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Abstract 
Selection of suitable reactor type and design parameters is often a key aspect for developing and 
optimizing chemical process system. In this report, the theory of selected reactors, Plug Flow Reactor 
(PFR) and Continuous Stirred Tank Reactor (CSTR), is presented and their mathematical models are 
derived, these models are used to verify the simulation results from a commercial software platform. This 
thesis reports the investigation of aspects of reactor performance and describes the procedure of 
verification of mass and energy flows for selected reactors. A case study has been performed to achieve 
this in COMSOL Multiphysics’ Chemical Engineering platform. The study is based on the production of 
acetic acid through hydrolysis of acetic anhydride. An analysis of the parameter’s effect on the steady state 
conversion is performed on the PFR and CSTR. 
The results from the case study show that, for both reactors, change in inlet composition has a direct 
effect on productivity of the reactors. For the PFR it has high conversion as compared to CSTR but not 
good control on temperature stability and also showed high parametric sensitivity. CSTR shows the good 
controllability and feasible operation for a selective kinetics available for the case study. Selected results 
are verified against the benchmark solutions and shows good agreement in the computer simulation. 
This report is only focusing on selected parameter’s effect on performance of chemical reactors. Other 
parameters includes safety, environmental acceptability, acceptable flexibility to feedstock quality, capacity 
to handle large variations in throughput, maximum selectivity to desired products and minimum waste 
production, constant product quality, capital and operating costs etc. can also be studied to make an 
extensive guidelines for reactor selection 
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Preface 
In this master thesis, Performance models of Plug Flow Reactor and Continuous Stirred Tank Reactor are 
investigated through a case study. The thesis reports what parameters are important from a reactor 
performance point of view and how to select a suitable reactor. This work has also included the 
development of such reactors in a commercially available modelling tool, COMSOL Multiphysics. 
Selected cases from the commercial tool have been validated against benchmark examples from literature. 
To fully understand the theory of the report, knowledge of mathematical modelling and finite element 
method will benefit the reader. The project has been carried out at COMSOL AB. Stockholm in 
collaboration with Division of Heat and Power Technology, KTH Royal Institute of Technology, Sweden.  
My advisors at COMSOL AB have been excellent at giving me inspiration, guidance and ideas throughout 
the working period and I am very thankful for their advice specially Niklas Rom, my supervisor at 
COMSOL AB and Andrea Ferrario. Furthermore, I would like to thank my supervisor Jeevan Jayasuriya 
at the Division of Heat and Power Technology, KTH Royal Institute of Technology, Sweden for all his 
support and time spent on this project.  
Stockholm May 2014  
Faheem Mushtaq 
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Abbreviations  
  PFR      Plug flow reactor 
CSTR     Continuous stirred tank reactor 
 RTD      Residence time distribution 
     D       Dimension 
     A       Acetic anhydride 
     B       Water 
     C       Acetic acid 
Chemical notations  

CH CO. O. COCH      Acetic anhydride 
                    H2O      Water  

          	CH COOH      Acetic acid 
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Nomenclature  
Symbols  
A0 [1]   Pre-exponential factor for Arrhenius equation  

C  [mol/m3]   Concentration for species i 

퐶  [J/kg/K]   Specific heat capacity 

E [J]   Total energy 

퐸  [J/mol]   Activation energy 
F [mol/s]   Total Molar flow  

푔 [m/s2]   Acceleration due to gravity 

H  [J/kg]   Enthalpy for species i 

∆H (T) [J/kg]   Enthalpy change of reaction at T 
k [1/s]   Reaction rate constant (1st order) 
L [m]   Reactor length 

m [kg/s]   Mass flow rate 
P [Pa]   Total pressure  
Δp [Pa]   Pressure drop 

Q [J]   Heat load 

푞  [m3/s]   Volumetric Flow rate 
R [J/mol/K]   Molar gas constant  

r [mol/m3/s]   Rate of reaction 
t [s]   Residence time 
ΔT [K]   Temperature difference  
u [m/s]   Flow velocity 
Ua [W/m3]   Overall heat transfer coefficient 

U  [J/kg]   Internal Energy for species i 
V [m3]   Total volume of reactor 
W [J]   Total work done 
X [1]   Total conversion 

푧 [m]   Linear distance 
Greek letters  

Θ  [1]   Ratio of the initial no. of moles of species i to A 

τ [s]   Space time 

∝ [1]   Fractional conversion 
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1 Introduction 
1.1 Background 
The material and energy balances for Chemical process systems and especially in chemical reactors are 
most important in plant design, in which choice of the reactor and its design parameters are crucial aspects 
for developing a sustainable product and process development and optimization (Ekerdt, 2002).  
The selection of a suitable reactor type is a complex process involving lots of factors. To avoid the 
complexity, I only focused on homogenous systems in this report, the selection steps involved;  

 Identify the magnitude of heat transfer requirement. 
 Assess the effect of ideal flow patterns on volumetric productivity and selectivity.  
 Select the flow pattern (batch, semi-batch, continuous flow stirred tank reactor – CSTR, plug flow 

reactor – PFR). 
 Optimization of objective function (related to profit) using as manipulative variables: 
 Feed reactant concentrations and their ratio 
 Feed temperature 
 Reactor temperature or temperature profile 

The optimum parameter selection and selecting a suitable reactor is very important in a chemical process 
for conversion as well as performance point of view. Our focus in this report is only on the selective 
parameters. (Tranbouze, 2002). 
In this study, the Chemical Engineering tool in COMSOL Multiphysics is used to carry out mass and 
energy balances. The software has a physics interface that can be used for simulating mass and energy 
balances and reactions involved for plants and processes. The physics interface includes a graphical 
diagram environment to for building a process flowsheet with material streams and unit operations such 
as pumps, valves, tanks, reactors and heaters. The interface is based on distributed states; it automatically 
sets up and solves the algebraic or ordinary-differential equation systems needed for lumped device 
models, Fig1-1. Moreover, the physics interface can be coupled to arbitrary other space dependent physics 
interfaces, describing 1D, 3D or 2D vessels and reactors.  
A case study is performed in the simulation environment of COMSOL Multiphysics, in which modelling 
of chemical reactors with the built-in models are tested and verified against benchmark examples. 
 

 
Fig 1-1: Flowsheet diagram of chemical process lumped devices (COMSOL) 
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1.2 Aim 
The aim of this project can be defined in two parts, comparison of overall performances of the reactors 
through performance parameters and verification of the results of Chemical Engineering tools in 
COMSOL Multiphysics with reported benchmark case (Fogler, 1992). 

1.3 Objectives 
The objectives of this study are as following: 

 Development of theoretical models of common chemical reactor designs: namely PFR and CSTR 
based on literature study.  

 Analyzing the effects of selected parameters on overall efficiency, conversion and performance of the 
reactor by using available kinetics data for a selective  

 Compare analytical results of the models with case studies in COMSOL multiphysics with Chemical 
engineering tool for Plug flow reactor and CSTR in order to validate the COMSOL chemical tool’s 
estimations, report deficiencies, and suggest improvements to the user experience. 

1.3.1 What is not included in this report 
Experimental part is not included in this report. Kinetic data from previous experimental study (Fogler, 
1992) is used for simulation and mathematical modelling. Economic aspects are also not included in this 
report. 
1.4 Literature review 
A literature study was performed to obtain an overview of what research and work have already been 
reported on the chemical reactors performance, starting with what are the important parameters necessary 
to perform the analytical and simulation models of the following type of reactors. 
 PFR Isothermal and non-isothermal 
 Continuous Stirred Tank Reactor (CSTR) 
The plug flow reactor model (PFR, sometimes called continuous tubular reactor, CTR, or piston flow 
reactors) is a model used to describe chemical reactions in continuous, flowing systems of cylindrical 
geometry. The PFR model is used to predict the behavior of chemical reactors of such design, so that key 
reactor variables, such as the dimensions of the reactor, can be estimated. 
The classical PFR assumes that the reactor vessel is cylindrical (tubular) and the fluid flows down the 
length of the reactor with a flat velocity profile, for flow through a tube a piston flow is approached when 
the flow is highly turbulent (at high Reynolds number) (Roberts, 2009). 

 
Fig 1-2: Velocity distribution in the fluid flow cross-section a) laminar flow b) turbulent flow c) piston flow 
There is no axial mixing and radial gradients exist in temperature or concentration. The tubular reactor is 
characterized by spatial distributions of state variables (object with variable speed).  
Fluid going through a PFR to be modeled as flowing through the reactor as a series of infinitely thin 
coherent "plugs", each with a uniform composition, traveling in the axial direction of the reactor, with 
each plug having a different composition from the ones before and after it. The key assumption is that as 
a plug flows through a PFR, the fluid is perfectly mixed in the radial direction but not in the axial direction 
(forwards or backwards). Each plug of differential volume is considered as a separate entity, effectively an 
infinitesimally small continuous stirred tank reactor, limiting to zero volume. As it flows down the tubular 
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PFR, the residence time (τ) of the plug is a function of its position in the reactor. In the ideal PFR, the 
residence time distribution is therefore a Dirac delta function with a value equal to τ (Fig1-3). 

 
Fig 1-3: Tracer pulse input at t=0 translated to equal pulse output at t= τ (Levenspiel, 1999) 

 

 

    

x=0 x x=L 
Fig 1-4: A simple PFR 
The design equation for a control volume with a differential thickness dx for PFR (Levenspiel, 1999)  

푢
휕퐶
휕푥

+ 푟 = −
휕퐶
휕푡

 

퐹표푟	푠푡푒푎푑푦	푠푡푎푡푒, 푢
휕퐶
휕푥

= −푟	 

An ideal PFR design equation (Nauman, 2008) 

푡 = τ =
푉
푞

=
푑퐶

(−푟 ) = 퐶
푑 ∝
(−푟 )

∝

 

 
Fig 1-5: Graphical representation of the design equation of an ideal PFR  

∝ =
퐶 − 퐶

퐶
 

u0, Ci0 u, Ci 
PFR 



-10- 
 

Continuous Stirred-Tank Reactor is a vessel to carry out chemical reaction. A CSTR consists of an 
impeller continuously stirs the contents ensuring proper mixing of the reagents to achieve a specific 
output. It is useful in most of the chemical processes specially reactions in liquid phase and when intense 
agitation is required for a reaction. It is relatively easy to maintain good temperature control with a CSTR. 
It is a cornerstone to the Chemical Engineering toolkit. Proper knowledge of how to manipulate the 
equations for control of the CSTR is tantamount to the successful operation and production of desired 
products.  
The ideal CSTR assumes perfect mixing of the reactants in each point of the tank with a volume V and 
concentration in the stream leaving the reactor is the same as inside the reactor. Moreover temperature of 
the reaction mixture is uniform in the whole volume of the reactor, no gradients of temperature and 
concentration (T, Ci, ∝  = constant) (Roberts, 2009) (Nauman, 2008). In reality, of course, mixing cannot 
be perfectly instantaneous. In practice, CSTR-like reactors are designed by creating high intensity 
turbulence that enhances mixing. 
Also very low pressure systems can often be considered as stirred reactors. At low pressure (e.g., below 1 
Torr), the molecular diffusion rate is very high owing to long mean free paths. Such diffusional mixing 
tends to keep the composition and temperature uniform within the reactor 
Under some circumstances the system may be maintained at a fixed temperature. In this case only the 
reaction chemistry is considered, without explicit concern for an energy balance. Alternatively, the reactor 
temperature may be determined from energy balance (Rober J. Kee, 2003). The temperature profile 
should maximize the reaction rate to ensure maximum productivity, but respecting safety and other 
technological constraints. 
An ideal CSTR design equation (Levenspiel, 1999) 

휏 =
푉
푞

= 퐶
∝

(−푟 ) =
퐶 − 퐶

(−푟 )  

 
Fig 1-6: Graphical representation of the design equation of an ideal CSTR 

From fig 1-7, it can be seen that, for PFR the concentration is constant over the time at different 
length positions along the tube (parallel lines with the parameter L), it is stationary in time. But 
the reactor is not stationary in space, due to this reason, the concentration dropping down along 
the reactor length. The reactor is 'not-back-mixed' in space (concentration gradient along reactor 
length). The reactor is not stationary in (both) space and time. 
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The steady state Continuous Stirred Tank Reactor: concentration is stationary in space and time; 
the reactor is stationary in space and time, that is valid only for the reactor when running 
stationary, not in the start-up- , shutdown- or disturbed operation phase (Levenspiel, 1999). 

 
Fig 1-7: The concentration curves for Tubular Flow (Plug Flow) Reactor and CSTR (Levenspiel, 1999) 

Performance of ideal reactors in simple reactions: 
For a simple reaction A → Product	with kinetics	−r = kC 	, figures 1-5 and 1-6 show the 
qualitative comparison between the volumes of a CSTR and a PFR needed to reach the same 
conversion. It may be observed that for nth order reaction a PFR needs always a smaller volume 
than a CSTR, the difference being significant at high conversion of A. The explanation is that in a 
CSTR the reaction rate is lower than in a PFR, being limited at the value of the final 
concentration. 

 
Fig 1-8: Comparison of CSTR and PFR for first and second-order reactions (Dimian, 2003) 
Figure 1-8 presents a quantitative comparison for first-order and second-order reactions. It may 
be observed that at low conversions, say below 30%, the difference in volumes is small. The 
choice between CSTR and PFR is determined by other considerations, as the need of mixing for 
a better contact, heat transfer rate, safety, or mechanical technology. However, the difference in 
reaction volumes becomes considerable at conversions larger than 90%. For a first-order reaction 
at XA=0.99 the ratio VCSTR/VPFR is 10, while for a second-order reaction this ratio becomes 100. 

VCSTR/VPFR 
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The difference can be reduced by using a series of CSTRs instead a single PFR. Since the reaction 
rate is higher in each intermediate volume, finally a much higher productivity than in a single 
equivalent reactor is obtained (Fig 1-9). To the limit, an infinite series of CSTRs behaves as a 
single PFR of the same volume (Dimian, 2003). 

 
Fig 1-9: Comparison of performance of a series of n equal-size CSTRs and a PFR (Dimian, 2003) 
Performance of ideal reactors in complex reactions 
Consider productivity is the only criteria for comparison. In the case of multiple reactions the 
issue is the selectivity to the desired product. 
Parallel Reactions: If two reactions are occurring in parallel with stoichiometry: 

퐴 → 푃, 푟 = 푘 퐶  

퐴 → 푅, 푟 = 푘 퐶  
If the desired reaction has a higher reaction order than unwanted reaction (α>β) a high reactant 
concentration is favorable; PFR or batch reactors are suitable.  If the desired reaction has lower reaction 
order than the unwanted reaction (α<β), the reactant concentration should be kept low. CSTR at high 
conversion should be chosen, although the required reaction volume is large. If α=β, the concentration 
has no effect. The only way to control the product distribution is by modifying the ratio k1/k2. The 
activation energies of the competing reactions should be examined. If E1>E2 the reaction temperature 
should be maximized. If E1<E2 the reaction temperature should be kept low. However, in this situation 
much more efficient is to search a suitable catalyst (Dimian, 2003). 
Series Reactions: Consider the first-order reactions A---> P---> R, where P is the main product and R 
the by-product. The formation of P or of any other intermediate is maximized when fluids of different 
compositions at different stages of conversion are not allowed to mix. Therefore, PFR or batch reactor 
will give a better yield of P than CSTR.  Figure 1-8 gives a comparison of selectivity in CSTR and PFR 
models. PFR gives always a better selectivity. The advantage is significant if the secondary reaction is 
slower than the main reaction. When the by-product formation is fast then the mixing pattern has less 
importance. Low conversions give always better yield in intermediates. However, a large amount of 
unconverted reactant has to be recovered and recycled. The cost of separations may be determinant in the 
overall plant economics. Thus, the reactor selection should be evaluated against the cost of separations. 
Series-parallel reactions: For parallel-series reactions, the designer has a wide choice in manipulating 
variables and mixing patterns. However, these reactions can be analyzed in terms of their constituent 
reactions. The optimum contact device for favorable product distribution is the same as for the 
constituent reactions (Levenspiel, 1999). 
As mentioned, selectivity is the key issue in selecting a chemical reactor for multiple reactions. Typically, 
high selectivity might be obtained at low conversion, but this implies a large amount of reactant to be 
recycled.  

VnCSTR/VPFR 
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Fig 1-10: Comparison of selectivity in CSTR and PFR (Dimian, 2003) 

 Type of Reactor 

Plug Flow Reactor Continuous Stirred-Tank Reactor 

Characteristics Arranged as one long reactor or many 
short reactors in a tube bank ; no 
radial variation in reaction rate 
(concentration); concentration 
changes with length down the reactor 

Run at steady state with continuous 
flow of reactants and products; the 
feed assumes a uniform composition 
throughout the reactor, exit stream has 
the same composition as in the tank 

Kinds of Phases 
Present 

Primarily Gas Phase 
Rarely for Liquid phase 

Liquid phase 
Gas-liquid reactions 
Solid-liquid reactions 

Usage Large Scale 
Fast Reactions 
Homogeneous Reactions 
Heterogeneous Reactions 
Continuous Production 
High Temperature 

When agitation is required 
Series configurations for different 
concentration streams 

Advantages High Conversion per Unit Volume 
Low operating (labor) cost) 
Continuous Operation 
Good heat transfer 

Continuous operation 
Good temperature control 
Easily adapts to two phase runs 
Good control 
Simplicity of construction 
Low operating (labor) cost 
Easy to clean 

Disadvantages Undesired thermal gradients may exist 
Poor temperature control 
Shutdown and cleaning may be 
expensive 

Lowest conversion per unit volume 
By-passing and channeling possible 
with poor agitation 

Table 1-1: A brief comparison of CSTR and PFR (Fogler, 1992) (umich) 



-14- 
 

1.5 Methodology 
On the basis of the objectives the final procedure to carry out this project can be summarized into several 
steps: 
 Selection of research, literature data and reference books for verification. 
 Using literature data to compare the particular reactor in the Chemical Engineering tools in COMSOL 

Multiphysics. 
 Evaluation of the effect of operating parameters on performance of reactors and process systems 

verification of numerical modelling results through analytical solutions. 
There are two basic simulation study types in COMSOL for making design equation, steady state analysis 
and unsteady state analysis. Both analyses use numerical methods for computation.  
Steady-state analysis: Steady-state analysis means computation of the state variables in time	푡 → ∞, 
where we expect that the value of this quantity is stable. From the computation point of view it means, 
that all derivatives with respect to time are equal to zero 
Un-steady state analysis: There are many situations, such as whenever operating levels change, that a 
system will not be at steady state, and mass and energy will be accumulated over time. 
1.5.1 Design Approach 
Reactor design basically means which type and size of reactor and method of operation we should employ 
for a given conversion. Simple steps of a design approach are shown in figure 1-11. 
 

 
Fig 1-11: Steps to design and model the reactor (Bischoff, 1990)  
The design parameters which are important to measure the performance of the reactors are  
 Volume of reactor 
 Flow rate 
 Concentration of feed 
 Reaction kinetic 
 Temperature 
 Pressure 
As this is a very vast topic to cover all parameters effect, thus for simplicity in this report we studied the 
effect of Temperature, Flow rate and concentration and keeping other performance parameters constant 
 

Reactor type

Limiting 
reagent

Design 
equation Rate law

Stoichiometry

Combine
Energy 
Balance

(if employed)

Solve
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2 Models Description 
2.1 PFR Model, General Theoretical Formulation 
Plug flow is a simplified and idealized picture of the motion of fluid, where by the entire fluid elements 
move with a uniform velocity and parallel streamlines. The reactor itself may consist of an empty tube or 
vessel or it may contain packing or a fixed bed of particles. The perfectly ordered flow is the only 
transport mechanism accounted in the plug flow reactor model. The composition of the fluid changes 
from point to point along the flow path (Levenspiel, 1999). 

 
Fig 2-1: A simple plug flow reactor symbol in COMSOL, a) without and b) with heat exchange  
Mass and Energy Balance in PFR 
Apply mass balance equation (Fogler, 1992) 

푀푎푠푠	푓푙표푤	푟푎푡푒	
푖푛푡표

푡ℎ푒	푠푦푠푡푒푚
−

푀푎푠푠	푓푙표푤	푟푎푡푒
표푢푡	표푓	푡ℎ푒
푠푦푠푡푒푚

−

⎣
⎢
⎢
⎢
⎡
푆푡푟푒푎푚	표푓
푐표푚푝표푛푒푛푡
푑푖푠푎푝푝푒푎푟푖푛푔

푖푛	푡ℎ푒	
푟푒푎푐푡푖표푛 ⎦

⎥
⎥
⎥
⎤

= 푅푎푡푒	표푓
푎푐푐푢푚푢푙푎푡푖표푛

			 

 

																																																										퐹 | − 퐹 | − 푟푑푉 =
휕
휕푡
푐 푑푉																																									(푒푞. 1) 

Apply Energy balance equation (Fogler, 1992) 

⎣
⎢
⎢
⎢
⎡

푟푎푡푒	표푓
	푎푐푐푢푚푢푙푎푡푖표푛	
표푓	푒푛푒푟푔푦
	푤푖푡ℎ푖푛	푡ℎ푒	
푠푦푠푡푒푚 ⎦

⎥
⎥
⎥
⎤

= 	

⎣
⎢
⎢
⎢
⎡
푟푎푡푒	표푓	푓푙표푤
표푓	ℎ푒푎푡	푡표
푡ℎ푒	푠푦푠푡푒푚
푓푟표푚	푡ℎ푒

푠푢푟푟표푢푛푑푖푛푔푠⎦
⎥
⎥
⎥
⎤

−

⎣
⎢
⎢
⎢
⎡
푟푎푡푒	표푓	푤표푟푘
푑표푛푒	푏푦

푡ℎ푒	푠푦푠푡푒푚
표푛	푡ℎ푒

푠푢푟푟표푢푛푑푖푛푔푠⎦
⎥
⎥
⎥
⎤

+

⎣
⎢
⎢
⎢
⎢
⎡

푟푎푡푒	표푓
푒푛푒푟푔푦
푎푑푑푒푑	푡표
푡ℎ푒	푠푦푠푡푒푚
푏푦	푚푎푠푠	푓푙표푤
푖푛푡표	푡ℎ푒	푠푦푠푡푒푚⎦

⎥
⎥
⎥
⎥
⎤

−

⎣
⎢
⎢
⎢
⎢
⎢
⎡

푟푎푡푒	표푓
푒푛푒푟푔푦
푙푒푎푣푖푛푔

푡ℎ푒	푠푦푠푡푒푚
푏푦	푚푎푠푠

푓푙표푤	표푢푡	표푓
푡ℎ푒	푠푦푠푡푒푚 ⎦

⎥
⎥
⎥
⎥
⎥
⎤

			 

																										
푑퐸
푑푡

= 	푄 −푊 + 	 퐸 퐹 −	 퐸 퐹 																																									(푒푞. 2) 

																											푊 = 	푊 + 	 퐸 푃푉 −	 퐸 푃푉 																																																						(푒푞. 3) 

Where, 퐸  is the sum of internal, kinetic, potential and other energies. 

퐸 = 	 푈 +
푢
2

+ 푔푧 + 표푡ℎ푒푟 

In almost all chemical reactors, all other energy terms are negligible as compared with enthalpy. Heat 
transfer and work terms, hence 

																																																																퐸 = 	푈 																																																																														(푒푞. 4) 
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By definition of enthalpy 
																																																				퐻 = 	푈 + 푃푉 																																																																														(푒푞. 5) 

Simplifying the above eq. 1 and adding the above equations 

																									
푑퐸
푑푡

= 	푄 −푊 + 	 퐹 퐻 −	 퐹 퐻 																																									(푒푞. 6) 

Using steady state conditions and dissecting the enthalpies and simplifying 

																														푄 −푊 − 퐹 훩 퐶 푑푇 − ∆퐻 (푇)퐹 푋 = 	0																																	(푒푞. 7) 

																																																																		∆퐻 (푇) = ∆퐻° (푇 ) + ∆퐶 푑푇																													(푒푞. 8) 

																																																																		푄 = ∫ 푈푎(푇 − 푇)푑푉	 																													(푒푞. 9) 

2.1.1 Mathematical modelling of PFR for Benchmark: 
Consider a tubular reactor in which heat is added or removed through the cylindrical walls of the reactor. 
  

 

 

 

 

 

 

 

Fig 2-2: A mathematical model of a tubular reactor with heat exchange 
In a PFR working ideally, the feed enters at 푇  containing two components A and B with initial 
concentration of 퐶 and	퐶 . Components A and B are reacting by 1st order reaction to produce C. The 
exit concentrations of the mixtures are	퐶 ,	퐶  and 	퐶  at temperature	푇  . Consider a small portion of 
the reactor ∆푉 
In modelling the reactor we shall assume that there are no radial gradients in the reactor and heat flux per 
unit volume of the reactor is 

푞 = 푈푎(푇 − 푇) 
 
Assuming the reaction occurring in the reactor 

푎퐴 + 푏퐵 → 푐퐶 
Assumptions: 
Constant properties of the species 
There is no frictional pressure drop in the in the system 
Kinetic and Potential Energy are negligible in the process 
No work done 
Rate of reaction is governed by −푟 = 푘퐶  
 
 
 

퐹 ,퐹 ,푇  

푞,푇  

푇 

퐹 ,퐹 ,퐹 	푇  

푉					푉 + ∆푉 



-17- 
 

Solution: 
For Steady state conditions 
Simplifying the mass balance equation: 

																																																																			
푑푋
푑푉

=
−푟
퐹

																																																																				(푒푞. 10) 

Simplifying the energy balance equation for the model 

푈푎(푇 − 푇)푑푉
	

− 퐹 훩 퐶 푑푇 + ∆퐻° (푇 ) + ∆퐶 푑푇		 퐹 푋 = 	0									(푒푞. 11) 

Differentiating eq. 10 with respect to volume V gives 

푈푎(푇 − 푇) − 퐹 훩 퐶 + 푋∆퐶
푑푇
푑푉

− 퐹 ∆퐻° (푇 ) + ∆퐶 푑푇		
푑푋
푑푉

= 0 

Putting eq. 10 in above equation and after rearranging 
푑푇
푑푉

=
푈푎(푇 − 푇) + (−푟 )[∆퐻 (푇)]

퐹 ∑훩 퐶 + 푋∆퐶
 

Where  

∆퐶 =
푐
푎
퐶 −

푏
푎
퐶 − 퐶  

훩 퐶 = 퐶 +
퐹
퐹

퐶  

 For an adiabatic reactor with plug flow conditions (Ekerdt, 2002) 
푑푇
푑푉

=
(−푟 )[∆퐻 (푇)]

푚퐶
 

Where  
 푚 = 푡표푡푎푙	푚푎푠푠	푓푙표푤	푟푎푡푒	표푓	푓푒푒푑 = 푣표푙	푓푙표푤	푟푎푡푒 × 푚푖푥푡푢푟푒	푑푒푛푠푖푡푦 

퐶 = 푀푖푥푡푢푟푒	ℎ푒푎푡	푐푎푝푎푐푖푡푦 
The above design equation describes the change of temperature with volume (1.e. distance) down the 
reactor 
In this case numerical integration of two coupled differential equations is required, in which 

푑푇
푑푉

= 푔(푋,푇) 

Must be coupled with mass balance and solved simultaneously 
푑푋
푑푉

=
−푟
퐹

= 푓(푋,푇) 

The above equations are numerically integrated by using Euler´s method (Weber, 1995) 
푋 = 푋 + 	푓(푋 ,푇 )ℎ 
푇 = 푇 + 	푔(푋 ,푇 )ℎ 

 For a plug flow reactor with heat exchange (Ekerdt, 2002) 
 

푑푇
푑푉

=
(−푟 )[∆퐻 (푇)]

푚퐶
+ 푈푎(푇 − 푇) 

Where  

푚 퐶
푑푇
푑푉

= 푈푎(푇 − 푇) =≫
푑푇
푑푉

=
푈푎(푇 − 푇)
푚 퐶

 

The above equations are numerically integrated by using Euler´s method (Weber, 1995) 
푋 = 푋 + 	푓(푋 ,푇 )ℎ 
푇 = 푇 + 	푔(푋 ,푇 )ℎ 
푇 = 푇 + 푗(푋 ,푇 )ℎ 
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For Un-steady state conditions 
Neglecting shaft work and changes in pressure with respect to time, transient energy balance on a PFR 
becomes: 
 

푈푎(푇 − 푇) − 퐹 퐶
휕푇
휕푉

− (−푟 )[−∆퐻 (푇)] = 퐶 퐶
휕푇
휕푡

 

 
This equation must be coupled with the unsteady state mole/mass balances and the rate law to solve 
numerically 

−
휕퐹
휕푉

+ 푣 (−푟 ) =
휕퐶
휕푡

 

 
Rate law equation 

−푟 = 푘(푇) ∙ 푓푛(퐶 ) 
2.2 CSTR model, General Theoretical Formulation 
The purpose of this study is to model dynamic conditions within a CSTR for different process conditions. 
Simplicity within the model is used as the focus is to understand the dynamic control 
A CSTR is generally modelled as having no spatial variations in concentration, temperature or reaction 
rate throughout the vessel. Since the temperature and concentration are identical everywhere in the vessel, 
means same at the outlet or exit point of the reactor  
 

 

 

 

 

 

 

 

 

 

 

Fig 2-3: A simple diagram in COMSOL for a) CSTR without jacket b) Jacketed CSTR  
Apply mole balance equation 

(퐴푐푐푢푚푢푙푎푡푖표푛	푅푎푡푒) = (퐹푙표푤	퐼푛) − (퐹푙표푤	푂푢푡) − (퐺푒푛푒푟푎푡푖표푛	푅푎푡푒) 

푉
휕
휕푡
푐 					= 								퐹 | − 퐹 | − 푟푉										 

Apply energy balance equation (for no work done and no frictional pressure drop) 
 

퐸푛푒푟푔푦	
퐴푐푐푢푚푢푙푎푡푖표푛	푅푎푡푒 = 퐻푒푎푡	

퐼푛 − 퐻푒푎푡	
푂푢푡 + 	퐻푒푎푡	

퐺푒푛푒푟푎푡푖표푛	푅푎푡푒 + (퐻푒푎푡	푇푟푎푛푠푓푒푟) 

 

 
 

 

 

  
 

 

 

 
 

 

b) 
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2.2.1 Mathematical modelling of CSTR for Benchmark: 
Consider a simple CSTR with jacket, used to add or remove heat from the reaction vessel and working 
ideally. 
The feed enters at 푇  containing two components A and B with initial concentrations of 퐶 and	퐶 . 
Components A and B are reacting by 1st order reaction to produce C. The exit concentrations of the 
mixtures are	퐶 ,	퐶  and 	퐶  at temperature	푇  . Consider a small portion of the reactor	∆푉. The cooling 
fluid entering and exiting temperature is constant as shown in the fig 2-4. 
 

 

 

 

 

 

 

 

 

 

 

Fig 2-4: A mathematical model of a continuous stirred tank reactor with heat exchange 
Mathematical description of all variables is of course very complicated. Therefore there must be 
introduced some simplifications before we start to build the mathematical model. 
Assumptions: 
Perfect mixing: The agitator within the CSTR will create an environment of perfect mixing within the 
vessel. Exit stream will have same concentration and temperature as reactor fluid. 
Single, 1st order reaction	−푟 = 푘퐶 : To avoid confusion, complex kinetics is not considered in the 
modelling. 
Parameters specified: All the necessary parameters to solve the problem have to be specified. 
Volume specified: In a control environment, the size of the vessel is usually already specified. 
Constant properties of the species 
There is no frictional pressure drop in the in the system 
No work done 
Solution: 
For Un-steady state conditions 
 Apply mole balance 

푉
휕
휕푡
푐 					= 퐹 − 퐹 − 푟 푉										 

푟 = 푘퐶 = 푘 퐶 푒 										 
Apply energy balance 

푈푎(푇 − 푇) − 퐹 훩 퐶 (푇 − 푇 ) − ∆퐻 (푇)(−푟 푉) = 푉 퐶 퐶
푑푇
푑푡

 

 

 

  

 

 

퐹 ,퐹 ,푇  

 

퐹 ,퐹 ,퐹 	푇  

 

푚 , 푐 ,푇  푚 , 푐 ,푇  
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For a liquid phase reaction 

퐶 퐶 ≅ 퐶 퐶 = 퐶 훩 퐶 = 퐶 퐶  

Where, 퐶 	is the heat capacity of the solution. With this approximation and assuming that all species 
enter at the same temperature T0 
Transient energy balance on a CSTR becomes 

푈푎(푇 − 푇) − 퐹 퐶 (푇 − 푇 ) − ∆퐻 (푇)(−푟 푉) = 푉퐶 퐶
푑푇
푑푡

 

By simplification and for constant density 
푑퐶
푑푡

=
푚
휌푉

(퐶 − 퐶 ) − 푘 퐶 푒  

푑푇
푑푡

=
푚∆퐶 (푇 − 푇) − ∆퐻 (푇) 푘 퐶 푒 + 푈푎(푇 − 푇)

푉휌∆퐶
 

푑퐶
푑푡

= 푓(퐶 ,푇) 

푑푇
푑푡

= 푔(퐶 ,푇) 

The above equations are numerically integrated by using Euler’s method 
퐶 = 퐶 + 	푓 퐶 ,푇 ∆푡 

푇 = 푇 + 	푔 퐶 ,푇 ∆푡 
Steady state operation 
If the CSTR is at steady state, the time derivatives in above equations can be set to zero, yielding 

0 =
푚
휌푉

(퐶 − 퐶 ) − 푘 퐶 푒  

0 = 푚∆퐶 (푇 − 푇) − ∆퐻 (푇) 푘 퐶 푒 + 푈푎(푇 − 푇) 

The above equations can be solved analytically to calculate the value of T and	퐶  
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3 Case study:  
3.1 Description 
The production of acetic acid from hydrolysis of acetic anhydride from reaction (Fogler, 1992) (Coker, 
2001) 

퐶퐻 퐶푂.푂.퐶푂퐶퐻 + 퐻 푂 → 2퐶퐻 퐶푂푂퐻 
Or  

퐴 + 퐵 → 2퐶 
The kinetic data available from literature is: 

The heat of reaction is, ∆퐻° (푇 ) = 209200   

Rate constant is,  푘(1 푠) = 0.0107푒푥푝 20.24 − .  

Rate of reaction is, −푟 = 푘퐶 = 0.0107푒푥푝 20.24 − . 퐶 (1− 푋) 푚표푙
푚 . 푠  

The properties are 
 
 
Properties 

Components  
Mixture Acetic 

Anhydride 
Water Acetic 

Acid 
Mass Fraction (inlet) wA 1-wA 0 1 

Flow rate, inlet (kg/s) wA* Ft (1-wA) *Ft 0 1 

Molecular 
weight(kg/mol) 

0.102 0.018 0.060 - 

Density (kg/m3) 1082 1000 1050 wA*1082+(1- wA)*1000 

Specific heat (J/kg/K) 1830 1007 2043 wA*1830+(1- wA)*1007 

Viscosity, 10-3(Pa.s) 1.124 0.8905 0.9 0.893 

Table 3-1: physical properties of components (Bruce E. Poling, 2000) 
Where Ft is total flow rate of feed, for heat exchange, water is flowing in the direction similar to the feed 
with starting temperature 288.15 K, the overall heat transfer coefficient is 557 W/m^2/K 
Parametric Study: 
Initial Mass fraction is used as parametric value: 
 

Mass fraction of A Mass fraction of B Mixture density Mixture specific heat 

0.01 0.99 100.82 1015.23 

0.02 0.98 1001.64 1023.46 

0.03 0.97 1002.46 1031.69 

0.04 0.96 1003.28 1039.92 

0.05 0.95 1004.1 1048.15 

Table 3-2: Input values used in the COMSOL and Benchmark Models 
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3.2 Modelling in COMSOL with Plug flow conditions: 
Modelling of a steady state non isothermal plug flow reactor is carried out by using the hydrolysis process 
of acetic anhydride to produce acetic acid. The modules used in this model are Transport of Concentrated 
Species in 1D and Non-Isothermal Pipe Flow in 2D coupled with the Chemical Engineering tools in 
COMSOL Multiphysics. 
The liquid phase reaction takes place under non-isothermal conditions in a plug flow reactor. As the 
hydrolysis chemistry is exothermic, control over the temperature in the reactor is essential in order to 
achieve reasonable conversion under safe operating conditions. When the reactor is run under adiabatic 
conditions, the model shows how the conversion of acetic anhydride can be affected by mixing the 
reactant with inert. Furthermore, it is illustrated how to affect the conversion of acetic anhydride by means 
of a heat exchanger removing energy from the system. 
The modelling instructions for this model with are: 
Add the modeling interface, and specify the thermodynamics input. 
Then use the graphical diagram and the buttons in the Physics ribbon to place the units 
Add the needed ports to and from the PFR 
Add the material streams by clicking the Material Stream button and then route between the relevant 
ports. 
The graphical view of the interface for PFR can be seen in fig 3-1 

 
Fig3-1: Example of a Flow diagram of PFR model in graphical user interface of COMSOL Multiphysics. 
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3.2.1 Model Description 
The liquid phase reaction is carried out according to the following equation: 

퐶퐻 퐶푂.푂.퐶푂퐶퐻 +퐻 푂 → 2퐶퐻 퐶푂푂퐻 

퐴 + 퐵 → 2퐶 
The rate of reaction is first order with respect to acetic anhydride: 

−푟 = 푘퐶  
Where rate constant is temperature dependent and can be represented as 

푘 = 푘°푒 = 0.0107푒푥푝 20.24 −
6033.2
푇

 

It is assumed that the physical properties of the mixture are constant and process is steady state 

As the chemical reaction proceeds, the composition of the mixture changes from pure A and B at the inlet 
to a mixture of A, B and C. The total mass flux is strongly influenced by the flux of each species. In 
addition, several molecular interactions occur; A interacts with B, C and other A molecules, B interacts 
with A, C and other B molecules. This implies that the simple Fick’s law formulation, with one constant 
diffusivity for each species is not applicable here. As Fick diffusivity accounts only for the interaction 
between solvent and solute. In the Transport of Concentrated Species, we used Mixture-Averaged 
diffusion equations, for which multicomponent diffusivities describe the interactions between all 
components in the system. 

The governing equation used for concentrated species transport in COMSOL 

∇. 푗 + 휌(푢 ∙ ∇)푤 = 푅 − 푤 푅  

Where  

푗 = − 휌퐷 ∇푤 + 휌푤 퐷
∇푀
푀

+ 퐷
∇T
T

 

퐷 =
1 − 푤
∑ 푥

퐷
,푀 =

푤
푀

 

The governing equation used for non-isothermal pipe flow physics is 

휌퐴퐶 푢푒 ∙ ∇ 푇 = ∇ ∙ (퐴푘∇ 푇) +
1
2
푓
휌퐴
푑

|푢|푢 + 푄 + 푞 푇 + 푄  

Where in this model   푄 = 푄 + 푄  

푄 = ∆퐻 ∙ 푟  

푄 = 푈푎(푇 − 푇) 

The concentrated species equation shows that, the rate of production of species C is dependent on both 
composition and temperature. And this temperature is depending on the flow rate of the mixture in non-
isothermal pipe flow physics. Thus in this model the parameters responsible for the performance of the 
reactor and process are flow rate of the mixture, concentration of the species and temperature of the 
cooling fluid. 
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Geometry and mesh selection 
The geometry used in this model for the tubular reactor is 2D round pipe as illustrated below 

 
Fig 3-2: Simple geometrical view of PFR 
A mapped (structured) mesh is a used due to the reactor’s regular shape. A mapped mesh gives full 
control of the elements’ width/length relationship 
Boundary conditions 
Transport of Concentrated Species physics interface:  
At the inlet, the mass fraction of A is set wA (i.e.0.02-0.05) and for B it is 1-wA. The outlet boundary 
condition is a convective flux condition. The convective flux condition implies that diffusive flux for the 
species is zero perpendicular to the boundary. This is a common assumption when modeling the outlet in 
tubular reactors (Levenspiel, 1999). 
Chemical Engineering interface:  
At the inlet, the mass fraction of A is set wA (i.e.0.02-0.05) and for B it is 1-wA. Pressure drop is zero in 
the system leads to Pin = Pout = Patm. Temperature for the feed inlet is T=307.15 K 
Non-isothermal pipe flow physics: 
Taking the inlet conditions from the Flowsheet and giving the outlet values to flow sheet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Inlet Outlet 
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3.3 Modelling in COMSOL with CSTR: 
In this modelling of a steady state non isothermal continuous stirred tank reactor (CSTR) is carried out by 
using the hydrolysis process of acetic anhydride to produce acetic acid. The Chemical engineering 
interface is used in this with stationary study step 
The liquid phase reaction takes place in a continuous stirred tank reactor (CSTR) equipped with a heat-
exchanger. The pressure drops are neglected since they are assumed not to influence the liquid system. It 
is further assumed that the mixture density is constant over time. 
The modelling instructions for this model with are: 
Add Chemical Engineering interface, and specify the thermodynamics input. 
Then use the graphical diagram and the buttons in the Physics ribbon to place the units as shown below in 
Figure  
Add the needed ports to and from the CSTR  
Add the material streams by clicking the Material Stream button and then route between the relevant 
ports. 
The graphical view of the interface for CSTR can be seen in fig 3-3 

 
Fig 3-3: Example flow diagram of CSTR model in graphical user interface of COMSOL Multiphysics 
 

Reactant feed 

Cooling water In Product stream 

Hot water In 
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3.3.1 Model Description 
In a Continuous Stirred Tank Reactor, acetic anhydride and water are fed as reactants feed stream and are 
reacting to produce acetic acid in a first-order irreversible reaction: 

퐶퐻 퐶푂.푂.퐶푂퐶퐻 +퐻 푂 → 2퐶퐻 퐶푂푂퐻 

퐴 + 퐵 → 2퐶 
The rate of reaction is first order with respect to acetic anhydride: 

−푟 = 푘퐶  
Where k is a rate constant for the first-order rate expression of the forward reaction and its temperature 
dependence can be represented as 

푘 = 푘°푒 = 0.0107푒푥푝 20.24 −
6033.2
푇

 

The steady state equations of the non-isothermal reacting system used in this model are 

0 = 푓 , 	 − 푓 , 	 + 푅 , 	  

푅 , 	 = 푀 푣 푅 

For an incompressible and ideally mixed reacting liquid, the energy balance is (COMSOL) 

0 = 푓 , 	 ℎ 	 − 푓 , 	 ℎ 	 + 푄 + 푄 + 푉푄  

푄 = 푈퐴(푇 − 푇) 

푄 = 푟 ∆퐻  
Boundary conditions 
Chemical Engineering interface:  
At the inlet, the mass fraction of A is set wA (i.e.0.02-0.05) and for B it is 1-wA. Pressure drop is zero in 
the system leads to Pin = Pout = Patm. Temperature for the feed inlet is T=307.15 K 
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4 Results 
Figure 4-1 shows how the mass fraction in the product changes with mass fraction of A in feed stream. It 
can be shown that for low value of mass fraction of A in feed, the mass fraction of product is quite small 
and increasing with increasing mass fraction of A in feed and after 0.04 there is a surprisingly increase in 
fraction of product due to sudden increase of temperature in the PFR, as reaction rate strongly depends 
on temperature.  

  
Fig 4-1: Product composition dependence on initial composition of A in PFR 
For CSTR in figure 4-2, the situation looks little bit different. As this is a 1st order reaction and from 
CSTR theory it is well known that conversion is proportional to the rate constant and reaction time in the 
reactor, holding volume and volumetric flow rate for steady state conditions. 

 
Fig 4-2: Product composition dependence on initial composition of A in CSTR 

T(K) 

T(K) 



-28- 
 

Fig 4-3 shows a plot of the conversion of compound A along the reactor length in PFR. The conversion is 
here defined as fraction of fresh feed A that is converted to C, measuring in the Product stream, see 
Figure 1-5. It is calculated as 

, where f denotes mass flow rate (kg/s) 

These results verified the theory of PFR that, for PFR conversion changes with the position of reacting 
components in the reactor, starting with low conversion for low fraction value of A to a very high value 
for high fraction.  

 
Fig 4-3: Conversion of A along the reactor length in PFR 

 
Fig 4-4: Conversion comparison of CSTR and PFR 
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Figure 4-4 shows the conversion comparison of PFR and CSTR. For the same holding volume of the 
reactors, the conversion of the PFR is on upper side as compared to that of CSTR, started from 0.177 to 
0.382 in case of CSTR and 0.259 to 0.748 for PFR. It can also be seen from figure 4-3, the conversion of 
CSTR looks near 9-10 m of the length of PFR. The results also verified the theory of the reactors, the 
conversion of PFR is very high as compared to the CSTR of the same volume; the reason is that CSTR 
always operates at lowest reaction rate. PFR starts at a high rate, and then gradually decreases to the exit 
rate (for rate of reaction see appendix A) 
Figure 4-5 is showing the effects of initial composition on product temperature and final conversion of A 
in PFR. With increasing mass fraction of A in feed, temperature is increasing and in the process modelled 
conversion is depending on temperature as, rate constant is depending on temperature. At low fraction 
value, temperature is declining because at the same time the cooling fluid is entering in the jacket at 288.15 
K and heat absorb by cooling fluid is slightly greater than the heat generated through exothermic heat of 
reaction, but as mass fraction increases heat generated into the system due to exothermic reaction goes on 
increasing and have a sharp increase for 0.05 fraction value. 

 
Fig 4-5: Conversion of A and temperature dependency on initial composition in PFR 
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In case of CSTR figure 4-6 shows the variation in product temperatures with initial composition of feed, 
the reason behind low temperature in CSTR is that the in perfectly mixed CSTR, the temperature inside 
the reactor is constant everywhere, it doesn’t depend on the position of the reactor as in case of PFR 
where all variables change along the direction of flow, in CSTR rate of reaction is slow as compared to 
PFR leading to low value of temperature 

 
Fig 4-6: Temperature dependency on initial composition in CSTR 
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Table 4-1 and fig 4-7 show the difference between the benchmark model´s results and the simulation 
results from the COMSOL. As we can see the difference are extremely low and negligible, the percentage 
error in the results for both CSTR and PFR are in the range of 0.004 % to 1 % which is small enough and 
can be neglected 
 

Reactor 
Type 

 

Mass 
fraction 

Conversion of A, % Temperature of the Product, K 

Benchmark 
model 

COMSOL 
model 

Benchmark 
model 

COMSOL 
model 

 

 

PFR 

0.01 25.937 25.902 302.492 302.50466 

0.02 30.072 30.055 307.38287 307.39328 

0.03 36.344 36.368 314.48907 314.50815 

0.04 47.492 47.645 326.61282 326.7003 

0.05 74.271 74.873 355.09873 355.50057 

 

 

CSTR 

0.01 17.715 17.728 298.9524 298.96424 

0.02 19.952 19.964 301.12539 301.13659 

0.03 23.112 23.157 303.95437 303.99744 

0.04 28.337 28.514 308.19925 308.21365 

0.05 38.542 39.214 315.62231 316.08297 

Table 4-1: comparison of Benchmark model and COMSOL model results 
 

 
Fig 4-7: comparison of Benchmark model and COMSOL model results 
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5 Discussions and Conclusions 
The purpose of this study is to analyze the effects of operating parameters such as composition and 
temperature of the reactor to overall performance of the reactor (rate of conversion and product stram 
temperature) and validation of the numerical simulation model build in a commercial software platform. 
The simulation results show yield improvement with increasing feed concentration and hence the 
temperature due to increase of the rate of reaction directly related to product conversion. We know that 
the productivity of a process is a complex function of flow, feed concentration and temperature with 
optimal productivity being determined by the level of acceptable conditions, by-product concentrations 
and economics aspects of the model. 
The both models predict that the reactor temperature passes a maximum value higher than the steady-
state temperature; however in case of PFR it is much higher than CSTR. From a safety perspective it is 
therefore relevant to look closer at possible sets of initial conditions to see if process operation limits are 
violated. In the process modeled here, it is undesirable to exceed a reactor temperature of 307 K to avoid 
undesirable side reactions and not damage reactor equipment, further more as it is liquid phase reactions 
and we know that the flash point for acetic anhydride is around 322 K and for acetic acid it is 
approximately 313 K. 
During the modelling of the PFR, parametric sensitivity is observed, the concept of parametric sensitivity 
designates the behavior of a plug flow reactor in the case of high exothermic reactions with respect of 
some parameters characterizing its thermal regime, and initial composition is listed in one of these 
parameters. The rapid increase in the temperature value after 0.04 mass fraction value of A, can be 
justified through parametric sensitivity, by increasing the mass fraction of A in the feed stream after 0.05 
was giving unstable results and some simulation errors in the modelling, because of this reason I had to 
restrict the study until 0.05 mass fraction value of A 
As the selective case study of liquid phase production of Acetic acid is strongly influenced on temperature 
and a constant value temperature is required in parallel with yield improvement, CSTR reactor is best 
suited to achieve desired results, although as from theory and results obtained it is clear that the yield of 
PFR is much higher than that of CSTR but for overall performance CSTR is good in this situation for its 
advantageous of extremely good for liquid phase reactions,  good mixing, low operating constant (from 
economic aspects) and most important good temperature control. For enhancing the performance of the 
reactor, some other techniques are also used, like combination of reactors of same type or different types. 
In case of CSTR, tank in series model is usually used to enhance the conversion 
This master thesis focuses on the reactor and adjacent streams through composition variations, although 
the temperature in this case is a direct function of the kinetics, still some parameters like pressure, volume 
of the reactors and kinetics kept constant for both cases to avoid complexity for verification equations. 
Also the ideality of the reactor is considered but in a real environment, reactor performance is not ideal 
but depends on certain factors in which residence time distribution is most important. Due to the 
unavailability of tracer test data (require experimentation) to calculate RTD, it is not included in this 
report. 
The results obtained from simulation model in COMSOL and Benchmark model look are in perfect 
agreement, as seen in fig 4-7 almost coinciding with each other. For Benchmark model we used simple 
mathematical method of Euler’s equation to solve this on Excel sheet; however the more accurate 
mathematical methods like Runge-Kutta (RK method, not included in scope of study). As COMSOL 
model is using the discretized equations (FEM technique) to solve model, while analytical solution used 
simple integrated or differentiated values, this might me the reason for this error (Malalasekera). 
The conclusion can be drawn on the basis of the results shown that the magnitude of the heat of reaction 
in a PFR is a direct function of the initial composition and increasing the composition leads increasing 
reaction magnitude and hence the temperature inside the reactor, however in a mixed reactor this problem 
can be overcome through controlled environment. High temperature usually favors the reaction with 
larger activation energy. Reactions with small activation energy are slightly affected, so that low 
temperature is preferred. CSTR can offer intense heat and mass transfer. Beside, this reactor is compatible 
with the manner of which most of the reactions are carried out in laboratory. PFR brings the advantage of 
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productivity, but here the mixing is detrimental. Thus, PFR is not the best when high heat and mass 
transfer is required. 
It can also be noted that productivity or conversion is not the only the criteria for selecting a suitable 
reactor, there are some other factors also which should be taken into account while selecting, includes; 
safe operation within the feasible space of temperature, pressure, concentration and residence time, 
environmental acceptability, good controllability properties: stable operation and easy rejection of 
disturbances, Acceptable flexibility to feedstock quality, capacity to handle large variations in throughput, 
maximum selectivity to desired products and minimum waste production, Constant product quality, low 
capital and operating costs. As in our case although PFR is giving the high productivity than CSTR but the 
other selection aspects are favoring the CSTR operation includes safe operation and good controls. 
As chemical engineering is a new tool in COMSOL simulation environment, it can be used to calculate the 
mass and energy flows for unit processes and operation, however in this report only two units along with 
the other auxiliary equipment is studied to verify the results against benchmark solution developed 
through mathematical modelling. The results are acceptable, only negligible differences. As in this report 
we only focused on ideality of the reactor in COMSOL simulation environment but the COMSOL user 
can also perform non ideal mass and energy flows for the reactors The simulation environment is very 
user friendly and gives an excellent advantage of using Flowsheet, here the user can couple other modules 
of COMSOL with the Flowsheet and it has lots of advantages, like performing 1D, 2D and 3D modelling 
of a certain unit. 
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Appendix A – Simulation Results of COMSOL model for PFR 
1. Conversion & Temperature distribution along the length of PFR 

 
2. Rate of Reaction & Temperature distribution along the length of PFR 
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3. Rate of Reaction dependence on Mass fraction of A in feed stream for CSTR 

 
4. Conversion and Temperature dependence on Mass fraction of A in feed stream for 

CSTR 

 
 

 

T(K) 



-37- 
 

Appendix B – Graphical Results of Benchmark model 
5. Conversion and Temperature dependence on Mass fraction of A and flow path in feed 

stream for PFR 
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6. Conversion and Temperature dependence on Mass fraction of A in feed stream for 
CSTR 

 

 
 

  

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 0.01 0.02 0.03 0.04 0.05 0.06

Co
nv

er
si

on
 o

f A

Mass fraction of A in feed stream

298

300

302

304

306

308

310

312

314

316

318

0 0.01 0.02 0.03 0.04 0.05 0.06

Pr
od

uc
t t

em
pe

ra
tu

re
, K

Mass fraction of A in feed stream


