus, sub-models M1, M2, and M3 were only applied, as shown in Figure 9.
Sub-models M2 and M3 produce very similar results, with almost constant error,
s(gE/RT), lower than 5.5 x 103 J mol * for all s(4%). Consequently, those result
fronts of sub-models M1 and M2 are evaluated. The efficient front of sub-model M1

0.16 55%10"
]
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Figure 9.
Efficient fronts for s(g/RT) = f(s(h)), obtained for benzene + hexane. Arrows and labels indicate the chosen
vesults on each of the fronts, using the models: (@) M1; (o) M2; and (x) M3.

59



Distillation - Modelling, Simulation and Optimization

produces a quasi-linear behavior with the variation of s(4*). The difference between
this front and that of sub-model M2 is &s(g"/RT) ~ 0.14, when € = 0. The fronts for
models M1 and M2 do not intersect, unlike the earlier case, showing a maximum
value of s(h") at 170 ] mol " and 450 J mol ', respectively. The VLE diagrams
produced by the four selected results are shown in Figure 10, along with one of the
validated data series for this result. The best description of this system is achieved
with result 4 (M1), which reproduces the behavior of T-x-y experimental data
(Figure 10(a)) and the other quantities calculated (Figure 10(b and c)). Never-
theless, the description of ¥ with this model is not good. Result 1 (M2) produces an
azeotrope at x; < 0.2, which does not occur experimentally. This poor estimation
occurs even though the greater number of parameters, increasing the model’s
capacity to reproduce the 1", as proven in Figure 11. Results 2 and 3 overestimate y;,
hencegE/RT (see Figure 10(b and c)).

This discrepancy gives rise to the formation of minimum boiling point azeo-
tropes, which are not in accordance with experimental data. Of all the results cho-
sen, only result 1 (belonging to sub-model M2) shows a 4" that varies significantly
with temperature, since sub-model M1 is independent of this variable. The use of
either result 2 or 3 is discouraged since their estimations of 1", especially at temper-
atures other than 298 K, are not correct, in addition to the described issues in

]
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0 0.2 04 x, 0.6 0.8 1

(c)

0 I ] I ]
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Figure 10.
Plot of VLE at 101 kPa estimates for binary benzene(1) + hexane(2). Models drawn from Figure 9. Results
(——) 1 (M2),1 Y2 (M1), | 13 (M1) and 41 Y (M1). (a) T vs x,y; (b)y vs x; (c)gE/RTvsx.
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representing the phase equilibria. This being said, result 3 represents the average
behavior of this property in the working range.

From previous observations, result 4 (M1) is recommended for those cases
where the 4" plays a secondary role in comparison to the reliable reproduction of
the VLE diagram. Otherwise, result 1 (M2) is preferred, despite the qualitative
misfit to experimental data. Table 3 presents an overview of the present section
with a summary of the models to be used in the simulation task.

4.2 Simulation results of a rectification process for each of the studied
dissolutions

The models obtained previously are used in the design of a simulation operation
comparing their capacity in terms of some operation variables such as composition
and temperature profiles, as well as energy consumption. General conditions for
the simulations are summarized in Table 4. In all cases, columns are fed with a
1 kmol/h at equimolar composition of the corresponding solution, at 298.15 K and
101.32 kPa. Simulations are performed using the RadFrac block of AspenPlus® V8.8
(AspenOne©, [59]).

1000 1000
. * *o 1 (b)
(a) . H_'"""‘i‘i----__ .
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N 800 - . -
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Figure 11.

Estimation of h® values at 101.32 kPa using the diffevent results indicated in the fronts of Figuve 9 for benzene

(1) + hexane(2). (a) hE vs x, (T = 298.15 K), (b) hE vs T (x, = 0.5). Results (—) 1 (M2); { 12

(Ma1); ( 13 (M1);( 14 (M1).
System M1 M2 M3 M4
Acetone + ethanol x v 44 24
Benzene + hexane v Vv v x

V'Y’ — used for modeling and simulation;v" — used for modeling; ¥ — not used.

Table 3.

List of sub-models applied to each system.
Binary system Reflux ratio Distillate rate (kmol/h) n° stages Feed stage
Acetone + ethanol 6 0.5 22 16
Benzene + hexane 10 0.6 30 20

Table 4.
Operation data for the vectification columns to separate the binaries.
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Acetone(1) + ethanol(2): the simulation of a rectification column to purify the
acetone+ethanol binary system, using the result labeled as “2” in Figure 7, does not
provide a coherent resolution because it estimates the presence of two immiscible
liquid phases. The final values obtained with results 1 and 3 are detailed in Table 5,
while the composition profiles are shown in Figure 12. In both cases the composi-
tion of the distillate is higher than 99% in acetone and at the same temperature in
the stage.

The exact purity is slightly higher with result 1 than with result 3, the difference
being 0.2%. The calculation in the bottoms of the tower reveals differences between
the two parametrizations, giving place to an effluent somewhat purer in the case of
result 1. The difference between both models is 0.001 in molar fraction. These
observations directly affect the calculation of the energy balance and, therefore, to
the consumed energy. Thus, the consumption in the condenser is estimated simi-
larly with both parametrizations, while that of the reboiler is significantly higher
with result 3, due to the greater quantity of ethanol and the incorrect estimate of
other quantities, such as the mixing enthalpies.

Stage Result 1 (M4) Result 3 (M3)

X1 B2 T/K X1 B2 T/K
1 0.990 0.993 329.0 0.989 0.991 329.0
5 0.974 0.981 329.1 0.970 0.978 329.1
9 0.941 0.957 329.3 0.935 0.953 329.4
13 0.853 0.900 330.1 0.846 0.894 330.2
17 0.518 0.709 334.4 0.526 0.710 334.2
22 0.010 0.031 350.6 0.011 0.035 350.5
Q/KkJh™* 1.035E5 1.034E5
Q./k h™* 1.038E5 1.044E5

Table 5.

Quantities obtained in the simulation of a separation process for the binary acetone(1) + ethanol(2), using
different values from the efficient front shown in Figure 7.

(154 2 - . -
. i %

Figure 12.

Plot of composition and temperatuve profiles obtained in the simulation of a separation operation for acetone
(1) + ethanol(2) system, using the different parametrizations proposed: (—) 1 (M4). L, liquid stream profile;
V, vapor stream profile.
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The composition profiles and temperature gradient of the two tested solutions
present similar qualitative behaviors. Most of the column is used as an enriching
region which requires a high number of stages in both cases.

Bengzene(1) + hexane(2): values obtained in the simulation of the distillation
operation of this binary dissolution are in Table 6, while composition and temper-
ature profiles are plotted in Figure 13. For the first three results (1, 2, and 3), the
presence of an azeotrope limits the distillate composition. Thus, result 1 produces an
effluent with a benzene composition of 16.7% (v/v), while for results 2 and 3, the
compositions are, respectively, 37.2 and 30.9%. The simulation carried out with the
parametrization of result 4 produces a purer distillate of 15.6%, due to the absence of
the azeotrope. However, the folding effect observed between the equilibrium
curves in experimental data as well as the diagram estimated by result 4 complicates
the separation beyond this point. This justifies that the composition profiles are
similar to results 1 and 4 (see Figure 13).

The residual streams obtained by results 1 and 4 contain benzene with a purity
higher than 99.9%, while the other two results do not produce the separation of the

Stage Result 1 (M2) Result 2 (M1) Result 3 (M1) Result 4 (M1)

X1 91 T/K X1 V1 T/K X1 V1 T/K X1 1 T/K

1 0.167 0.161 3413 0.372 0.372 3373 0.310 0.309 340.1 0.167 0.156 341.7
5 0.201 0.189 3413 0.372 0.372 3373 0.312 0.311 340.1 0.220 0.202 3419
10 0.280 0.250 341.6 0.372 0.372 3373 0.319 0.316 340.1 0.310 0.278 3422
15 0.505 0.414 3431 0.374 0373 3373 0.337 0330 340.1 0.473 0.407 343.2
20 0.842 0.740 348.5 0.405 0.388 3374 0.392 0.369 340.2 0.772 0.663 346.8
25 0991 0.982 352.6 0.409 0.390 337.4 0.422 0.389 340.3 0.988 0.975 352.4
30 1.000 0.999 352.8 0.692 0.510 338.8 0.785 0.631 344.0 1.000 0.999 352.8
Q/Kkh™* 1.829E5 1.988E5 1.686E5 1.804E5

Q./kJ ht 1.886E5 2.050E5 1.802E5 1.898E5

Table 6.

Quantities obtained in the simulation of a distillation process for the binary benzene(1) + hexane(2), using
different values from the efficient front shown in Figure 9.

Figure 13.

Plot of composition and temperature profiles obtained in the simulation of a separation operation for the binary
benzene(1) + hexane(2), using the different parametrizations proposed: (- )1 (M2); (----) 2 (M1);
(-) 4 (M1). L, liquid stream profile; V, vapor stream profile.
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binary dissolution with high purities (no more than 79%), due to the presence of the
azeotrope at intermediate composition. The differences noted in compositions in
the head and bottom of the column cause that the corresponding temperatures are
also different. Between results 1 and 4, there is a difference in temperature of almost
0.5 K, while results 2 and 3 estimate lower temperatures by more than 1 K with
respect to the others. In this case, the modeling errors in another of properties, such
as excess enthalpies, as well as the differences in the output composition, also
affects to produce noteworthy differences in the energetic consumptions of both
condenser and boiler. In this sense, similar results are obtained for results 1 and 4,
although, a priori, it is not possible to indicate which of these is closer to the true
behavior of the column.

5. Conclusions

The aim of this work is to present the practice carried out on a set of operations
constituting a procedure involving the following sequences: experimentation «
verification < modeling < simulation. A description of the last three operations is
proposed since the necessary experimental information (iso-p and iso-T VLE data
and 4") was extracted from the available publications. The proposed methodology is
applied to two significant binary systems in the dissolution thermodynamic field,
such as acetone-ethanol and benzene-hexane. The data checking is carried out with
different classical methods, which is recommended in the recent literature [6]. In
addition, a rigorous method recently designed by the authors [7] was also used in
order to guarantee the quality of the experimental data used. This method has the
advantage of offering some information about the origin of deficiencies in the
experimental data.

A polynomial expression was used in the modeling step (see Egs. (1) and (3)),
used in the correlation of thermodynamic properties, from which four sub-models
(M1-M4) are established in Section 2.1, depending on the availability of data for
each system to avoid overfitting. Modeling in all cases was performed on the Gibbs
dimensionless function, gE /RT (VLE), and on hF data, two-objective optimization
approach addressed as a sequence of mono-objective subproblems according to the
e-constraint algorithm. A set of models are selected from the attained efficient fronts to
provide a rationale on the trade-off decision task that is supposed to yield the final
model for later uses, such as design/simulation. For the two studied cases, these fronts
reveal a quasi-linear trend (with a negative slope) when the number of parameters
used in the model is small. Efficient fronts’slope decreases as the number of parameters
increases, until the error of VLE delinks to that of the 4" for highly flexible models.

The rectification of the selected systems was simulated using the RadFrac block
of AspenPlus® with the selected thermodynamic parametrizations. For the binary
acetone + ethanol, some models showed an immiscible region, not reflected by the
experimental information, giving rise to incoherent simulations. Two models gave
rise to inexistent azeotropes in the benzene + hexane dissolution, with incorrect
results in the simulation. On the other hand, errors in the excess enthalpy estimates
did not influence on the procedure simulation, but it should be noted that it has an
important role in the modeling of binary systems. In summary, the influence of a
certain set of parameters on the simulation varies depending on each particular
system. Besides, it is observed that, as the number of parameters grows in a model,
the optimization problem mutes toward a mono-objective one since the considered
criteria are invarjant in one another. In these cases, taking the set of parameters that
present the lowest error on k" is the best option. However, increasing the number of
parameters might lead to overfitting if not enough attention is paid to the model
extrapolation capabilities.

64



A Practical Fitting Method Involving a Trade-Off Decision in the Parametrization Procedure...
DOI: http://dx.doi.org/10.5772/intechopen.85743

Acknowledgements

This work was supported by the Ministerio de Economia y Competitividad
(MINECO) of the Spanish Government, Grant CTQ2015-68428-P. One of us (AS) is
also grateful to the ACIISI (from Canaries Government, No. 2015010110) for the
support received. This work is a result of the Project “AIProcMat@N2020—
Advanced Industrial Processes and Materials for a Sustainable Northern Region of
Portugal 2020,” with the reference NORTE-01-0145-FEDER-000006, supported by
Norte Portugal Regional Operational Programme (NORTE 2020), under the Portu-
gal 2020 Partnership Agreement, through the European Regional Development
Fund (ERDF); Associate Laboratory LSRE-LCM—UID/EQU/50020/2019—funded
by national funds through FCT/MCTES (PIDDAC).

A. Vapor pressure modeling
Vapor pressures of pure compounds are calculated using Antoine equation:
logp? /kPa = A — B/[T/K — C] (10)

Parameters A, B, and C, from literature [60-62], are shown in Table A1l.

A B C Ref.
Acetone 6.42448 1312.25 32.45 [60]
Ethanol 7.24677 1598.67 46.42 [61]
Benzene 6.03053 1211.03 52.36 [62]
Hexane 5.87891 1089.49 60.55 [62]

Table A1.
Parameters of Antoine equation for pure compounds in this work.
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Chapter 5

Azeotrope-Breaking Potential of
Binary Mixtures in Phase
Equilibria Modeling

Sergey Artemenko and Victor Mazur

Abstract

Global phase diagrams (GPD) of binary mixtures in phase equilibria modeling
are analyzed. The mapping of the global equilibrium surface in the parameter space
of the equation of state (EoS) model provides the most comprehensive system of
criteria for predicting binary mixture phase behavior. One may obtain the relation-
ships for azeotropic boundaries from the global phase diagram [A (azeotrope) and
H (hetero-azeotrope)] regions. Analytical expressions to predict ageotrope and
double azeotrope phenomena in terms of critical parameters of pure components
were derived using global phase diagram. The problem estimations of phase beha-
vior modeling under the uncertainty are formulated applying the Pareto-optimum
parameter and different (crisp and fuzzy) convolution schemes. The Pareto-
optimum parameters in the Redlich-Kwong equation of state used different
conflicting data sets (simultaneous description of the phase equilibria and critical
line data in binary mixtures, thermodynamically consistent description of the inho-
mogeneous data). Ionic liquids (ILs) are one of prospective new working media for
different environmentally friendly technologies. Practically undetectable vapor
pressure is considered the ILs as ideal solvents replacing conventional solvents in
the frame of a “green chemistry.” Combination of ionic liquids with conventional
natural and synthetic refrigerants promotes the increasing efficiency of absorption
processes due to nonvolatile ionic liquids (absorbents).

Keywords: azeotrope, phase equilibria, global phase diagram, equation of state,
the Pareto-optimum parameters, azeotrope-breaking, ionic liquids,
refrigerant blends

1. Introduction

The pioneering work of Van Konynenburg and Scott [1] demonstrated that the
van der Waals one-fluid model has wide possibilities of qualitative reproducing the
main types of phase diagrams of binary mixtures. The thermodynamic equilibrium
mapping onto the space of parameters of an equation of state gives the possibility to
obtain the criteria for the phase behavior of binary mixtures. The functions of
temperature T, pressure p, chemical potential y, and component concentration x are
determined as the “field” variables that are the same for all phases coexisting in
equilibrium of a substance i. The molar fraction is the “density” that is in principle
of liquid (I) and gas (g) phases. Global phase diagrams (GPD) of binary mixtures
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represent boundaries between types of phase behavior in a dimensionless space of
EOS parameters.

GPD also provides good visualization of the impact of model parameters of
mixture components to the topology of phase behavior. The proposed types of
phase behavior classification [1] are generally used to characterize the different
types of phase behavior in binary mixtures.

Varchenko [2] has provided a more rigorous classification for conventional
features of equilibrium surface and phase diagrams for binary mixtures with strict
determination of the eight topologically different rearrangements.

Current topological analysis of equilibrium surfaces of binary fluid systems pro-
vides 26 singularities and 56 scenarios of phase behavior evolution depicted in p-T
diagrams [3].

The various phase diagram classes and p-T projections of the main types of
phase diagrams have been described in literature [1-3]. Global phase diagrams are a
technique which can be used for the prediction of different phase behavior in the
mixtures without vapor-liquid equilibrium calculations [4-11].

Patel and Sunol [12] developed a robust automated routine for global phase
diagram generation in binary systems. The approach uses any equation of state
models, takes into account solid-phase existence, and provides type VI phase
diagram generation. The generated data set includes calculations of the critical
endpoints, quadruple points, critical azeotrope points, azeotrope endpoints, pure
azeotrope points, critical line, liquid-liquid—vapor line, and azeotrope line.

Azeotrope-breaking is important for the successful distilling of industrially
important mixtures. To simulate the mixture phase behavior, models based on the
equation of state (EoS) presentation for thermodynamic properties are more pref-
erable. The conventional methods of parameter identification use the statistical
paradigm, which is based on maximum likelihood or a posteriori probability criteria
and does not take into account uncertainties of vague nature. Decision-making
process under various uncertainties requires mathematical methods, which include
uncertainty evaluation a priori. Statistical methods interpret all variety of uncer-
tainty types in the framework of the randomness concept. Nevertheless, there are
ill-structured situations, which have not any strictly defined boundaries and cannot
be accurately formulated.

The main challenge is to deal with such kind of expressions like “neighborhood”
or “best fit,” which do not have strict boundaries, separating one class of objects
from others. Generally, there are ambiguous verbal models, which can be treated
as fuzzy formulated targets, depending on biased assessment of boundaries for
approximations used. As a case study, we provide estimation of the optimal
parameters of the Redlich-Kwong equation of state [13], retrieved from the
different conflicting data sets resulting from the inconsistency problems arising in
the modeling of phase equilibria. Such process reflects different types of uncer-
tainties, including uncertainties of nonstatistical origin. The parameters of phase
equilibria models are considered as alternatives, i.e., they allow meeting the targets
and prescribed constraints. The parameter estimation problem of phase equilibrium
modeling multicriteria approach is applied. To describe the uncertainties of such
type, the “fuzzy set” approach introduced by L.A. Zadeh [14] is used.

The problem of optimum parameter estimation of thermodynamic and phase
behavior under the uncertainty is a search of the Pareto set. The diverse computa-
tional methods of the Pareto-optimum parameter convolution crisp and fuzzy
schemes to reduce a vector criterion into the scalar are provided.

Ionic liquids can be treated as “adjustable” working fluids given the fact
that variations of different “R - ” groups and cation/anion ratio selection ensure
meeting preferred trade-off solution between density, viscosity, melting point,
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and other physicochemical properties. A great role in the IL applications plays
the azeotropic phenomena.

Considering a huge number of the “off the shelf” mixtures scheduled for
destroying or recycling, it becomes key importance to develop the theoretically
sound methods for reliable assessment of thermodynamic and phase behavior.
Experimental retrieval of the azeotrope properties is time-consuming and a costly
process. Availability of theoretical predictions for azeotropic phenomena would not
only reduce this cost but also make efficient required experimental investigations.

The objective of this study is to present novel approach which encompasses
global phase diagram technique and Pareto-optimal EoS parameter estimation for
azeotropic and double azeotropic criteria evaluation in terms of critical parameters
of pure components for the binary mixtures of refrigerants and ionic liquids.

This paper is organized as follows. In Section 2, the phase diagram classification
and the one-fluid model of the equation of state for global phase diagrams are
presented. Section 3 provides approach to sustainable property calculation based on
a fuzzy set methodology providing a trade-off solution among different sources of
data required for regression of model parameters. Section 4 discusses the results of
azeotrope-breaking criteria for IL-refrigerant mixtures based at the approaches
provided in previous sections.

2. Phase diagram classes and global phase diagram

Mapping of the global equilibrium surface into the parameter space of the
equation of state model provides the most comprehensive set of criteria for predic-
tion phase behavior of the binary mixture.

The impact of critical parameters of components on phase topology is provided
via global phase diagrams. The diagrams are depicted in the space of the equation of
state parameters, e.g., van der Waals a and b parameters. The specific points and
lines of global phase diagrams, including tricritical points, double critical endpoints,
azeotropic lines, etc., create the boundaries at the diagram and divide the model
parameter space into the regions corresponding to the various types of the phase
behavior. Generally, global phase diagram is expressed in dimensionless parameters
which depend on the equation of state model. The global phase diagrams of such
different models as the one-fluid EoS of binary Lennard-Jones fluid [6, 7] and the
Redlich-Kwong model [5, 8, 9] are almost identical, in particular for the case of
equal-sized molecules.

We consider here the cubic-type models:

_RT a(T)
P=0"b vw+th)

1)

where R is the universal gas constant and the EoS parameters 2 and b of
mixture depend on the mole fractions x; and x; of the components i and j and
on the corresponding parameters a;; and b;; for different pairs of interacting
molecules:

2 2 2
a = Z XiXjai (1 — kij); b = Z inijij (2)
b i=1j=1

The convenient set of dimensionless parameters for the Redlich-Kwong model is
as follows [13]:
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dy —dn
7y =21
' dy +dn
Z, = dy —2dp +dn
dyp+du
(3)
by —bn
Zy=-2 1
by +bu
Za— by —2b1y + by
by + b1
where.
T:b; Qpai 23 1 213 -1
dy =22, Ty= =), 2 =902%-1)], @-= :
" by’ Y <R-Qabij & ) b 3
In the case of the Redlich-Kwong (RK) model [13], the value A is given by
A% 1 henn, (4)

00, —1)> Op+1

where @, = %;, 6y = % According to Eq. (4), the boundary between azeotropic

and non-azeotropic states in Z;-Z, plane at fixed values of Z3 and Z, is a straight
line. The values are equal to Q, = 0.42747, Q;, = 0.08664, and Z. = 0.333.
The combining rules for the binary interaction parameters are

bii + b;;
aj = (1 - kij)\/ﬂ_ii‘“}; hij = (1 — lij) TD )

where k;; and [;; are fitting coefficients in the Lorentz-Berthelot combining rule
(kij = Ljj = 0).

The simplest boundary is a normal critical point when two fluid phases are
becoming identical. Critical conditions are expressed in terms of the molar Gibbs
energy derivatives in the following way:

’G »’G
(59, (),, -
ox T ox »T

Corresponding critical conditions for the composition-temperature-volume
variables are

Axx - WAXV = O;
(7)
Axxx - 3WIAxxV + 3V\/zquVV - 3‘/\/:‘}14VVV =0;

where A is the molar Helmholtz energy and.

_ Ay _ (A . . .
W == and Anvnx = ( e de)T are the contracted notations for differentiation

operation which can be solved for V¢ and T¢ at a given concentration x.
Global phase diagrams generated for Redlich-Kwong model is presented in
Figures 1 and 2.
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Figure 1.
Global phase diagram of the RK model [13], Z; = Z, = o.

1,0

0.5

0,5

Figure 2.
Global phase diagram of the RK model [13], Z; = Z, = 0.25.

Here C; and C; are critical points of components 1 and 2; C,, is hypothetic
critical point beyond solidification line. The types of phase behavior indicated as
Roman numbers are described in [1-3].

3. Uncertainties and conflicts in the parameter estimation

Accounting the effects of uncertainty in the fluid-phase equilibria, modeling
became important in the recent decade. Generally, the uncertainty tried to be
resolved via probability and random process theories. However, the probabilistic
methods can lead to the unreliable estimation of parameters. There are three main
complimentary models of uncertainty described in literature:

75



Distillation - Modelling, Simulation and Optimization

* Convex models of uncertainty, developed by Ben-Haim and Elishakoff [15] as
an extension of interval analysis

* Game-theoretic models of uncertainty deriving from conflict among the
different goals (in our case, it is a conflict between thermodynamically
inconsistent data)

* Verbal models of uncertainty deriving from vagueness and initiated to be
resolved by Zadeh [14]

Three models of uncertainty cannot exist one by one in parameter estimation,
and mathematical tools should reveal this fact. The conventional single-criterion
methods of parameter estimation are examples of lopsided vision of multicriteria
decision-making problem where only one set of variables, strongly dependent on
decision-maker experience, is recommended. A lack of single meaning of optimality
concept, following from the basics of modern game theory, points to impossibility
to construct a completely formal algorithm for parameter estimation and futility of
eliminating the uncertainty in the search process. It is more correct to consider
the trade-off or rational parameters, which adequately describe thermodynamic
properties and phase behavior, generated by EoS.

The following sequence of decision-making steps in model parameter estimation
is proposed:

* Determination of the Pareto-optimal (or compromise or trade-off) set Xp as
the formal solution of the multicriteria problem to minimize a conflict source
of uncertainty

* Informal selection of convolution scheme to switch over a vector criterion K
into a scalar combination of the Ki (X)

* Evaluation of the final decision vector X,,, Xp to minimize a vagueness
source of uncertainty

3.1 Pareto set

The most important stage toward the multicriteria problem solving is an estab-
lishment of the Pareto domain Xp, i.e., such domain in model parameter space
where it is not possible to reach a dominance of selected criteria over others. A
geometrical visualization of the Pareto set (AB line) for the bi-criteria case in 2D
parameter space is given in Figures 3 and 4. For instance, the best least squares fit

of the p—T-x phase equilibria data K;"" usually does not correspond to the best data

fit for critical line K3 and vice versa. Here KT"" and K3'" are the best or “ideal”

solutions for each criterion found as a result of single-criterion optimization; for
obviousness, parameters X; and X, could be interpreted as geometric and energetic
parameters in the van der Waals EoS model.

To locate the Pareto set, we assume to compare two solutions, X “and X, which
hold the inequality:

K(Xo)<K(X ). (8)

It is obvious that Xy is preferable than X". Thus, all X  vectors satisfying
Eq. (8) may be excluded. It is worth to analyze that only those X vectors for which
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The Pareto curve in criteria space.
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Figure 4.
The Pareto curve in parameter space.

there is no such X, when for all criteria the inequality (8) is satisfied. The set
of all values Xp = X is the Pareto set, and the vector Xp is the unimprovable
vector of the results, in case if from K; (Xo) < K; (Xp) for any ¢ it follows that
K (X,) = K (Xp).

3.2 Crisp convolution schemes

Isolationistic and cooperative trends are usually considered for aggregation of
local criteria vector into global scalar criterion. The isolationistic convolution
schemes are additive, i.e., global criterion is represented as a weighted sum of local
criteria and entropy as a sum of local criterion logarithms. If behavior of each
criterion is complied with common decision to minimize some cooperative
criterion, then a convolution scheme can be presented in the form

K¢(X) = min[w; (K;(X) —K?)], 1<i<n, XeXp, (9)
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where w; are the weight coefficients, K ? is an infimum of the desired result that
is acceptable for decision-maker remaining in the coalition, and K¢ is a global trade-
off criterion. If it will be possible to come to an agreement about preference
(weight) for each criterion, then the final decision can be found as a solution of
scalar nonlinear programming problem:

Kc(X) = min ¥ i (Ki(X) — K9)
=1

1=

In terms of game-theoretical approach, such coalition is defined as the von
Neumann coalition scheme [16].

If no concordance among decision-makers is concerning the weight choice, then
arbitration network is preferable. Classical arbitration scheme was derived mathe-
matically rigorously by Nash but very often criticized from common sense [16]:

, XeXp. (11)

Kc(X) = min [ ] |Ki(X) - K?
i=1

All crisp convolution schemes under discussion try to reduce an uncertainty
deriving from conflict among different criteria in the Pareto domain. The next step
is extenuation of uncertainty driving from vagueness.

3.3 Fuzzy convolution scheme

Zadeh [14] put the theory of fuzzy sets forward with explicit reference to the
vagueness of natural language, when describing quantitative or qualitative goals of
the system. Here we assume that local criteria as well as different constraints in the
ill-structured situation can be represented by fuzzy sets. A final decision is defined
by the Bellman and Zadeh model [17] as the intersection of all fuzzy criteria and
constraints and is represented by its membership function u(X) as follows:

rX)=px(X) pc(X), XeXp. (12)

This problem is reduced to the standard nonlinear programming problems: to
find the values X and A that maximize A that is subject to

A Sﬂ[{i(x), i= 1, 2, vy 15
(13)
ﬂSﬂC](X), ]:1, 2, s m

Here, by way of illustration, the new approach was introduced to estimate the
Redlich-Kwong EoS parameters for simultaneous description of the phase equilibria
and critical line data in binary mixtures, thermodynamically consistent description
of the inhomogeneous data, and other inconsistency problems arising in the model-
ing of phase equilibria.

3.4 Conflict between phase equilibria and critical line description in binary
mixtures

Reliable models for thermodynamic and phase behavior description of binary

mixtures are facing problems of adequate estimation of the binary interaction
parameters from the restricted set of VLE data. In spite of availability of strict
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relationships to obtain from EoS model, the different derivatives of thermodynamic
values, for instance, the prediction of critical lines from the EoS with parameters
restored from VLE data, is questionable due to diverse sources of uncertainty in
both the used models and experimental data.

For illustration, we consider thermodynamic and phase behavior of water-carbon
dioxide system near the critical point of water. Experimental data on p-p-T-x prop-
erties have been taken from [18]; data on phase equilibria and critical curve have
been extracted from [19, 20]. The critical lines have been calculated using algorithm
developed in [21]. Phase equilibria calculations have been carried out with Michelsen
and Mollerup method [22] for cubic EoS. We performed phase equilibria and critical
line calculations for the RK EoS with binary interaction parameters k4, and /5, used in
standard mixing rules

b11 + by

b :b11x2+112x(1—x)< 5

) +bp(1-x)*
(14)

a = ﬂuxz + knx(l — x)\/ﬂuazz + 0!22(1 — x)z

and restored from different crisp convolution schemes. For simplicity, the results
of calculation for phase equilibria and critical line are presented in Figures 5 and 6
only for most selected compromise schemes. The challenge of conflict between
parameters retrieved from different sections of thermodynamic surface remains
important for practically all EoS including sophisticated multiparameter equation of

400 T
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Figure 5.

Critical line of H,O==CO, system [21]. ® Experimental data = Best fit of VLE data °°°° von Neumann’s
coalition scheme [16] —— Best fit of critical curve.
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Neumann’s coalition scheme [16]. —— Best description of critical curve.

state. In general, the conflict can be described as follows: if interaction parameters are
retrieved from the one class of properties, the prediction of other properties is
doubtful in spite of validity of thermodynamic relationships. The final solution will
depend on the problem setting and decision-maker subjective experience.

4, Results and discussion

This study provides a novel approach for defining the quantifiable estimation of
boundary states and specific points which define changes of phase behavior. The
global phase diagram technique is applied for deriving the analytical expressions
and Pareto-based approach with fuzzy convolution scheme used for adequate eval-
uation of model parameters.

There are no rigorous mathematical methods to construct adequate model with-
out subjectively based solution due to a number of uncertainties and conflicts. To
reduce the source of unavoidable uncertainty, the different compromise schemes of
criteria convolution are considered. It is important to note that the selection of the
convolution scheme is a subjective choice of the decision-maker.

Below we provide results and discussion of application of the abovementioned
approach for identification of the azeotrope- and double azeotrope-breaking criteria
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for imidazolium (IL)-based ionic liquids and industrial refrigerant mixtures. IL
doping leads to the breaking of azeotrope in binary refrigerant mixtures that open
the way for the azeotrope refrigerant mixture separation technologies in order to
remove the environmentally harmful substances.

4.1 Azeotrope-breaking criteria

Applying the cubic model of the equation of state, only the critical properties
and acentric factor of the individual components in mixtures are sufficient to define
the phase behavior in the interested sector of the parameters.

The degenerated critical azeotrope point is a boundary state separating azeo-
trope and non-azeotrope and produces the limit of the critical azeotrope at x; — 0 or
at x; — 1. The solution of the thermodynamic equation system for a degenerated
critical azeotrope [5-7, 9]

(2] (58] =() = (15)

\ ¥ | - | il \ P fro

gives the following relationship for dimensionless parameters Z;:

1-2
Zy=FZ1— (1+2Z4) (1 iZ;‘ - 1)A, (16)

where the upper signs + or — correspond to x, = 0 and the lower signs - to x, = 1,
respectively.

To define the azeotropic states, the parameters Z; can be expressed via critical
(pseudocritical) temperatures T,; and pressures P,; of pure components and empirical
binary interaction parameters k4, and /;, (17). The unlike pair interaction parameters
Z, and Z4 (i.e., az; and by,) can be estimated solving simultaneously the system of
Egs. (17) for the given Z; and Z; (or the set of pure component constants ays, bys, d22,
byy) that are determined from the critical parameters of the components:

5 _To/Pa—Th/Pa , T B/Pe = 21— k) 22 1 T2 /Py
1= » 4 = >
sz/Pd + T?l/Pfl sz/sz + T31/Prl

Z3 _ TCZ/PCZ - Tcl/Pcl
TcZ/PCZ + Tcl/Pcl’
Te1/Pa — (1 —112)(Te1/Per + Tea/Pe2) + Tea/Pea
TCZ/PCZ + Tcl/Pcl ’

(17)

Zy =

The boundary between azeotrope and zeotrope states in Z;-Z, plane at fixed
values of Z; and Z, is a straight line. The definition of azeotropic and zeotropic
states for refrigerants is depicted in Figure 7.

4.2 Double azeotrope-breaking criterion

Double azeotropic phenomena can be observed in the global phase diagram only
in the vicinity of the crossing point of two straight azeotropic borders in (Z;, Z,)
plane (Figures 8 and 9):

R AES & R AR
T4ty T L e

1-2Z4

ZA
2 1+ 27,

, where ¥+ = ( - 1>A. (18)
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The best results were demonstrated by application of the Schwarzentruber-
Renon and Wang-Sandler mixing rule [10] with three adjustable parameters
(Figure 8). The use of local mapping shows good results of double azeotropic
description at 323.05 K using the standard mixing rule (Figure 8).
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Figure 8.
Phase diagrams for R717-R125 mixture at 323.05 K. Schwarzentruber-Renon mixing rule [23].
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Phase diagrams for R717-R125 mixture at 323.05 K. Standard mixing rule [24]. A double azeotrope near the
crossing point of the two straight azeotropic borders in (Z,, Z,) plane. ® Experimental data [23, 24]. . Local
mapping approach [10]. — - —— equation of state approach. = model [27].

4.3 Applications of ionic liquids in azeotrope mixture distillation

The set of parameters for a given equation of state model univocally defines a
global phase diagram and, consequently, evolution of phase behavior for binary
mixture in a wide range of temperatures and pressures. Global phase diagram for
model systems of components explores that binary mixture of industrial refriger-
ants with imidazolium (IL)-based ionic liquids does not experience azeotropic
behavior in the practicable range of parameters.

Distribution of critical points for major components of refrigerants [25-29] and
hypothetical critical parameters of a number of imidazole-based ionic liquids is
depicted in Figure 10.

It shall be noted that at subcritical temperatures, IL may undergo thermal
decomposition that causes uncertainty in assessment of critical parameters. Usually,
the available values of critical points of ionic liquids are derived from low-
temperature regions having extremely small saturation pressures. Computational
procedures for finding model parameters are unstable. This can lead to errors in the
predictions of phase equilibria at high temperatures.

Thanks to undetectable vapor pressure, ILs are considered as potential environ-
mentally friendly candidates for replacing conventional solvents. The selective sol-
ubility properties of the ILs appeared for particular components of the mixtures and
can be treated as extraction media for separation processes. Moreover, the increase
of efficiency for absorption processes is promoted thanks to nonvolatile feature of
ionic liquids acting as absorbents.
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Figure 10.
Critical point temperatures and molar volumes of representative components from [25-29].

The information on breaking of azeotrope is crucial for the separation of differ-
ent industrial mixtures and is intensively discussed in the literature. The proposed
existing expressions for identification of azeotrope behavior generally are empirical.

To describe and predict the phase behavior of the mixture, the equation of state
models is more suitable for calculation of the thermodynamic properties.

The calculations of phase equilibria for system imidazolium-based ionic liquid
and refrigerants R134a and R1234yf are performed. The Redlich-Kwong one-fluid
model equation of state was selected due to simplicity, few parameters to be esti-
mated, existing robust computational algorithms for obtaining the derivations of
different thermodynamic features, as well as a large amount of existing data on
binary interacting parameters in the existing literature.

The phase behavior of imidazolium-based ionic liquids CgH1;N3FS,04 ([EMIm]
[Tf2N]) and C1oH;19N,BF, ([HMIm][BF,]) with refrigerants R134a and R1234yf
was evaluated using the parameters regressed at the low-pressure experimental
data. It is noted that the variation of anionic group leads to the shift of critical point
of ILs and obviously impact intermolecular interactions between ionic liquids and
molecules of refrigerants. To this end the phase behavior pattern is also impacted.
Variation in the k4, interaction coefficient shifts the position of a specific point
on the global phase diagram. For R1234yf-[HMIm][BF,] system, the position
of the specific point at different values ks, = — 0.1, 0, + 0.1 demonstrates a
tendency to transition from azeotrope to zeotrope state or vice versa. The binary
interaction parameters ks, and /5, for R134a-I1 blends were restored from
experimental data provided by Ren et al. [28, 29] with Pareto-based method
described in Section 3.

In case a specific point is located in the northern or southern quadrants of the
diagrams depicted in Figure 11, the azeotropic phenomenon is expected to appear
in the binary mixture. The pattern of specific point location for ionic liquid [HMIm]
[BF,] + refrigerants R134a (R1234yf) systems is also provided in Figure 11.

It is considered that the azeotrope definitely appears in the R134a-R1234yf
system. The literature search provides lack of experimental data for this system.
The boundaries presented in Figure 11 for the R1234yf-[HMIm][BF,] mixture
practically coincide. The addition of the ionic liquid to azeotropic mixture leads to
azeotrope-breaking that is demonstrated by a change of phase envelope for the
R134a-R1234yf-[HMIm] [BF,] mixture in Figure 12.
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Figure 12.
Azeotrope-breaking in the R134a-R1234yf mixture at ionic liquid addition.

Positive value of binary interaction coefficient k4, can report on Ill-type of phase
behavior for the system studied. The calculations were performed in MATLAB
software on the base of the algorithms proposed by Michelsen-Mollerup [23].

5. Conclusions

The responses to the environmental challenges require development and appli-
cation of new environmentally friendly working media. As one of the promising
media for chemical and refrigeration industry, the mixtures of conventional refrig-
erants with ionic liquids are considered. This requires reliable data on
thermophysical properties and phase behavior of the mixture.

Tremendously growing amount of data and development of the data science
provides new basis for estimation of the model parameters which influence the
description and further prediction of the different physical processes.
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In this study we present new approach which does not require vapor-liquid
equilibrium calculations for binary mixtures. This approach is based on synergetic
combination of global phase diagram technique and Pareto-based regression to
reduce the uncertainty level caused by different sources of the data.

The global phase diagram is used to determine the type of phase behavior and
derive analytical expressions to predict azeotrope and double azeotrope phenomena
in terms of critical parameters of pure components.

To restore the EoS model parameters under uncertainty, the Pareto-optimality
concept with fuzzy convolution scheme is applied. This approach is quite general
and can be applied to other mathematical models, which describe a wide spectrum
of phenomena of thermodynamic and phase behavior.

The azeotrope and double azeotrope criteria were elaborated and assessed for
the imidazolium (IL)-based ionic liquids and industrial refrigerant mixtures. It was
shown that IL doping leads to the breaking of azeotrope in binary refrigerant
mixtures that open the way for the azeotrope refrigerant mixture separation tech-
nologies in order to remove the environmentally harmful substances.

The azeotrope phenomena in the refrigerant-IL mixtures are discussed, and
conclusion about the highly improbable azeotrope blend formation for these sys-
tems is given. Azeotrope-breaking in the R134a-R1234yf mixture at IL doping is
considered as an illustration of zeotrope behavior in the refrigerant-IL mixtures.
Global phase behavior of ionic liquid-industrial refrigerant mixture is analyzed, and
possible types of phase behavior according to the classification scheme of Scott and
Van Konynenburg are established.
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Chapter 6

Reactive Distillation: Modeling,
Simulation, and Optimization

Vandana Sakhre

Abstract

Chemical process industries deal with production which further utilizes reaction
followed by separation of the reaction mixtures. Reactive distillation is a new
technique of combination of both reaction and separation in a single unit beneficial
for equilibrium-limited reactions and also cost-effective. This makes it a highly
complex process because many parameters involved in both reaction and separation
are interactive in nature. In this chapter, modeling, simulation, and optimization of
reactive distillation are presented. Methyl acetate production via reactive distilla-
tion is chosen as a case study. The results are compared for both experimental and
simulation studies. The synthesis of methyl acetate was carried out in a packed RDC
by catalytic esterification using acetic acid and methanol as reactants in a pilot-scale
experimental setup. A strong acidic ion exchange catalyst, Amberlyst-15, was used
to enhance the rate of heterogeneous esterification reaction. The result obtained was
observed with change in various variables including the reflux ratio (RR), distillate-
to-feed (D/F) ratio, and bottom-to-feed (B/F) ratio with respect to product com-
position. The optimization and sensitivity analysis was carried out using Aspen Plus
process simulation software.

Keywords: modeling, reactive distillation, optimization, simulation

1. Introduction
1.1 Reactive distillation (RD)

Chemical engineering deals with the conversion of raw material into products
via a chemical unit process or unit operations. Manufacturing of various chemicals
like esters, ethers, cumene, petroleum processing unit, etc. required a reactor
followed by separator such as a distillation unit to separate the required product
from other constituents on the basis of relative volatility [1]. There are various
constraints on this type of processing like more space required for the installation of
the unit, higher cost, more energy input requirement, and reduced selectivity.
Specifically the conversion limits for reversible reactions are difficult to overcome
toward highest purity of product because once the equilibrium is achieved in the
system, no more reactant will be converted into products. In view of all these
constraints, reactive distillation emerged as a novel technique of process intensifi-
cation in which reaction and separation of product take place simultaneously in a
single column [2].
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Figure 1.
Schematic diagram of reactive distillation column (RDC).

In the case of reactive distillation, total capital cost is reduced due to two
combined process steps held in the single unit. This kind of integration is also
beneficial in reducing pump cost and other instrumentation cost. The saving in total
energy cost is due to exothermic nature of many chemical reactions which in turn
are beneficial in providing heat for separation of components simultaneously
[3-10]. The schematic diagram of reactive distillation column is shown in Figure 1.

2. Industrial application of reactive distillation

Reactive distillation, which uses heterogeneous catalysts known as catalytic
distillation, was firstly considered for RD [11], but it then remained uninvestigated
and lacked research interests until the 1980s. However in 1980, with the advent of
reactive distillation technology, Eastman Company tentatively carried out synthesis
of high-purity methyl acetate. Later on RD was categorized as hybrid and non-
hybrid columns [12, 13]. Hybrid RD is used to describe columns, which have
separate reactive and separation sections, while the reaction takes place in the whole
non-hybrid RD column.

After the success story of Eastman Company, several European countries and
universities joined forces to work on a development strategy for reactive distillation
process under the umbrella of Brite Euram project. Sulzer Chemtech has developed
special structured catalytic packing for reactive distillation columns [14]. RD is an
important method for many chemical syntheses which require recovery of
chemicals such as recovery of acetic acid. RD uses cation-exchange resin for
many liquid-phase homogeneous catalyst reactions such as butyl acetate synthesis
and helps in separating catalyst during downstream processing. The investigation
of many such reactions is reported [15-17]. Transesterification for synthesis and
characterization of biodiesel from different raw material such as palm oil,
mustard oil, etc. has been proposed but still not commercialized using various
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Process Industrial location
Synthesis of acetates Europe
Hydrolysis of methyl acetate Europe and Asia
Synthesis of methylal Europe and Asia
Removal of methanol from formaldehyde Europe
Fatty acid ester Asia

Table 1.

Commercial application of veactive distillation.

homogeneous and heterogeneous catalysts. However, hydrodesulfurization of light
oil fractions has been carried out commercially for diesel deep hydrodesul-
furization.

CDTECH, the major commercial process technology provider, licensed up to
now over 200 commercial-scale processes. Sulzer reports the commercial applica-
tion of reactive distillation as synthesis of ethyl, methyl, and butyl acetate, hydro-
lysis of methyl acetate, synthesis of methylal, removal of methanol from
formaldehyde, and formation of fatty acid esters. Commercial reactive distillation
application with Katapak licensed from Sulzer is tabulated in Table 1.

3. Industrial perspective of reactive distillation

Reactive distillation (RD) is a hybrid combination of reaction and separation in a
single vessel. The first patent for this process route was out in the 1920s, but little
was carried out till 1980 by the Eastman Company who synthesized methyl acetate
for the first time using this technique. The following reactions have shown potential
for reactive distillation:

3.1 Esterification

In esterification reaction, alcohol and acid react to form an ester. Esters are
chemical compounds having pleasant fruity odor.

ROOR’ + NaOH-ROONa + HOR’

The main application of esters is in the synthesis of artificial flavor and essence
and solvent for oil, gum, fat, and resins. They are also used as plasticizers. Esterifi-
cation is the oldest reaction carried out in a reactive distillation column. For exam-
ple, in conventional methyl acetate production, the yield of methyl acetate is low
because of low boiling azeotrope formation. This constraint is removed in RD and
almost pure methyl acetate can be collected. Fatty acid esters are natural chemicals
used, among other things in cosmetics; plastics and surfactants were also reported
to be synthesized in reactive distillation.

3.2 Transesterification

Transesterification reaction in general can be represented as the reaction
between triglyceride and alcohol to produce alkyl esters and glycerol. The best
example is a synthesis of biodiesel using transesterification. Commercially, no
industrial unit has been reported on synthesis of biodiesel in RD, but the literature
shows that pilot-scale synthesis is possible. This process occurs by reacting the
vegetable oil with alcohol in the presence of an alkaline or acidic catalyst.
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Heterogeneous catalysts are more effective from an economical point of view for
biodiesel production. Sometimes transesterification can be a beneficial alternative
to hydrolysis as it does not involve formation of water, and moreover, it brings out
the value added through formation of another ester.

3.3 Etherification

Etherification refers to the synthesis of ethers from alcohol and acid. Ethers are
an indispensable part of the fuel industry as, like the properties of alcohol, ether also
enhances the octane value of fuel when added in appropriate proportion. Several
model reactions via RD such as MTBE, ETBE, and TAME have been studied since
last two decades. These fuel oxygenates are formed by reaction of isobutylene with
alcohol to give ether and water. However, another alternative is to react tert-amyl
alcohol (TAA) with corresponding lower alcohol such as methanol or ethanol.

Alcohol + Isobutylene=>Ether
Ex : for MTBE : CH30H + (CH3)2CCH2—)CH3OC (CH3)3
For ETBE : CH3;CH,CH3 + CszOH—)(CH3>3OC2H5

3.4 Alkylation

Transfer of alkyl group from one molecule to another is known as alkylation.
Cumene and ethyl benzene are some examples which are synthesized using alkyla-
tion process. In this process alkanes, which are a part of paraffin compounds, are
reacted with an aromatic compound which results in production of a high-quality
fuel substitutes like cumene. These compounds are added to gasoline as a blend to
improve its octane number, reduce the engine problems like gum deposits on
oxidation, etc. High aviation fuel blends are produced using an alkylation process
whose octane number is denoted by a performance number having a value of
greater than 100. The catalytic alkylation method uses aluminum chloride and
hydrochloric acid as catalyst to initiate the reaction between benzene and
propylene.

3.5 Aldol condensation

In an aldol condensation, an enolate ion reacts with a carbonyl compound to
form a p-hydroxyaldehyde or f-hydroxyketone, followed by a dehydration to give a
conjugated enone. By using reactive distillation (RD), one can improve the selec-
tivity toward the intermediate or final product depending on the type of catalyst
used and by continuously removing the desired product from the reaction zone.
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3.6 Dehydration

Dehydration reaction simply means removal of water. This process is employed
generally for glycerol to obtain acetol. This reaction is usually carried into the
presence of various metallic catalysts like alumina, magnesium, ruthenium, nickel,
platinum, palladium, copper, Raney nickel, etc. Single-stage and two-stage reactive
distillation techniques are being employed, and special care is being taken to regen-
erate these catalysts as they are classified as precious and non-precious catalysts.

3.7 Acetylation

Various processes thereby produce a by-product which is of other important
industrial use. Like in the case of biodiesel manufacturing using methanol, we get a
secondary by-product called glycerol. It is a very good raw material for the process
called acetylating as in this process, especially when carried out in reactive distilla-
tion column, it is reported that about 99% conversion of glycerol into triacetin is
observed. This triacetin acts as an additive in compression engine fuels and reduced
the knocking in the engine.

3.8 Isomerization

Isomerization is a process in which one molecule is transformed into another
molecule which has exactly the same atom, but they have different arrangements.
A-isophorone and b-isophorone in spite of being isomers can be very well separated
by reactive distillation as there is a large difference in their volatilities.

3.9 Oligomerization

Oligomerization is a chemical process that converts monomers to macromolec-
ular complexes through a finite degree of polymerization. Oligomer esters and acid
were hydrolyzed using RD technology, and the results were consistent with indus-
trial literature.

3.10 Product purity

Product purity is an ultimate customer requirement. If these are not fulfilled or
low-quality product is supplied to the customer, the expectation of the customer
will not be fulfilled. For this reason, quality parameters need to be defined. These
parameters are differing in different cases. For example, few quality indexes like
physical and chemical characteristics of the product, medicinal effects, toxicity, and
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shelf life are required to be given in the case of pharmaceutical products. Quality
indexes such as taste, nutritional properties, texture, etc. are important in the case
of food products. Similarly for products from chemical processes, final composition
or product purity as quality index is required.

4. Importance of product purity in chemical engineering

Synthesis of various chemicals usually is carried out in a reactor which may or
may not be followed by separator. Either the case may be choice of design variable
is very important. The market value of overhead product or the bottom product
relies on its purity. Also the need of any further treatment for enhancing the purity
relies on the initial product composition. In view of this, the degree of freedom for
the column should be zero; that means the number of variables should be the same
or equal to the number of equations involved in modeling. For example for a
distillation column, if a designer specifies reflux ratio or boil up ratio and a distillate
rate, then there will be corresponding unique set of distillate and bottom composi-
tion with respect to a fixed feed flow rate.

5. Product purity in reactive distillation

Variability in the product purity is due to various factors including variable flow
rate, reboiler heat duty, reflux rate, and temperature inside the column. These
parameters can be controlled using various control techniques to meet final product
specification requirement as per the market demand both for large market and
small market.

Various control techniques are available which can be suitably applied to get
continuous controlled final product composition. Detailed process knowledge helps
in control of such a nonlinear process. The control performance also affects plant
processing rates and utility usage. Process control engineering helps in designing
control loop system which helps in the control of multivariable system and the
systems involved multiple inputs and multiple outputs.

5.1 Steps to achieve quality specifications
5.1.1 Fixing product specifications

A specification is the minimum requirement according to which a producer or
service provider makes and delivers the product and service to the customer.

5.1.2 Deciding on the method of manufacture
Design and implementation of method of manufacture in actual plant condition
permit to make product in the quickest and easiest way of manufacturing. These

also require preparing manufacturing instructions, sequence of operations, and
other procedures.

5.1.3 Providing the necessary machines, plant, tooling, and other equipment

Everything that is required for manufacture must be selected, taking care that all
the elements are capable of achieving the standard of quality demanded.
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6. Benefits
Benefits of reactive distillation include:
* Increased speed of operation

* Lower costs—reduced equipment use, reduced energy use, and handling being
easy

* Less waste and fewer by-products

* Improved product quality—reducing opportunity for degradation because of
less heat requirement

7. Modeling of heterogeneous catalyzed packed RDC

Modeling of RD column involves basic concept of distillation column carrying
out reaction in a reactive zone in between the rectifying zone and stripping zone
[18-21]. Thus modeling can be represented by various balances for different zones
of reactive distillation column. Non-equilibrium modeling was carried out for het-
erogeneous catalyzed packed RDC using first principle approach. The schematic
view of heterogeneous packed RDC is shown in Figure 2.

The basic assumptions for this model are as follows:

1. Constant relative volatility of the components

2. Constant liquid hold up in reactive zone, reboiler, and condenser

3. Assuming reactive zone to be a single stage

4.Negligible vapor holdup

5. Thorough mixing of vapor and liquid
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Figure 2.
Schematic diagram of packed RDC.
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7.1 Component material balance

Figure 3 gives flow of vapor and liquid over a plate/tray. As per the reaction of
two reactants producing two products, component material balance for various
sections of the column can be written as follows:

1. Rectifying and stripping trays

d Xn, Mn
% = Ln+1xn+1)]' +Vaua Vn-1,j — L"xn’j —Va Vnj @

2. Reactive trays

d (%n,;My)

dt = Ln+lxn+1,j + anl ;V,,_Lj - Lnxn,j - Vn ,'Vn’]‘ + Rn,j (2)

3. Feed trays

d(xn,jMn)

n = Ly1%n41,j + Va1 Vno1j— LyXn,j — Vy Vnj Ry + Fuzy,j 3

4. The net reaction rate for componentj on tray # in the reactive zone is given by

Rn,j = v]Mn (anxn,Axn,B - anxn, an,D) (4)
5. Reflux drum
d(xp.:M,
% = Vnryr,; — D(1+ RR)xp,j (5)
6. Column base
d(xp M,
% = Laxy,j — Bxpj — Vsyp ; (6)

7. Due to exothermic reaction, the heat of reaction vaporizes some liquid in
reactive section. Therefore, the vapor rate increases in the reactive trays, and the
liquid rate decreases down through the reactive trays.

Lo Va

X1 Yni
Trayn For B

La Vi

Xas Yol

Figure 3.
Schematic of a tray/plate.
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A
Vn = anl - A?Rn,c (7)
v
A
Ly =Ly + mRn,C (8)
v
8. Vapor phase
dm;
Ww = (Vpifl *ypifl) -pP, - Vp + Ripy 9)

where V,,;_ is vapor entering the plate p, y,,;_; is the mole fraction of component
i, and Py, is vapor added to the column, but these are leaving the column through
condenser; therefore negative sign is considered, V,, is the vapor leaving the plate p,
and n,,, is gain of species i due to transport, i.e., mass transfer rates. It is given as.

ipy = JNipv dp (10)

where Nj;, is molar flux of species i at particular point in the two-phase
dispersion.

9. Liquid phase

dm,-l

a (Lpia#xpic1) = Prp — Ly — nipy — 1i %V an

where L,;,1 is liquid entering the plate p, x,,1 is the mole fraction of component
i, Pr, is liquid added to the column, L, is the liquid leaving the plate p, and n,,; is
loss of species i due to transport, i.e., mass transfer rates. It is given as.

Njpl = JNipl dP (12)

where Ny, is molar flux of species i at particular point in the two-phase
dispersion. Since there is no accumulation at phase interphase, it follows.

Mt = Djyp — Njlp = 0 (13)

M, is the accumulation due to mass transfer.

8. Case study of methyl acetate synthesis in RDC
8.1 Pilot-scale experimental results

The experimental synthesis of methyl acetate esterification was performed in
pilot-scale heterogeneous catalytic packed RDC shown in Figure 4. The character-
istics of packed RDC are given in Table 2 and temperature data is given in Table 3.
From the observations we conclude that the temperature of the reactive zone, from
stage 3 to stage 6, lies between 50 and 70°C, which is an ideal condition for
production of methyl acetate catalytic esterification reaction. The temperature of
stripping zone lies between 50 and 59°C. Temperature of rectifying section lies
between 30 and 45°C.
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Figure 4.

Pilot-scale reactive distillation column.

Contents

Characteristics and conditions

No. of stages

10 including reboiler and condenser

Rectifying section 7-8
Reactive section 3-6
Stripping section 1-2
Packing used HYFLUX

Catalyst Amberlyst-15 (Acidic ion-exchange)
Catalyst granularity 10-100 pm

Average particle diameter (m) 7.4x10°*

Apparent density (g/cm?) 0.99

Macro porosity of catalyst 0.32

Condenser type

Total condenser

Feed Methanol Acetic acid
* Feed stage 3 6
* Feed temperature 50°C 50°C
* Feed pressure Atmospheric Atmospheric
¢ Feed flow rate (L/min) 0.03 0.03
Reflux ratio 5

Table 2.

Characteristics of packed reactive distillation column.

We have set the reboiler temperature at 70°C which is close to boiling point of
methanol. However it varies as the reaction proceeds. The composition of methyl
acetate obtained experimentally is 96%. The pressure of the top stage varies between
108 and 163 mmHg and that of reboiler varies between 249 and 300 mmHg.
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Time Temperature profile (°C) Pressure (mmHg) Reboiler temp (°C)
(min) TT T2 T3 T4 T5 Té6 T7 T8 P1 P8
10 53 52 42 43 41 36 33 22 108 280 66
20 52 56 49 53 51 50 42 27 138 293 66
30 55 57 52 55 55 51 41 30 115 270 70
40 56 56 54 55 61 52 42 40 115 270 70
50 57 55 52 56 61 52 44 41 117 272 69
60 56 59 55 57 68 54 43 40 138 270 72
70 57 58 55 56 65 52 44 40 114 273 70
80 58 59 56 60 64 56 45 40 115 249 66.4
90 58 59 57 60 56 57 40 41 115 249 68
100 56 59 55 57 60 51 44 40 169 300 70
110 56 55 51 55 60 48 42 40 163 295 72
120 56 55 51 55 60 49 43 40 163 294 72
Table 3.

Experimental results of methyl acetate synthesis.

Figure 5.
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Variation in product composition WRT time.

It is obvious that the product composition continuously increases with respect to

time and as soon as concentration of reactants decreases, the composition also
decreases. For continuous process, continuous supply of reactants is required to

maintain the product composition. The variation of composition with time is shown

in Figure 5.

9. Simulation and optimization

Simulation and optimization are the act of obtaining the best result under given
circumstances. Optimization can be defined as the process of finding the conditions
that give the maximum or minimum value of a function. Process optimization is the

discipline of adjusting a process so as to optimize some specified set of parameters
without violating some constraints. The chemical industry has undergone signifi-
cant changes during the past 25 years due to the increased cost of energy,
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increasingly stringent environmental regulations, and global competition in product
pricing and quality. One of the most important engineering tools for addressing
these issues is optimization. Modifications in plant design and operating procedures
have been implemented to reduce costs and meet constraints, with an emphasis on
improving efficiency and increasing profitability. Optimal operating conditions can
be implemented via increased automation at the process, plant, and company levels,
often called computer-integrated manufacturing. Computers and associated soft-
ware make the necessary computations feasible and cost-effective [22-25].

9.1 Steady-state simulation and optimization

Steady-state simulation of methyl acetate esterification was carried out using
Aspen Plus simulator. Radfrac module, NRTL property method, and other operating
conditions such as feed condition, feed location, operating pressure, column configu-
ration including number of stages and reaction stage, type of condenser, type of
reboiler, and feed flow rate of the components used are specified in Aspen Plus
environment. The specification and other results are included in Table 4. The simu-
lation flow sheet is shown in Figure 6. The product purity is attaining a highest value
at the top stage. The composition profile of the column is shown in Figure 7. As shown
in figure, the maximum composition of product methyl acetate obtained is 95.4%. The
amount of methanol and acetic acid is much lower at the top of the column; this
indicates the complete consumption of reactants and formation of product.

The temperature profile of the column is shown in Figure 8. As shown in figure,
we can clearly observe that the temperature of the reactive section is higher than the
other section; this is because of the exothermic nature of the esterification reaction.
Also, temperature of reboiler is higher than the temperature at condenser. As it can
be observed from the figure, the condenser temperature which is 57.4°C is lower
than reboiler temperature which is 62.7°C. The temperature of the reactive zone is
varied between 61.3 and 77.8°C, making it compatible to the exothermic nature of

Parameters Values
No. of stages 10, including reboiler and condenser
Reactive stage 3-6 (reactive zone)
Rectifying stage 2-3
Stripping stage 7-9
Input condition Methanol Acetic acid
Temperature 50°C 70°C
Flow rate 0.03 L/min 0.05 L/min
Reboiler heat duty 0.2 kW
Reflux ratio 5
Condenser temperature 57.40°C
Distillate rate 10.56 mole/hr
Reflux rate 52.81 mole/hr
Reboiler temperature 62.66°C
Bottom rate 86.12 mole/hr
Boil up rate 23.62 mole/hr
Boil up Ratio 0.274
Table 4.

Input condition and result of RDC.
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Figure 6.
Flow sheet of methyl acetate RDC.
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Figure 7.
Composition profile of methyl acetate RDC.

the esterification reaction. The maximum temperature of the condenser during
experiment was 58°C, and the temperature of the condenser obtained from Aspen
Plus was 57.4°C, which shows good agreement between experimental and simula-
tion results.

9.2 Sensitivity analysis of methyl acetate RDC

Reactive distillation exhibits multiple steady-state conditions throughout the
operation. This is known as multiplicity of the process. There are two types of
multiplicity; one is known as input multiplicity, and the other is known as output
multiplicity. This is the condition in which column gives same output for the
different sets of process condition. In this paper, we have studied input multiplicity,
in which we obtained same output for different input conditions. To analyze the
situation, we have performed sensitivity analysis in Aspen Plus simulator.

For sensitivity analysis, we have first chosen molar flow of methyl acetate on the
basis of heat duties whose lower and upper bounds are fixed as 1 and 3 kW, respec-
tively. For the second case, we have calculated mass fraction of methyl acetate by
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Block ED: Temperature Profile

e

Figure 8.
Temperature profile of methyl acetate RDC.
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Figure 9.
Sensitivity analysis based on reboiler heat duty.

setting the molar flow of acetic acid in feed in the range of 0.01-0.08 L/min. In the
third case, we have calculated distillate flow rate by varying feed flow rate in the
range of 0.01-0.08 L/min to calculate the distillate-to-feed ratio (D/F). Similarly we
have also calculated bottom-to-feed ratio (B/F). The result curves are shown in
Figures 9 and 10, respectively. A shown in Figure 9, we can observe that the flow
rate of methyl acetate is increasing as heat duty is increasing and found the maximum
flow rate to be 0.927 Ibmol/hr. at heat duty of 6820 Btu/hr. Similarly, we can observe
that in Figure 10, the variation in flow rate of acetic acid is observed WRT mole
fraction of product methyl acetate. The maximum product fraction is observed as
95.2% at flow rate of 0.0872 cuft/hr. The effect of change in distillate-to-feed Ratio
(D/F) and change in bottom-to-feed (B/F) ratio on composition was also observed. It
was found that optimized distillate-to-feed (D/F) ratio obtained 0.6275 and opti-
mized bottom-to-feed (B/F) ratio obtained 0.4238 to get maximum product purity.
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Figure 10.
Sensitivity analysis based on acid flow rate.

9.3 Optimization of methyl acetate RDC

Model analysis tool under Aspen Plus simulation facilitates optimization of the
reactive distillation column. In this analysis we defined mass fraction of methyl
acetate as objective on the basis of standard volumetric flow rate of acetic acid to
obtain the minimum product composition that can be achieved at the top of the
column. Heat duty was defined as constraint with fixed values between 1 and 3 kW

Row Casel Optimized flow Case II Optimized

Variation in reboiler rate of methyl Variation in volumetric product
heat duty acetate flow rate of acetic acid, ft3/ composition
Btu/hr Ibmol/hr hr

1 3412.14 0.0549 0.0211 0.4808

2 4170.39 0.0637 0.0376 0.6776

3 4928.64 0.0723 0.05414 0.8070

4 5686.90 0.0807 0.07062 0.9011

5 6445.15 0.0888 0.08710 0.9522

6 6824.28 0.0926 0.10358 0.9596

7 7203.41 0.0920 0.10594 0.9604

8 7961.66 0.0904 0.12006 0.9643

9 8719.91 0.0902 0.13655 0.9676

10 9478.17 0.0900 0.15303 0.9700

11 10236.42 0.0893 0.16951 0.9719

Table 5.

Summary of the sensitivity and optimization results.
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Figure 11.
Sensitivity curve for optimized flow rate and composition.
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Sensitivity curve for column temperature based on reflux vatio.

as lower and upper limits, respectively. After the optimization, we obtained 26.99%
as the minimum composition of methyl acetate and 2 kW as the required optimized
heat duty.

The summary of optimization and sensitivity results obtained from Aspen Plus
simulation is included in Table 5. The optimized value of reboiler heat duty
obtained was 2 kW, and optimized reflux ratio obtained was 4.69. These values are
close to the experimental values which again show good agreement between exper-
imental and simulation studies. The optimized flow rate of methyl acetate obtained
using reboiler heat duty as manipulated variable is 0.093 Ibmol/hr., and optimized
product fraction obtained using standard volumetric flow rate of acetic acid is 0.96.
The sensitivity result curve for optimized flow rate and composition of methyl
acetate is shown in Figure 11, and sensitivity result curve for variation in column
temperature based on reflux flow is shown in Figure 12.
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10. Conclusion

This chapter gives details of reactive distillation as effective unit for various
synthesis and manufacturing. The detailed case study envisaged to produce methyl
acetate using methanol and acetic acid in a pilot plant reactive distillation column.
The operating conditions were maintained as feed temperature of 50°C, column
pressure of 1 atmosphere, feed rate of 0.03 L/min, and initial reboiler temperature
of 70°C. The experiment yielded high purity of methyl acetate. We have succeeded
in obtaining 95% purity of methyl acetate. The experimentation was then followed
by simulations so as to contrast the results. The Aspen Plus simulation gives methyl
acetate purity of 91.1%. This was followed by validation of results using sensitivity
and optimization analysis. The optimized value of reflux was obtained as 4.69 and
required reboiler duty 2 kW. The sensitivity analysis registered distillation-to-feed
(D/F) ratio as 0.6275 and bottom-to-feed (B/F) ratio 0.4235 to obtain maximum
product purity. These encouraging results establish a good agreement between
experimental and simulation studies.

Nomenclature

v; stoichiometric coefficient

R,,; reaction rate on #nth stage

M, liquid holdup on nth stage

kFy forward reaction rate on nth stage
kBn backward reaction rate on nth stage
Xn,j liquid composition on nth stage
Va flow rate of vapor on nth stage
Ly, flow rate of liquid on nth stage
A heat of reaction

AH, net heat of vaporization

NT total number of stages

D distillate flow rate

B bottoms flow rate

Yn,j vapor composition on nth stage
RR reflux ratio

F, feed flow rate on nth stage

Zn,;j feed composition on #th stage
P]fs pure component vapor pressure
T, temperature at nth stage

p total pressure
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