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Abstract-Computer plant simulation is being used in all aspects
of engineering, through many simulation software packages.
However, almost all of them require licenses that must be
purchased by engineering colleges intending to use simulation in
their teaching. As public educational institutions everywhere are
facing a scarcity of economic resources, they can resort to a
freeware steady-state plant simulator, however, there is no
availability of reliable, free dynamic plant simulators. In
addition, published experiences on developing dynamic
simulators use programming languages requiring paid licenses
(e.g. Matlab) and thus have limited relevancy to schools
struggling to cut expenses. This article first uses a set of typical
college objectives to discuss the advantages of building their own
dynamic simulators, and then shows the development of a user-
friendly dynamic simulator of a batch reactor constructed
entirely within Microsoft Excel, which, in contrast to the
programming languages used in related reports, is already widely
used by universities around the world.
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L INTRODUCTION

The typical bachelor Chemical Engineering degree program
includes the subject of computer plant simulation in its last
semesters [1]. One of the aims of the subject is that the student
becomes familiar with commercial simulators, both dynamic
and stationary. While some universities are able to purchase
simulator licenses, this is not the case of most public
institutions in developing countries, where financial resources
are limited. As global trademark agreements have led to the
prohibition of using unlicensed software in teaching, some
institutions have resorted to free-ware software, of which
reliable steady-state process simulators can be found (notably,
the Cape Open Simulator [2]). However, no reliable,
sufficiently tested, and license-free dynamic simulators are
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currently at hand. Fortunately, the academic staff of most
colleges has the skills required to develop and program process
simulators containing most of the elements of professional
software. This work shows, taking a batch reactor as an
example, how such a simulator can be developed using the
functionalities included in the widely used Microsoft Excel
program.

The use of transient state simulation to promote industrial
performance is well documented, both in its discrete-event
version [3-5] and in its continuous form. Regarding the latter,
literary reviews can be found in [6] on the application of neural
networks in simulating chemical and biochemical processes
and in [7] on the modeling of energy systems. Specific
applications of simulation can be found in [8] where
simulations to optimize plant design with respect to
environmental objectives are applied and, more recently, in [9]
that pressure dynamics to the simulation of a combined cycle
gasification plant are incorporate. Authors in [10] simulated a
petrochemical wastewater treatment plant, authors in [11] dealt
with a desalination plant energized by ocean waves, authors in
[12] optimized the drying process of phosphate pellets, authors
in [13] emphasized on energy use when studying a benzene-
toluene-xylene distillation system, and authors in [14] treated
the control of the activated sludge process.

Regarding the software used to perform the simulations
reported in the literature, the usage of simulation environments
(e.g. Aspen) and high-level programming languages that
provide routines facilitating simulation (e.g. Matlab) has
recently increased, as opposed to the use of general-purpose
languages (e.g. C++ or Fortran). For example, authors in [15]
studied distillation tower sequences with Aspen Dynamics and
Matlab Simulink, authors in [16] simulated a polymerization
reactor using ChemCAD, and authors in [17] studied a heat
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integrated reactor applying Aspen-HYSYS. Authors in [18]
used Matlab and COSMOL Multiphysics to simulate
heterogeneous catalysis, authors in [19] applied Aspen
Dynamics for studying the control of a combustion system,
authors in [20] modeled an activated sludge process using
INSEL, and authors in [21] used Aspen and Matlab to evaluate
a predictive control scheme for CO, absorption plants. Didactic
applications of dynamic simulations are reported in [22], in
which the authors used Aspen HYSIS to train engineers in
statistical methods to analyze distillation systems and in [23]
where the Honeywell Unisim Design software was applied to
simulate an isopropyl alcohol plant and train its operators.
Instances of reports on the development of process simulators
for didactic purposes are found in [24], in which a steady-state
free-ware simulator was designed to which third parties could
make additions in a "wiki" scheme, called Lazarus, running on
UML language, and [25, 26] in which educational software was
developed to analyze the dynamics of exchanger networks.
Finally, authors in [27] used an online simulator to train
operators to manage overpressures in natural gas systems,
authors in [28] built the "LABVIRTUAL" platform, with
educational material including simulators, and authors in [29]
developed a Matlab-based dynamic simulator for chemical
reactors.

Previous reports on the development of dynamic simulators
for training purposes use either a commercial simulator or an
advanced programming language (Matlab). However, the usage
of such software requires the purchase and continual renovation
of licenses. This limits the relevancy of the mentioned
approaches to cash-strapped public schools in developing
countries, who may find simulators running on easily
accessible, universally used programming languages, like the
one sketched in [30], far more useful. The current work builds
on the latter reference by discussing, from the perspective of
institutional objectives, the convenience for schools to build
their own simulators, and presenting a complete description of
an Excel-based dynamic simulator of a batch reactor. The
shown simulator contains many of the features offered by
professional software (button-based operations, filling the
blank inputs, dialogue boxes, etc.).

II. METHODS

This article has two main purposes, for which different
methods are applied:

e The first is to show, the convenience for colleges on
developing their own simulators. This is done through
objective analysis [31]: a hierarchy of fundamental
objectives is built and the probable impact of the alternative
on the objectives is assessed.

e The second is to present the dynamic simulator of a batch
reactor developed in Microsoft Excel.

III. RESULTS AND DISCUSSION

A. Analysis of Institutional Objectives

Generally speaking, public education institutions have two
conflicting objectives: an academic one, related to the
development of professional skills of their students and an

economical one, which refers to minimizing cost. This is
shown in the structure in Figure 1.

Academic
objective
Global
objective
Economic
objective

Fig. 1. Fundamental objectives hierarchy.

When contemplating the purchase of an educational tool, an
institution should balance its price and the way it may benefit
student formation. This is shown in Figure 2, where the
objective damaged by the alternative is pointed at by a dotted
arrow while that which is benefited by a solid one.

. (+)
Academic [«
Objective
GFOb?I Purchase
objective
i
Economic | () !
Objective
Fig. 2. Purchase impact on objectives.

The academic objectives aim for the student to acquire
relevant professional skills. This is shown in Figure 3, where
C;; denotes skill i of subject j (for example, C; ¢ refers to skill
1 of the subject "General Chemistry"). Figure 3 represents three
skills covered in the subject "Process Simulation": Cj sp, C, sp,
and Csgp. Csp is defines as "The student will use commercial
process simulators” [1]. Figure 3 breaks down the C;gp skill
into its steady-state simulation element SS part and a dynamic
simulation one, Dyn.

L]
L]
Academic .
objective
Global
objective
. Purchase
. simulator
liscence
Economic =) |
1 . . i 1
objective
Fig. 3. Details of academic objectives.
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If a school hasnt already bought a simulator license, then it
views the purchase impact on C;gp as not worth its cost. For
the steady-state simulation part of Csgp, this is solved by
downloading one of the trustable, free-ware stationary plant
simulators that can be found on-line. However, as there is no
availability of transient state simulators with these qualities, the
part of C;gp dealing with dynamic simulation goes uncovered.
Nevertheless, if the institution was to build its own dynamic
simulator, this deficiency would be corrected (Figure 4).

Academic .
objective

Global
objective B

Use free-ware)
simulator

(+) Develop a
. dynamic
. simulator
Economic
objective
Fig. 4. Institutional options.

B. Process Description

The reactor to be simulated is based on the case described
in [32], which features a steam heating jacket at temperature T
and a cooling coil. A pair of consecutive reactions occur in the
reactor.

Atipp R ¢
Reaction A—B has a second order kinetics while B—>C is a
first order reaction and component B is the desired product.

The assumptions used in the model are:
® The reactor is thermally insulated and perfectly mixed.

® The temperature of the water in the coil is described by its
average T¢ value.

® Condensed steam is disposed at its saturation temperature.

® Reaction volume V and specific heat capacity Cp are
constant.

e The heat transfer coefficient U; of the heating jacket is
constant while the one of the cooling coil U depends on
the F¢ cooling water flow according to:

1 1 1

=g (1)
Ue  4550F2% 1038

Species and energy balances produce the following three
differential equations, which describe reactor dynamics:

dc,

o =-kC, (2

dc;ﬁ —KC—kC,  (3)

_ _ U;A;
ar_| AHl)kIC%+( AH2)k2cB+ (1 -T)
dt pCP pLp pCPV (4)
—M(T—TC)
pCPV

C, and Cp are the concentrations of species A and B, (-AH))
and (-AH,) the enthalpies of reactions A—B and B—C
respectively, p and Cp are the liquid density and specific heat
capacity, and U; and U are the global heat transfer coefficients
of the heating jacket and cooling coil of heat transfer area
respectively, A; and A.. Reaction constants k; and k, and the
temperature 7 are related by:

-E
ky=ay eXP(RiTl] ()

— E2
ky = ey exp( RT ) (6)
where E; and E, are the reaction activation energies and o,
and o their respective frequency factors. When the reactor is
in closed-loop operation, the water flow to the cooling coil (F¢)
and the steam temperature in the heating jacket (7s) are
manipulated to control the reactor temperature (7). In order to
improve the yield of product B, the temperature set-point (7)
may follow a time () dependent trajectory [32].

TA(1)=54+T1xexp(-2.5x10%1) (7)

As there are two manipulated variables, Ts and F, and one
controlled variable 7, the controller adjusts, through a
proportional-integral control logic, the value of a parameter u,
that linearly sets the value of the manipulated variables
between their maximum and minimum values, according to:

TS= (TS,max_TS,rniil)u+TS,min (8)
UC = (UC,min_ UC,)nax)u+UC,)nax (9)

The implicit Euler method is used to solve the differential
equations and a Newton-Raphson procedure is used to solve
the nonlinear algebraic equations in each integration step.

C. Simulator Description

The simulator was implemented as an Excel Macro. It is
delivered to the user as an Excel file, the opening of which
produces Figure 5. Clicking on the "Batch reactor”" button
displays the user interface (Figure 6). At the interface top
(Figure 7) the simulation time and initial conditions are set:
concentrations of A and B and temperature. The final values of
these variables will appear in the "Final CA", "Final CB" and
"Final T" dialog boxes. The user can propose a step size for the
integration (10s is the default value). If the implicit Euler
method does not converge for this step size, the program
reduces it until convergence can be achieved. The step size
used is shown the "Final step size (h)" box.
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Fig. 5. Initial screen.
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Fig. 6. User interface.
Final time (hrs) 1
Initial CA Final CA posed step
(mol/cu.m.) 1 (mol/cu.m. )I size (s) 10
- 5 Final step size
Initial CB Final CB
(mol/cu.m.) g (mol/cu.m.) ©
Initial T (C) 25 Final T (C)
Fig. 7. Run initial state and parameters.

@ Adiabatic

" With heat transfer
Aj/V  (sgr.m /cu.m )
Ac/V  (sqr.m /cu.m )

Fig. 8. Heating/cooling characteristics.

The characteristics of the heating/cooling are set to the right
of the interface (Figure 8). If "Adiabatic" is selected, no heat
transfer is considered and when "With heat transfer" is chosen,

dialog boxes become active so the heat transfer areas per unit
volume for the cooling coil and steam jacket are entered. If the
"With heat transfer" option is selected, fields become active for
the user to specify how the cooling water flow and steam
temperature are to be managed. When selecting the "Open
Loop" option, the user must input a value for the water flow
and steam temperature, which remains constant throughout the
simulation. If the cooling does not begin at time zero, a cooling
commencement time can be specified (Figure 9). If the "Closed
Loop" option is checked, the user should decide the
temperature set point value management scheme: if the option
"Automatic" is active, the temperature set point follows the
time-dependent path of (7). If "Manual" is selected, the user
inputs the temperature set point. Additionally, the proportional
gain (K¢) and integral reset time (tau) of the temperature
controller must be specified.

c
Cooling begins at

(hrs)
Fc (cu.m/s )x10ES ,7 :I

1G] [70 :I
c
SetPointT(C) | 25 €
Gain (K<) [~
tau (s) ,7
Fig. 9. Control loop specification.

The functionality of the interface (Figure 6) is completed by
the buttons "Close", which closes it, "Start Simulation", which
begins integrating the differential equations, and "Details",
which displays the problem equations. Once "Start Simulation”
is clicked, the interface hides and a progress bar appears
(Figure 10). The columns A-F of the Excel sheet are cleared as
the new results will appear there.

— o4 Simaton going on. X

progess: 0%

Hojat | Fiojaz

Fig. 10.

Progress bar.

Once the simulation is completed, the simulation interface
reappears and a dialog box asks if the results are to be graphed
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(Figure 11). If "Yes" is answered, the results are placed in the
spreadsheet, and the graphs are updated with the most recent
results (Figure 12). If "No" is clicked, the dialog box
disappears, and the user can read the final concentrations and
temperature in the corresponding dialog boxes.

Final time (hrs) [ 10

Initial Ca r Final CA Proposed step
(mol/cu.m.) 1 (molcum.)| 0.0141 size (s) )
r r Final step size
Initial CB Final CB 10
0 | 0.0005 .
(mol/cu.m.) (mol/cu.m.) ® TESCo-1Q
Initial T (C) r - Al T(O) [ Taa5014 Process simulation

workshop

® Adiabatic

: T With heat transfer
Cooling &

water
o Plot Results? WV (sqr.m fcum
[~ 1 oV (sqr.m jou.m
Steam —iki—»|
Yes No
Aax .
Cooling begins at [
Fe (cu.m/s JX10ES :i
Ts(Q) j
Close ‘ Begin simulation
Set Point T (C)
Details
Gain (Kc)
Fig. 11.  "Simulation completed" message.

810 fi | 0.293983075597243

Fig. 12.

Final charts.

IV. CONCLUSIONS

As public education institutions receive taxpayer's money,
they must use their resources efficiently, minimizing expenses
that are perceived as unnecessary. Due to this, some institutions
have opted not to purchase simulator licenses, thus limiting
their students' acquisition of the skills related to the usage of
this type of software. As far as the steady-state simulation of
chemical processes is concerned, this can be solved by using a
simulator downloadable for free, as some of them have been
extensively validated. This is not the case, however, for the
simulation of processes in a dynamic or transient state, where
there are no free simulators that have been sufficiently tested.
However, higher education institutions in most countries have
the necessary human capacities to produce their own process
simulators. This paper argues, based on a set of typical

institutional objectives, that this is a convenient alternative for
schools, and illustrates how a dynamic simulator developed
using the Microsoft Excel software, an everywhere present
tool, looks like. It is hoped that this will encourage more
institutions to develop their own dynamic process simulators.

The main advantage of the shown simulator is its running
on Microsoft Excel that is already widely used by most
engineering faculties in developing countries, and so it can be
used without purchasing another license. One of its
shortcomings, compared to the most powerful commercial
dynamic process simulators available (eg. HYSYS dynamics),
is that it doesn’t show an animation of the real-time behavior of
the variables, but rather calculates a response and then plots it.
This, however, suffices for tuning of controllers and studying
the dynamics of the system when faced with several
disturbances, which are some of the main applications of
simulation.

Finally, the presented simulator requires that the version of
MS Office its run in codifies Macros in the Visual Basic
programming language. This does not appear to be a serious
limitation, as MS Excel has maintained this condition in
versions as old as Office 95, and new desktop versions of MS
Office are projected to continue to use Visual Basic as their
Macro-Programming language for the foreseeable future.
However, cloud or web-based versions of Excel (eg. in Office
365) as well as open versions of Office are transitioning to a
java-script kind of language for macro programming, and the
simulator in its current form cannot be expected to run in these
programs. The simulator would need to be re-programmed in
said languages, of made to run directly in a Visual Basic stand-
alone programming suite. The basic simulation functionalities
shown here, however, would be maintained in these changed
simulator versions.
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