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Abstract

Automation of process simulators with third-party software al-
lows programmers to expose objects within a program to be used
by other applications, access the parameters of a simulation, and
estimate physical properties. This paper presents six typical exam-
ples of automation for process simulation by linking Aspen HYSYS
with MS Excel VBA: determination of the existence and composi-
tion of homogeneous azeotropes, optimisation of a distillation tow-
er with side draws, evaluation of the relative gain array of a process,
determination of the temperature and concentration profiles inside
a catalyst particle by considering the reaction and simultaneous
non-isothermal internal and external diffusion phenomena, a solu-
tion to a multistage separation problem and the simulation of the
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thermal cracking of ethane with coke formation.
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Introduction

Chemical process engineers deal with two types of tasks [23]:
the design of new processes and the analysis of existing ones
for modifying or optimising them. Currently, these activities are
strongly rely on computational modelling and simulation of the
processes. The simulation of complex processes requires nu-
merous equations. These equations are related, among other
things, to the fundamentals of the process operations involved,
the mass and energy balances of each individual operation and
the overall process, the phase and chemical equilibria (based
on the activity coefficient or equations of state models), the ki-
netics of heat and mass transport and chemical reactions, and
equipment sizing. Additionally, models for manipulating infor-
mation within process simulations are required: for instance,
for algorithms to ensure convergence when recycling informa-
tion. Many of these equations can be differentiated entirely and
even partially. Both the convergence and accuracy of the simu-
lation results strongly depend on the suitability of the models
(including property models) and the algorithms employed to
solve the equation systems. However, several models and algo-
rithms are complex and difficult to implement or program.

Commercial process simulators, such as Aspen Plus, Aspen
HYSYS, Unisim, VMGSim, ProMax, and ChemCad, are very ro-
bust program packages capable of solving complex tasks related
to all the issues typical of process engineering and offer chemi-
cal engineers the opportunity to make fast and complex calcula-
tions.

Aspen HYSYS is a process simulator widely used at the in-
dustrial level, particularly for conceptual design, control, op-
timisation, and process monitoring at different stages of any
project. A clear advantage of this simulator if compared with
its counterpart Aspen Plus is that its architecture permits the
integration of the steady-state and dynamic models in a single
unit. The competence of process simulators can be improved by
interesting developments, such as the integrated analysis meth-
odology developed by Aspen Technology and implemented in
the Aspen ONE program suite [4]. This allows access to econom-
ic, energetic, and safety analyses of the process and equipment
design directly from the Aspen Plus and Aspen HYSYS process
simulators.
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In commercial process simulators, all questions related to
the models, selection, and computational implementation
have received significant attention and have been properly
addressed. Moreover, commercial process simulators contain
large databases of the physical properties of pure components
and mixtures, as well as models for the calculation of thermo-
dynamic and other physical and transport properties. For ex-
ample, the Property Method in Aspen Plus or a Fluid Package
in Aspen HYSYS comprises a phase equilibrium model and dif-
ferent models for physical property calculations. Rigorous prop-
erty estimation is essential for guaranteeing accurate results
in process simulations [12,18,28]. However, the availability of
process simulators in this field does not exempt users from the
responsibility to select a property method or fluid package that
provides a sufficiently accurate representation of the system
under consideration. Different models must often be checked
against measured data to select the most accurate model. Oc-
casionally, a tedious search is required to collect the parameters
of the selected model, or it may be necessary to adjust some
model parameters to achieve a better description of the meas-
ured data. All these issues require considerable computational
effort if automatic realisation is desired.

Despite the advantages that simulators provide to process
engineers, several restrictions related to their use can be identi-
fied. First, to make an effective use of the simulators, process
engineers must know the guidelines and assumptions of the
models provided by each simulator [20]: each program has its
own specific “rules” of procedure, language, and/or capabilities.
Thus, it is important to understand the cases in which they are
useful, and how to extract information from them. Moreover, it
is difficult to evaluate certain properties or algorithms used by a
specific simulator because they can neither provide satisfactory
solutions nor converge. However, the more robust and complex
a process simulator becomes, the farther it is from the specific
and quotidian needs of a common user. The appearance and
consolidation of enterprises and process engineering consult-
ing, such as Process Ecology (http://processecology.com) and
Billington Process Technology AS (http://bpt.no), which aim to
develop user models and apps for use with a specific process
simulator, describe this phenomenon well. They expand capa-
bilities by adding new “resources” to the existing process simu-
lators.

A solution to these issues is to automate the simulation proc-
ess with third-party software such as MS Excel VBA. Automation
is described by the Aspen Technology, Inc. company as the use
of third party tools such as Visual Basic to programmatically run
a simulator as Aspen HYSYS. Using this functionality, the com-
plexity of a simulation can be hidden by building a front end in
another program created by the user, which allows access to
only the important parameters of the simulation. Automation
allows programmers to expose objects within a program for
use in other applications. Using an automation client, such as
Visual Basic for Applications (VBA), embedded inside MS Excel,
the end user can write code to access these objects and interact
with Aspen HYSYS. The end user does not need to see the Aspen
HYSYS source code or understand what is required to expose
the objects. Using the Visual Basic code, it is possible to send
and receive information to and from HYSYS, respectively. The
exposed objects enable performing nearly any action through
the Aspen HYSYS graphical user interface. In this manner, end
users can introduce algorithms for solving specific problems
that are not considered by simulators and take advantage of
their extraordinary capability to estimate physical properties.

There are numerous possibilities and the potential for innova-
tive solutions is endless. Another factor to consider is that au-
tomation saves time and reduces the probability of error from
tedious manual calculations.

Some examples of automation can be found in literature.
Aspen Dynamic and MATLAB Simulink software were used to
analyse the sequencing of the distillation columns in the second
phase of the South Pars Gas Refinery to separate the feed of
normal paraffin into four mixtures of products [27]. A straight-
forward method for calculating the physical and chemical exer-
gies of a material stream was proposed by linking Aspen HYSYS
with the MS Excel VBA code [1]. Computer-aided exergy calcu-
lations made the exergy analysis more accessible in the HYSYS
process simulator, providing more insight into the nature of the
irreversibilities associated with specific processes. Similarly,
Aspen HYSYS was used to simulate a depropanizer process by
generating input-output data to develop the plant model and
conduct performance tests, whereas MATLAB-Simulink was
used to conduct model identification, design the model predic-
tive control (MPC), and implement the multivariable control ac-
tion to reduce the variation in product purity due to operational
constraints [47]. VBA tools have also been linked with Aspen
HYSYS for safer design of heat exchanger networks [40]. An
interface between the commercial software Aspen HYSYS and
MS-Excel VBA was used to study the effects of environmental
relative humidity on the performance of the natural-gas lique-
faction process [43]. Recently, two more studies have demon-
strated the capability of automation procedures based on the
use of Aspen HYSYS to effectively simulate processes. Thus, a
transcritical heat-driven compression refrigeration machine
with CO, as the working fluid was simultaneously simulated and
optimised from thermodynamic and economic viewpoints [31],
and an optimisation-simulation strategy was applied by cou-
pling the aforementioned simulator with a programming tool
(MATLAB) to produce a precise steady-state simulation-based
optimisation of an entire green-field saturated gas plant [3].

MS Excel VBA was also linked with Aspen Plus to simulate a
hybrid pervaporation—distillation process [50]. The Gensym G2
and Aspen HYSYS process simulators were used to introduce a
knowledge-based simulation-optimisation framework to gener-
ate sustainable alternatives to the HAD process [22]. The hierar-
chical design method implemented by these authors as a deci-
sion support system was used to generate alternative designs,
sustainability metrics, and multi-objective optimisation. VMG-
Sim and MS Excel VBA were used to control the loop configura-
tion and eco-efficiency of the chemical processes [39]. In this
manner, the properties of all material and energy streams of a
simulated case were extracted and processed using MS Excel
VBA, and exergy computations were performed.

In recent years, the digitalisation of the chemical industry
has attracted the attention of specialists with different profiles
[38]. To create digital twins of physical assets, process simula-
tors are embedded into (more complex) central models, where
different programming languages and applications are used [9].
To achieve this, process simulators should be linked to other
programs; that is, automation and extensibility should play an
important role. The concept of central model is related to that
of Model Based Systems Engineering (MBSE). MBSE approaches
are a vital part of digital threads (defined as graphs whose nodes
are elements in various enterprise repositories, tools, and ver-
sion control systems). Commercial software as Syndeia™, which
is built on various open standards, open-sources projects, and
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libraries, etc., enables engineering teams to develop and man-
age a digital thread for any complex system by connecting mod-
els and data from diverse modelling and simulation tools, en-
terprise applications, and data repositories collaboratively and
concurrently. Correspondingly, the digitalisation of the indus-
trial chemical sector has become a definitive stimulus for both
the theoretical and practical development of process simulator
automation.

The authors of this paper have reported several studies re-
lated to the use of Aspen HYSYS and Aspen Plus to simulate
different chemical processes. Thus, the gasification of animal
waste was simulated in a dual gasifier using Aspen Plus [13],
and in an integrated process (pine gasification, syngas cleaning,
and methanol synthesis) using Aspen Plus [42]. Finally, the COS-
MOSAC property model was used in Aspen Plus to study CO, ab-
sorption [10] and liquid-liquid separation of aromatic-aliphatic
mixtures [11,29] with ionic liquids as solvents. Most recently,
the binary interaction parameters of the e-NRTL model for 171
salts in water were obtained and validated using the compiled
data of mean ionic activity coefficients vs. molality [48]. The e-
NRTL equation was solved with Aspen Plus by linking the proc-
ess simulator and Excel VBA code via automation as third-party
software.

This paper presents six examples of automation for the simu-
lation of processes by linking Aspen HYSYS with third-party soft-
ware such as MS Excel VBA: determination of the existence and
composition of homogeneous azeotropes, optimisation of a dis-
tillation tower with side draws, evaluation of the relative gain
array of a process, determination of the temperature and con-
centration profiles inside a catalyst particle by considering the
reaction and simultaneous non-isothermal internal and exter-
nal diffusion phenomena, solution to a multistage separation
problem and the simulation of the thermal cracking of ethane
with coke deposition. The selected examples correspond to
well-known complex engineering problems which have been
solved by other authors using different calculation procedures.

The determination of the existence and composition of ho-
mogenous azeotropes, analysis of the internal and external
diffusion phenomena in heterogeneous catalysis, evaluation
of the relative gain array of a process, and simulation of ther-
mal cracking of ethane with coke deposition are examples of
computational problems that cannot be solved in Aspen HYSYS.
However, these are important questions to resolve in the con-
ceptual and basic design of most processes whose solution
forces the use of other external programs, unlike Aspen HYSYS,
if this is used as the main simulator in engineering calculations.
This procedure entails an undesired transfer of information
between different programs, which can consume considerable
time or be a source of severe errors.

However, although Aspen HYSYS has several algorithms for
solving optimisation tasks, it may not have a straightforward
solution within this program, depending on the nature of the
problem raised. The original configuration of the optimiser,
which is recommended for general optimisation problems, may
fail when searching for the optimal conditions independent of
the selected scheme. The remaining configurations implement-
ed in the Aspen HYSYS optimiser require the support of the De-
rivative Utility, whose definition is complex.

Regarding the fifth case selected in this study to illustrate
the advantages of Aspen HYSYS automation with MS Excel VBA,
it is important to recognise that the program allows the sim-

ulation and design of multistage operations in a versatile and
powerful manner using a rigorous Distillation Column model.
However, column convergence may be difficult if the model is
not accurately specified. This issue is frequent in the first stages
of the conceptual design of separation operations when insuf-
ficient information, both in quantity and quality, is available
for specifying the calculation. In these cases, shortcut models
are strongly recommended because they may produce reason-
ably good designs if used properly [5,6,51]. In Aspen HYSYS the
Shortcut Column model based on the Fenske—Underwood-Gil-
liland approximations is available and allows for good oriented
designs. However, the Shortcut column model cannot display
significant information on the column design, such as the col-
umn profiles of temperature and composition.

Finally, in the last case, the simulation of the thermal crack-
ing of ethane with coke deposition cannot be simulated be-
cause the formation of coke cannot be introduced, which could
also affect the open diameter of the plug flow reactor where
this process is performed without resorting to extensibility pro-
cedures.

In summary, the main contribution of the current study is to
demonstrate that the connexion of Aspen HYSYS with a third
party software allows to compute complex processes and op-
erations by using advanced algorithms, which are not imple-
mented in the commercial simulator.

Computational Details

Aspen HYSYS V11 was used as the reference simulator in this
study. Converged Process Flow Diagrams (PFD) were defined for
each example. Process variables such as the molar flow rates,
pressure, temperature, and molar enthalpy used in the different
computations were imported or exported from Aspen HYSYS to
MS Excel VBA and vice versa via Object Linking and Embedded
(OLE) automation. The VBA codes controlled the process and
performed all external computations using Aspen HYSYS.

Figure 1 shows the VBA code used in Case 6 for connecting
Aspen HYSYS and defining the objects used to send and extract
information to and from the different streams, respectively (Fig-
ure 2). In a previous work, more information about the way to
make the automation process is described [49].

Results and Discussions

Case 1: Determination of the Existence and Composition of
Homogeneous Azeotropes

Determining the existence and composition of homogene-
ous azeotropes is important from both theoretical and practical
perspectives [33,34,35]. The strict determination of azeotropes
from experiments alone is expensive. Computational prediction
of azeotropes is a method for reducing this cost because the
computational results can be used to narrow the experimental
search space.

Assuming ideal vapour behaviour and a Poynting correction
factors of one, the following expression can be derived.

wP=x B, el (1]

_Where Cis the set of components, P is the system pressure;
¥i is the activity coefficient of component i in the ligiid phase;
PF5% s the vapour pressure of component i; ¥ and *1 are the
mole fraction of component i in the vapour and liquid phases,
respectively. Using the homogeneous azeotropic condition
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x; =¥, i€ L, Cnonlinear equations can be defined:
F() = (;—y)* =0,

All possible solutions yield the composition of the existing
azeotropes. The solution of this set of equations can also pre-
dict the bniline noints of the C pure components because this
situation *i = ¥ is also satisfied. Both solutions are called Sin-
gular Points. In this study, the Levenberg—Marquardt algorithm
for solving systems of nonlinear equations was used [36]. This
algorithm, which was initially derived by the author to evaluate
parameters by regression in nonlinear models, was effectively
extended to solve systems of nonlinear equations. This algo-
rithm has been used and implemented as an MS Excel VBA tool
in several previous studies [2,8,19,21,30,48].

iel [2]

In this study, the presence of azeotropes in a liquid ternary
mixture of acetone, chloroform, and methanol at 1 atm was
analysed. As mentioned in Introduction, Aspen HYSYS has no
tool that allows the estimation of azeotropes, unlike Aspen Plus.
Case 1 utilised the advantage of automation for evaluating aze-
otropes using Aspen HYSYS.

The Aspen HYSYS process flow diagram used in this study
is shown in Figure 1. UNIQUAC was used as a Fluid Package.
As Aspen HYSYS cannot modify the molar fraction of a stream,
three streams of pure acetone, chloroform, and methanol were
created. Thus, the composition of the stream Feed was defined
as the sum of the three pure streams. MS Excel VBA sends the
molar flow values for each stream proportional to *i. These
streams were mixed to obtain the stream Feed. This stream
was conditioned with a heater (Heat Exch) to obtain a new one,
To Sep, with a vapour fraction of 0, which corresponded to the
boiling temperature of the mixtures, and was in turn returned
to the MS Excel VBA application. The latter stream is applied to
a separator (Separator). The composition of the stream Vapour,
which corresponded to i, was also returned to the MS Excel
VBA code.

Because different solutions can be found, and they are pre-
sumably dependent on the initial values considered in the it-
erative procedure, the strategy followed here is coincidental to
that reported elsewhere based on interval mathematics [33],
which considers a sequence of intervals, that is, the initial up-
per and lower bounds on all variables. Since the optimization
procedure used starts to compute solutions from a set of initial
values of the unknowns, an algorithm was implemented to dis-
card solutions equal to those previously computed. Solutions
with numerical values of the function

5= E|l':=1.|::--r|' _J"I':I: [3]
Higher than 10'? were automatically rejected.

The results are listed in Table 1, along with those estimat-
ed by Aspen Plus considering UNIQUAC-Ideal as the Property
Method, and those experimentally obtained and reported else-
where [25] at the same pressure. Some discrepancies, espe-
cially relevant to the prediction of the ternary azeotrope, were
found when the experimental results and those predicted with
Aspen HYSYS-Excel VBA were compared.

Case 2: Optimization of a Distillation Tower with Side Draws

This case is taken from Seider et al. [45]. The distillation
tower requires optimisation. A feed containing normal paraffins
from n-C, to n-C, was fed to the 25 stages tower (including the
condenser and reboiler) at Stage 15 and counted upward from

Table 1: Solutions obtained in Case 1: comparison with experimental
data and those estimated by Aspen Plus. Singular points of the ter-
nary mixture: acetone-chloroform-methanol.

Aspen HYSYS-EXCEL-VBA

Iterations 2 2 2 22 23 22 19

S (eq.3) <10 | <10%° | <10*° & 10% 10 10 10
T (2C) 56.06 @ 61.10 @ 64.48 | 55.36 | 53.70 60.04 63.81
X, cetone 1.000 | 0.000 0.000 | 0.759 | 0.000 0.276  0.388
X hroroform 0.000 | 1.000 0.000 | 0.000  0.655 | 0.169 0.612
X thanol 0.000 = 0.000 1.000 | 0.241 | 0.345 | 0.555 0.000

Aspen Plus

T (2C) 56.14 |« 61.10 | 64.54 | 55.24 | 54.09 67.46 64.61
X, cetone 1.000 | 0.000 0.000  0.777 | 0.000  0.311 0.341
X hroroform 0.000 = 1.000 0.000 | 0.000  0.673 | 0.252  0.659
X thanol 0.000 = 0.000 1.000 | 0.223 | 0.327 | 0.437 @ 0.000

Experimental data [25]

T (2C) 56.80 @ 61.21 | 64.55 | 55.24 | 53.33 | 57.67 @ 64.47
X, cetone 1.000 | 0.000 0.000 @ 0.775 | 0.000  0.381  0.363
X hroroform 0.000 = 1.000 0.000 | 0.000 | 0.650 | 0.241 0.637
X thanol 0.000 = 0.000 1.000 | 0.225 | 0.350 | 0.378  0.000

—_—

Acetone s Vapor

Q
Chioroform ﬂ Feed To Sep Separator
Mixer Heat Exch
Methanol |_|_,q-uf¢

Figure 1: Aspen HYSYS process flow diagram used in Case 1.

il ] ad
Temperature 489 |C D
Pressure 1724 | kPa
Molar Flow 4,300 | kgmole/h Feed = |

Mole Frac (n-C5) | 0,3217
0,1347
0,1685
0,0462

0,3290

)
Mole Frac (n-C8)
Mole Frac (n-C7)
)
)

Mole Frac (n-C8;
Mole Frac (n-C9

-
: s1
;
L Qr
%ﬂr =
|

[ B
Column

B | Pressure | 1793 | kPa |
Figure 2: Aspen HYSYS process flow diagram used in Case 2.

the partial-reboiler stage. The objective is to adjust the operat-
ing conditions to achieve a distillate (D) concentrated in n-C, a
side draw at stage 20 (S1) concentrated in n-C,, a second side
draw at stage 10 (52) concentrated in n-C, and n-C,, and a bot-
tom product (B) concentrated in n-C,. The operating conditions
to be adjusted were the reflux ratio and flow rates of the distil-
late and two side draws. The optimisation problem to be solved
is as follows:

Maximize Function = Dpz + 51, + 52 + 52 + By [4]
W.r.t. R, D, S1, S2
s.t. S5=R =10

0.1 =D/F = 0.7

0.1 =51/F =07

0.1 = 52/F = 0.7

(D+ 51 +52)/F = U.':'JS'

where R is the reflux ratio; F, D, S1, S2 and B are the molar
flow rates of the feed, distillate, two side draws, and bottom
product streams, respectively; and the subscript denotes the
molar flow rate of a specific chemical species in that stream.

In this study, the Compass Search algorithm was used [7],
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which was implemented using an MS Excel VBA tool. The As-
pen HYSYS process flow diagram used in this study is shown in
Figure 2. The Peng—Robinson software was used as the Fluid
Package. Different variables were sent, extracted, and returned
to Aspen HYSYS.

Results are listed in Table 2 along with those estimated by
the optimization tool integrated in Aspen HYSYS and those re-
ported by Seider et al. [45] by considering ideal behaviour of
both liquid and vapour phases. Although the objective function
computed for the three situations were similar in value, differ-
ences were observed among the prediction made by Seider et
al. [45], most likely owing to the Fluid Package considered, and
that obtained with the other two procedures.

Case 3: Evaluation of the Relative Gain Array of a Process

The Relative Gain Array (RGA) is used for find best pairing
that corresponds to good controller performance a widely used
method for determining the best input-output pairings for mul-
tivariable process control systems to minimise the number of
interactions among the resulting loops [17] (Chen and Seborg,
2002). The steady-state gain that is used in pairing analysis pur-
pose is obtained from closed and open loop simulation of the
process.

If a process with two outputs (y, and y,) and two inputs (m,
and m,) is considered, by assuming that the manipulated vari-
able m, remains constant, a step change in the input manipu-
lated variable m, of magnitude Am, can cause a change, Ay, and
Ay, from the previous steady state of output variables y and y,,
respectively. The open-loop static gain between y, and m, when
m, is kept constant is given by. {13_.)

Amy [5]

Thus, the open loop gain matrix (A) can be derived:
! ﬂ) '-'ll'l)
D R L] [6]

413 ' i)ml

Amy Amg

m; Ty

The RGA, A, can be computed using two simple operations,
which avoids evaluating closed-loop gains:

=007, 7]
A =AZ . (dot or Hadamard product of Aand Z) [8]

Each element of the dot product is, in turn, each element of
the matrix A is the product.

A

ij = ajj * aj; [9]

Each row and column of matrix {* sums to 1. The relative gain

is a useful measure of interaction. In this manner, the control

loops are selected by pairing the controlled outputs y, with the

~anipulated variables m, in such a way that the relative gains,
4, are positive and as close as possible to unity.

The case presented in Figure 3 was considered as an exam-
ple. Three variables require control: level of liquid and pressure
in the Separator and temperature of the stream Liquid, with
three other manipulated variables, flow rate of the stream Lig-
uid (valve), flow rate of the stream Vapour, and heat duty in
Cooler represented by stream Q. In the steady-state simulations
performed using Aspen HYSYS, the liquid level in the tank could
not be modified. In addition, it is common to control the level
of liquid in a tank with a valve inserted into the liquid effluent
from this vessel (stream Liquid). Thus, only two manipulated
variables (flow rate of stream Vapour and heat duty in Cooler

—
To Cooler Vapour
Temperature 247 |C
Pressure 3450 | kPa Q
Mole Frac (C1) 0,7500
Mole Frac (C2) 0,1000 |
Mole Frac (C3) 0,0500 To Cooler To Sep Separator
Mole Frac (i-C4) | 0,0500 Cooler
Mole Frac (n-C4) | 0,0050 To Sep
Mole Frac (i-C5) | 0,0050
Pressure 3425 | kPa
Mais Frac;(n€5): 10,0200 Molar Flow | 500,0 | kgmole/h
WMole Frac (n-C6) | 0,0200 P
Liquid
Figure 3: Aspen HYSYS process flow diagram used in Case 3.

represented by stream Q) and two controlled variables (pres-
sure in the Separator and temperature of the stream Liquid)
were considered. Both open-loop gain matrix (A) and relative
gain array (/) were evaluated using MS Excel VBA. One manipu-
lated variable was slightly modified (0.1% of its value), while
keeping the other variable constant. This modification affected
the controlled variables, which allowed the computation of the
open-loop static gains.

Table 3 presents the results of the study. Thus, two control-
lers should be defined by pairing the variable temperature of
Liquid with the heat duty in Cooler and the variable pressure in
Separator with the flow rate of Vapour (valve).

Case 4: Determination of the Temperature and Concentra-
tion Profiles inside a Catalyst Particle

On the pore walls of a solid catalyst, chemical reactions oc-
cur simultaneously with diffusion, indicating that these two
processes are not strictly consecutive and must be considered
simultaneously. Thus, the steady-state mass and heat balances
for an arbitrary reaction using spherical geometry are [15]:

ii(r:
rZ dr

(71, 22) + (—amn [ Tp =0, (1Y

where ris radial position in a spherical particle; C, is the mo-
lar concentration of reactant A inside the particle; D_is the ef-
fective diffusivity of reactant A; T_is the temperature inside the
particle; r.is the reaction rate as a function of CAsand T;p,is the
density of the catalyst; _ is the effective thermal conductivity in
the solid particle; and (-AH) is the heat of reaction.

LT
m%} —5lC.. Tlp. = 0. [10]

If external temperature and concentrations gradients are
considered, the boundary conditions are
dCax =0 Ty

dr Todr

PR Doyt =k (C,—CH) + A, =R (T -T2, [13]

r=10 =10 [12]

where R is the radius of the particle; C, is the molar concen-
tration of Reactant A in the bulk fluid; T is the temperature of
the bulk fluid; C,* is the molar concentration of Reactant A at
the surface of the solid; T:is the temperature at the surface of
the solid; kg is the mass transfer coefficient from the bulk fluid
to the solid interface; and hf is the heat transfer coefficient of
the film surrounding the particle. By solving these equations,
the concentration of Reactant A and the temperature profiles
inside the particle can be determined using the following two
effectiveness factors:

rate of reaction with pore diffusion resistance

n= . [14]

rate of reaction at surface conditions

Ny = rate of reaction with pore diffusion resistance [15]
g = .

rate of reaction at bulk fluid conditions

The heat transfer correlation, hf relating the Nusselt number
to the Prandtl and Reynolds numbers for a flow around a sphere
is [14,44]:
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Table 2: Solutions obtained in Case 2: comparison with results
obtained by optimization tool integrated in Aspen HYSYS and those
reported by Seider et al. by considering ideal behaviour of both liquid
and vapor phases [45].

Aspen HYSYS-MS A.sp?n I-.IYSYS Seider et al.
Excel-VBA (Optimization Tool)

Function 3.874 3.869 3.828
(kmol/h)

D (kmol/h) 1.377 1.365 1.520
R 10.000 9.885 10.000
S1 (kmol/h) 0.580 0.602 0.454
S2(kmol/h) 1.036 1.005 0.980

Table 3: Relative gain array in Case 3.

Controlled variables

Manipulated variables T iquia (2C) Sep Pressure (kPa)

{ 0.99682 288 0003177122

Q duty (kJ/s)

“OELTTL 0.996822678

Vapour Flow rate (kmol/s)

=
el
SET-5
&
.l iy
leeT1 cpz -— Product
ah
=
Mocer Heater
s=r2 i
SET-3 Water Qr I_-.
HNull

N2
SET-

Figure 4: Aspen HYSYS process flow diagram used in Case 4.

Nu=2+0.6Re 2pr/s = (erp) =24 0.5(%)”: (ﬁ)“{ (16]

a
where dp is the diameter of the particle; u, A, p, 4, and Cp
are the free-stream velocity, thermal conductivity, fluid density,
viscosity, and specific heat of the fluid under bulk conditions,
respectively.

kg can be computed using the Frossling correlation [16]:

wd wpd Mo 4 Y
(22) =2 +0.6(22) * () . 27)

m

Sh=2+0.6Re 25c"7 -

where D, is the molecular diffusivity of A in the multicom-
ponent mixture. The binary diffusion coefficients, D,, can be
computed using the semi-empirical Fuller—Schettler—-Giddings
relation [17]:

|
po-TrLis(t, L)z 2

_ wly o Mg m=
Dy = {3 ) (18]

. 1 12
P[(Evin) Va4 (Eivia) Vs

where T is the temperature (K); M, is the molecular weight
(g/mol); and V,are the volumes of the parts of molecule j [17].

By considering an arbitrary reaction:

ad + bE + e rR + 55 + -+ [19]

the molecular diffusivity of A in a multicomponent mixture
can be computed as follows [15]:
L __ ¢ O R ), St
EF{#_{ {D,ﬁ: (Jh +J_| |':'.-1|)}J [20]
where y,is the molar fraction of species j; ais the stoichio-
metric coefficient of species j in Equation [18]; N is the number

of components in the multicomponent mixture; and.
lr+z.l-la+b+- ) [21]

Dam  L+8a¥a

a
Finally, it is possible to find an estimation of D_, through D, _
[15]:
1.5

E
Doy =D —
£ Aam o

[22]

where € is the particle porosity.

Evidently, D,, must not be considered a constant. Thus, Equa-
tions [10] and [11] can be written as follows:

1 dCy . [fdD.y\ dCy dD.\ dT]dCe . d°C
r-( i T ., dr AT ., dr| dr + 7 e

—5[Ca Telp, = 0 [23]
=(2r2. 5+ r:AP%':I + (—AH)5[Cu T = 0 [24]

dDy 4 . .
The terms (dc—‘) and (fT‘) can be evaluated numerically.

A5 T, B

In addition to the difficulty in solving the model, the critical

point is to evaluate the physical properties: A, , u, C, and (-AH).
Aspen HYSYS was used for this purpose.

In this case, the Water—Gas Shift (WGS) was considered.

CO+H.0 = CO.+H., [25]

This exothermic reaction was used to evaluate the tempera-
ture and concentration profiles of the solid catalysts. In a previ-
ous study [8], the kinetic model of this reaction over a commer-
cial CoMo catalyst was evaluated.

r = kyexp [— :—:] (F—r’:z’;:” - %) [26]
K, = exp (2 - 2.029). [27)

where P.is expressed in bar and Tin K.

In this study, a feed consisting of CO, H,0, H,, and N, was
allowed to flow across a particle of the catalyst located in the
centre of a tube. The aim of this case study was to evaluate the
concentration of CO and temperature profiles inside the parti-
cle. The parameters used in this case are listed in Table 4.

The Aspen HYSYS process flow diagram used in this study is
shown in Figure 4. The Peng—Robinson software was used as
Table 4: Parameters used in Case 4. WGS reaction over a commercial
CoMo catalyst [8].

Physical properties of the catalyst

Feed conditions

p, (kg/m?) 1150 P (bar) 19
A, (W/m.K) 0.4 T (2C) 500
€ 0.429 Flow rate (Ndm3/s) 10

Geometrical factors Feed composition (molar fraction)

d, (m) 0.01 co 0.1573
Tube diameter (m) 0.1 o, 0
Kinetic parameters H, 0.0571
k, (mol/bar.kg.s) 452.6 H,0 0.7395
E/R (K) 10187.6 N, 0.0461

Table 5: Some physical properties derived from the data transfer from
Aspen HYSYS to the MS Excel-VBA tool apart from the effectiveness
factor defined by equations [14] and [15].

Physical properties of the fluid

D,, (m?/s) 8.6988E-07 Re 8032.7

m (kg/m.s) 2.5395E-05 Pr 0.697

r (kg/m?3) 5.704 Sc 5.118

C, ()/kg.K) 1954.7 Sh 94.674

1 (W/m.K) 0.0712 Nu 49.683

G(kg/m?.s) 20.399 k, (m/s) 0.0082
h, (W/m2.K) 353.743

Effectiveness factors

m 0.2170

L 0.2167
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the Fluid Package. Five input streams (CO,, CO, H,, water, and
N,) were used to define the composition of the input mixture
automatically, as discussed above. MS Excel VBA sent the molar
flow values for each stream proportional to the molar fractions
considered.

These streams were mixed to obtain stream To Heater,
which was affected by the mixing heat. This stream was then
conditioned with a heater (Heater) to compensate for the heat
and obtain a new stream, To Reactor. The temperatures of the
feed and latter streams were fixed at those of stream CO. The
physical properties: A, p, i, and C were extracted from the lat-
ter stream. The heat of the reaction was computed from the
energy stream Qr as follows:

Qr Duty ]
Lffmx'rcre of ¢ in stream To Reactor—flowrate of €0 instream Product)’

(—am) =

(27]

Equations [23] and [24], along with their corresponding
boundary conditions, were solved using a finite-difference pro-
cedure which was applied to the spatial dimension. Twenty
interior points and the boundary conditions were used to re-
duce the problem to a system of 44 nonlinear equations which
were solved using the Levenberg—Marquardt algorithm [36].
The concentration of CO and the temperature profiles inside
the particles are shown in Figure 5. Table 5 lists some physi-
cal properties derived from the data transfer from Aspen HYSYS
to the MS Excel VBA tool, apart from the effectiveness factors
defined in Equations [14] and [15]. These results clearly show
the importance of the external and internal limitations of the
heat and mass transfer phenomena in a catalytic process, which
in turn affect the effectiveness factor values, which are signifi-
cantly lower than one.

€ (CO), molm*

pr T N E N E S

TiF 4

e

0004 0008 0008 0010
r,m
Figure 5: Case 4. Concentration of CO (A) and temperature (B)

profiles inside the particle.

0000 0002

Table 6: Parameters used in Case 6. Simulation of thermal cracking of
ethane with coke deposition.

Geometry and physical properties Operating conditions
d,(m) 0.108 M ane (KE/S) 0.5-5
Tube thickness (m) 0.008 Steam dilution (kg/kg) = 0.51
K. (W/m.K) 6.46 [ ED] 2.9
Ko (W/m.K) -8.432+3.04 107 T(K) T, (2C)) 650
[, (kg/m?) 1600 Tt (2€) 830

Case 5: Solution of Multistage Separation Problems

Luyben, based on another previous study [26], proposed an
alternative design for the butyl acetate process [32]. One of
the simulated columns, named in the original paper as C2, was
adopted in this case. A binary mixture of methyl acetate and
methanol was added to the column. This binary system formed
an azeotrope with a methyl acetate close to 0.65 (molar frac-
tion). The simulation data for Aspen HYSYS are shown in Figure
6. UNIQUAC-PR was selected as the Fluid Package.

In this study, a simulation procedure based on the McCabe—
Thiele method [37,45] was proposed because, as observed in
the rigorous Aspen HYSYS simulation, the molar flows of the
vapour and liquids exiting from consecutive stages in the rec-
tifying and stripping sections were constant, particularly in the
former.

The Aspen HYSYS process flow diagram used in this study
is shown in Figure 7. Pure-component streams of acetate and
methanol were introduced to define the composition of the
feed mixture automatically. Furthermore, two parallel circuits
were considered. First, the vapour fraction and pressure of the
stream Feed were determined before being expanded to the
conditions existing in the column. The resulting stream (Col In)
was transferred to a separator (Separator 2). The molar flows
of the exiting streams were used to evaluate the mass balance
at the feed stage. On the contrary, the other circuit was used
to evaluate the temperature of a stage and the composition of
the liquid exiting from it in equilibrium with the vapour con-
ducted to the next stage. For this purpose, the vapour fraction
and pressure of stream To Sep 1 were fixed.

Feed 9
Vapour Fraction 0,0
Pressure 121,6 | kPa
Molar Flow 271,0 | kgmole/h | Feeq
Mole Frac (M-Acetate) | 0,40
Mole Frac (Methanol) 0,60

D
D |[Pressure [ 1115 kPa
Molar Flow | 171,0 [ kgmole/h

R

R |Pressure | 111,5|kPa

Number of stages = 26
Feed stage = 18
Reflux ratio = 1

Figure 6: Aspen HYSYS process flow diagram of the example
adapted from (Luyben, 2011).

ar vi
Acefate 1
ToHEx1 ToSep1 Separator 1
Mixer 1 HEx1
Wemanol 1
[
L1
3 v
a2
TT" Acetate 2 r{J/
l ToHEx2 P Feed m Colin ‘ Separator 2
SET-2 Mixer 2 HEx2
Methaneol 2
[
L2
Figure 7: Aspen HYSYS process flow diagram used in Case 5.
68 4
O g4
e —a— Automation (McCabe-Thiele)
@ —o— Aspen HYSY S (Rigorous)
=]
w®
o
£ 60+
Lk
=
56 4

Caolumn stage
Figure 8: Temperature profiles computed in the column consid-
ered in Case 5.

Submit your Manuscript | www.austinpublishinggroup.com

Austin Chem Eng 10(3): id1105 (2023) - Page - 07



Austin Publishing Group

Similar values for the composition of methyl acetate and
methanol in the bottom and distillate and the flux of heat re-
moved and supplied to the column were computed using both
the methods. The heat removed and supplied (condenser and
reboiler duties) to the column computed using Aspen HYSYS
were 1.098 107 and 1.100 107 kJ/h, respectively, whereas those
computed using the automation process were 1.095 107 and
1.000 107 kI/h, respectively. Finally, Figure 8 compares the
temperature profile inside the column, computed using As-
pen HYSYS, with the automated process. In the figure, Stages 0
and 27 correspond to the condenser and reboiler, respectively.
These differences can be attributed to the assumptions consid-
ered in the McCabe—-Thiele method, which allows the heat bal-
ance in each stage to be discarded. The temperature profiles
computed for this column are similar to those reported by Luy-
ben [32].

Case 6: Simulation of the Thermal Cracking of Ethane with
Coke Deposition

The production of ethylene, a basic feedstock in the petro-
chemical industry, by the thermal cracking of ethane is one of
the most crucial processes in the chemical industry. This proc-
ess has been well analysed by Prof. Froment and his group
[15,24,41,46]. Cracking was performed in long coils suspended
vertically in large gas-fired furnaces. If the conversion is too low,
the product distribution may not meet the specifications; if it is
too high, the presence of secondary reactions leads to coke for-
mation by the accumulation of 0.01-m thick layers, causing an
increase in the pressure drop of the fluid circulating inside the
reactor and hindering the heat transfer process. This situation
is challenging to account for in the simulator because it does
not allow the dynamic inclusion of a increasing amount of coke
without creating an extremely complex code (extensibility). In
this example, the following reactions are considered.

C:Hy — C:Hy+ Ha &om = 465 102 exp |- [28]
CHy+ Hi— CoH o om =9.9810%xp [~ 25 0.y €y [29)]
2C,H, — C;Hg+ CH, ~ 1 = 3.85 10" exp [ =2 ¢, [30]

154580

CoHy; = C.H.+ CH, o 1, =9.81 10%ex; Cr o [31]
1flg 28z 4 4 Fl— CaH,
]Cc;-zcm-' [32]

v, Com, [33]

CHy + CHy— CoHg & 1y = 6.06 10%exp [ 22

CHy + CoHy— CuH = 7 = 103 10%exp |-

CoHy + CoHy— CoHo+ CH, o omy = 7.08 10%exp [-Z22] €. G, [34]

CH, — 20+ 3H, & 7 = 5.00 10%exp [- 222 023 [35]

[ LL1EDD D]

CiH, — 3C+ 3H, & n =277 10°exp cE%  [36]

740 nn] CE;J}:?,__ 37]

where R=8.314 kJ/kmol. K, Gr (j=1-7) and rj(j=8—10) are
expressed in kmol/m, kmol/ m.s, and g/ mZs, respectively.

C,H. = 4C+ 3H. » 1, = 5.61 10%exp |-
aflg 2 in P

coque

The continuity equations, assuming a straight tube, can be
written as follows (Plehiers, P. M., Reyniers, G. C., Froment, G.
F., Simulation of the Run Length of an Ethane Cracking Furnace,
Ind. Eng. Chem. Res. 1990, 29, 636-641):

Mass: %: {Enur‘}—. [38]

dT
Energy: i = E;-Jl-cpj ['-'?'fz] wd, + Sy n (—BH), ] (3]
&6k M'—[':*’ o))
Momentum: %: R [40]

Mgmpp  2G2RT

7
2] 2
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Figure 9: Aspen HYSYS process flow diagram used in Case 6.
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Figure 10: Case 6. Evolution of the coke produced vs. the time on
stream.

where c, is the heat capacity; d, is the tube diameter; F is the
molar flow rate of species j; G is the total mass flux; (DH), is the
heat of reaction i; M_ is the average molecular weight; n, is the
stoichiometric coefficient of species j in reaction i; ptis the total
pressure; Q is the heat flux; r is the reaction rate; R is the gas
constant; T is the temperature; u is the free-stream velocity; z
is the axial coordinate; a is the unit conversion factor; p is the
fluid density; and u is the fluid viscosity under bulk conditions.

Coke formation at any time and position is accounted for by
the continuity equation:

EL g nlrr‘{z]

where C is the concentration of coke and n_is the stoichio-
metric coefficient of coke in reaction i.

ac (=)

C.le=01=0, [41]

In this case, it was assumed that the coke deposition in a
particular section was homogeneous. Thus, the thickness of the
coke layer (e) can be evaluated at any time using the following
equation:

delz)  EHingeri=

= ~elt=0and z=0,L1=10, [42]
i Bc

where Lis the length of the reactor, and r_is the coke density.
The presence of coke affects heat transfer because it adds ad-
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ditional resistance which must be considered.

The total amount of coke formed on the inner walls of the
plug-flow reactor (m ) at any time can be computed as follows:

me@®) = [, [o. 2(df ~ (d; - 2¢®)))] d=.

1. Other model assumptionsThe gas mixture is consid-
ered as an ideal gas.

[43]

2. Axial dispersions of mass and heat are negligible.
3. Radial concentration gradients are neglected.

4.  This case was investigated in a quasi-steady state to
simulate the coke deposition rate.

In this study, a feed consisting of CH,, and H,0 were fed into
the plug-flow reactor. The aim of this case study was to evalu-
ate the effect of the inlet mass flow on the coke deposition. The

parameters used in this case are listed in Table 6.

The Aspen HYSYS process flow diagram used in this study is
shown in Figure 9. The Peng—Robinson software was used as
the Fluid Package. Nine input streams (CH,, CH,, CH, CH,
CH, CH, CH, CH, H, and water) were used to define the
composition of the input mixture automatically, as discussed
above. MS Excel VBA sent the molar flow values for each stream
proportional to the considered molar fractions. These streams
were mixed to obtain stream PROD, which was affected by the
mixing heat. This stream was divided into seven substreams
that were conducted with the same number of equilibrium re-
actors corresponding to each of the seven reactions (Equations
[28]-[34]). Temperatures and pressures were defined for the
streams entering the different reactors. Specifically, the physical
properties, p, u and C, were extracted from stream TOEQ1. The
heat of the reactions was computed from the energy streams
DEQ1 in a similar manner, as defined in Equation [27].

The set of Equations [38]-[40] was solved using the Runge—
Kutta fourth order method (100 steps). For coke formation,
Equations [41]-[43] were computed according to the Euler
method with a step size of 0.04 h and the results were used to
correct the rest of the variables by solving the Equations [38]—
[40].

Four mass flowrates of ethane were tested: 0.5, 1, 2, and 5
kg/s. The runs were performed for 10000 h. The temperature
of the external wall of the tube was set to 830 °C. Figure 10
shows the evolution of the coke produced versus the time on
stream. Despite the coke production, minimal variations in the
effluent stream variables (conversion of ethane, temperature,
and pressure) were observed. The ethane conversions in the in-
let stream were 0.754, 0.687, 0.511, and 0.158 for 0.5, 1, 2, and
5 kg/s of ethane, respectively. The computed outlet pressures
were 2.88, 2.84, 2.72, 1.93 bar. These results are consistent with
the residence time computed for each run.

Conclusions

This study considered six examples of automation for the
simulation of processes by linking Aspen HYSYS with MS Excel
VBA: determination of the existence and composition of homo-
geneous azeotropes (Case 1), optimization of a distillation tow-
er with side draws (Case 2), evaluation of the relative gain array
of a process (Case 3), determination of the temperature and
concentration profiles inside a catalyst particle by considering
the reaction and the simultaneous non-isothermal internal and
external diffusion phenomena (Case 4), solution of a multistage

separation problem (Case 5), and the simulation of the thermal
cracking of ethane with coke deposition (Case 6). Mathemati-
cal procedures were followed in the automation process, and
Aspen HYSYS simulation flowsheets were extensively adapted
in each case.

This manuscript show code about the best way solve com-
plex problems in a reliable way, which are not possible to com-
pute with the simulator itself. Thus, Aspen HYSYS does not im-
plement tools for computing azeotropes (as Aspen Plus does)
or evaluating the relative gain array of the process to be used
to match manipulated and controlled variables. In addition, this
methology allows to extract basic information (physical proper-
ties) which could be used to either compute phenomenological
models, as that used for evaluate temperature and concentra-
tion profiles inside a catalyst particle, or simulate the thermal
cracking of ethane with coke deposition, which affects the free
section of the tube where the reaction proceeds and impacts
on the velocity of the fluid and the pressure drop in the reac-
tor. The latter example is not possible to be implemented in the
simulator.
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