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AbstractCatalytic reactors have been essential for chemical engineering process, and different designs of reactors in
multi-scales have been previously studied. Computational fluid dynamics (CFD) utilized in reactor designs have been
gaining interest due to its cost-effective advantage in designing the actual reactors before its construction. In this work,
butadiene synthesis via oxidative dehydrogenation (ODH) of n-butene using tubular reactor was used as a case study in
the CFD model. The effects of coolant and reactor diameter were investigated in assessing the reactor performance.
Based on the results of the CFD model, the conversion and selectivity were 86.5% and 59.5% respectively in a fixed bed
reactor under adiabatic condition. When coolants were used in a tubular reactor, reactor temperature profiles showed
that solar salt had lower temperature gradients inside the reactor than the cooling water. Furthermore, higher conver-
sion (90.9%) and selectivity (90.5%) were observed for solar salt as compared to the cooling water (88.4% for conver-
sion and 86.3% for selectivity). Meanwhile, reducing the reactor diameter resulted in smaller temperature gradients
with higher conversion and selectivity.
Keywords: Catalysis, Computer Modelling, Heat Transfer, Kinetics, Reactor Design

INTRODUCTION

Hydrocarbons such as butene and butadiene have been known
as essential raw materials in producing important industrial chem-
icals such as synthetic rubbers and plastics [1,2]. The global demand
for these two chemicals increased consistently over the past decades
[3,4]. Butadiene has been produced via three major synthesis routes:
(a) steam cracking of hydrocarbons such as naphtha, (b) catalytic
dehydrogenation of n-butane, and (c) oxidative dehydrogenation
of n-butene [5]. Most of the total butadiene produced globally came
from the naphtha catalytic cracking (NCC) process [6-8]. To date,
cracking is the most popular method used to produce light ole-
fins such as ethylene, propylene, and butene. NCC involves the
breakdown of heavier hydrocarbons (C5-C12) into lighter hydro-
carbons (C2-C4). It has been an energy-consuming process because
of the highly endothermic reaction involved and the additional
energy required to activate the reactants [9,10]. Ren et al. [11] re-
ported high CO2 emissions and coke depositions formed from the
hydrocarbon pyrolysis as major environmental concerns for the
cracking process. For this reason, researchers globally have called for
a more efficient butadiene production that aimed to reduce over-
all CO2 emissions and energy consumption. Meanwhile, catalytic
dehydrogenation has a lower production cost and it is more envi-
ronment-friendly than cracking [5,9]. Catalytic or direct dehydro-
genation has been an alternative route for producing butadiene.
This process has an unselective reaction and decomposes alkenes
(or alkanes) into butadiene and hydrogen. However, this process

was found to have obvious limitations: conversion and selectivity
constraints due to its high endothermicity, multiple side reactions,
rapid coke formation, and rapid catalyst deactivation [5]. To solve
these limitations, oxidative dehydrogenation (ODH) process has
been developed [12]. During the recent decades, ODH have been
studied because it was found to efficiently produce butadiene with
high selectivity and yield; and it does not suffer the same prob-
lems identified above affecting NCC and direct dehydrogenation
[5]. ODH is an exothermic reaction and can be carried out at lower
temperatures (i.e. 300-400 oC) than direct hydrogenation (i.e. 500-
650 oC). The low reaction temperatures utilized for the ODH pro-
cess can lead to substantial energy savings. Additionally, the pres-
ence of O2 in the ODH process promotes coke combustion on the
catalyst surface preventing catalyst deactivation [10]. However, ODH
reaction has its limitation: the selectivity is hardly controllable and
is strongly influenced by the reaction conditions used. Similar with
naphtha cracking, ODH also produces many byproducts, which
require additional separation unit processes. However, previous
studies have been conducted to improve the selectivity and yield of
butadiene at mild reaction conditions allowing for ODH process
to compete with the existing NCC technology [13]. Developing novel
and efficient catalysts were among the focus of previous researches
in ODH [13,14]. Bismuth molybdates (Mo-Bi), ferrites, iron oxides,
Cr2O3/Al2O3, vanadium-MgO composites, tin and antimony oxides,
and carbon-based materials were studied previously as potential
catalysts for the ODH process [3-5,8,14-16]. Ferrites and Mo-Bi
have been the most widely used catalyst in the ODH process be-
cause it exhibited high catalytic activity and fewer byproducts [5,
14,17].

Optimal design of catalytic reactors has been another key re-
search focus [18]. Designing reactors have been essential for chemi-



2158 J. A. Mendoza and S. Hwang

November, 2018

ters such as reactor length, gas flow rate, inlet temperature, etc. are
essential to maximize reactor performance and efficiency. Compu-
tational fluid dynamics (CFD) were used to investigate the flow
patterns within the reactor to understand heat and mass transfer,
and its influence on chemical reaction kinetics. Various CFD models
were developed depending on reactor types and configurations
[21,22]. Discrete element method (DEM) coupled with CFD was
used for fluidized bed reactor for olefin synthesis [23,24]. Another
model was the energy minimization multi-scale (EMMS) model,
which was used to describe multi-scale phenomenon in a gas-solid
multi-phase catalytic reactor [25,26]. MATLAB and its optimiza-
tion toolbox have been used to develop models for monolithic and
multi-channel reactors [6]. It was used to develop the kinetic and
mechanistic study for ODH using carbon catalysts [10]. Tian et al.
[22] studied the effect of diameter-to-length configuration of the
reactor for acetylene hydrogenation using CFD. Meanwhile, CFD
coupled with a process modeling software was also used to model
the effect of coolant (i.e. solar salt) flow rate and baffle configura-
tion on the overall reactor performance for o-xylene conversion
[19].

However, no previous studies have presented a comparative anal-
ysis between water and solar salt as a coolant for tubular reactors

cal engineering processes including ODH. Various designs of cata-
lytic reactors in multi-scales have been previously studied [19,20].
Three reactor types have been popular with the ODH reactions:
adiabatic fixed-bed, fluidized bed, and isothermal multi-tubular
reactor. Adiabatic fixed-bed reactor has the simplest design among
reactor types and has good product yield and selectivity. However,
adiabatic fixed-bed reactor does not have the ability to control
temperature inside a reactor, resulting in more side products that
require further separation processes. Meanwhile, fluidized bed reac-
tor can have more uniform temperature distribution across a reac-
tor due to good mixing, and it increases product yield and selectivity
compared to the adiabatic fixed-bed reactor. However, complexity
is much higher compared to other types of reactors in terms of
design and operation. Also, performance of a reactor is heavily
dependent on the size distribution of catalysts inside a reactor. Lastly,
isothermal multi-tubular reactor, having a shell and tube configu-
ration, has good control over the temperature across the reactor.
Therefore, this type of reactor is well adopted for strong exother-
mic reactions such as ODH. In this reactor, coolants that flows co-
currently or counter-currently are utilized to achieve isothermal
conditions inside a reactor even though the regeneration or replace-
ment of deactivated catalyst for this reactor can be rather challeng-
ing [14]. It was found that most ODH reactions occur at the inlet
of the reactor resulting in rapid temperature increase. Meanwhile,
the temperature inside a reactor needs to be maintained at the
optimum level to maximize yield of main products avoiding also
thermal runaway behavior. For this reason, it was found that tubu-
lar reactor with cooling medium is most appropriate for ODH
reaction.

With the dawn of technology, computer-aided reactor model-
ling has gained worldwide attention mainly because of its cost-
effective advantage in designing the actual reactors before its actual
fabrication. Optimization of various design and operating parame-

Table 1. Chemical equations and kinetic parameters used in the
CFD model [28]

Reaction Pre-exponential
factor

Activation
energy (J∙kmol1)

C4H8+ O2C4H6+H2O 6×1012 5.02×108

C4H8+6O24CO2+4H2O 3×1070 1.04×107

C4H6+ O24CO2+3H2O 3×1070 1.04×107

1
2
--

11
2
-----

Table 2. Reaction parameters and physical property parameters of the CFD model [12,23]
Parameter Value
Inlet mole fractions

-C4H8 0.06
-O2 0.05
-H2O 0.89

Operating pressure (Pa) 101,325
Inlet temperature (K) 633
Gas velocity (m∙s1) 0.05
Catalyst porosity 0.35
Catalyst density (kg∙m3) 1,919
Gas mixture density Incompressible ideal gas law
Thermal conductivity of the catalyst (W∙m1∙K1) 0.2514
Heat capacity of the catalyst (J∙g1∙K1) 1,580
Heat transfer coefficient, solar salt (W∙m2∙K1) 1,600
Heat transfer coefficient, cooling water (W∙m2∙K1) 500
Particle diameter (mm) 3.0
Reactor inside diameter (cm) 2.54
Wall thickness (cm) 0.21
Surface-to-volume ratio (m1) 3,000
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in the ODH reaction of butene. Furthermore, the effect of varying
the reactor configuration (i.e. diameter of tube) and coolant on
exothermic reactions such as ODH were not widely discussed.
Also, reaction kinetic parameters were hardly calibrated in CFD
models to increase its accuracy because of the occasionally com-
plex kinetic equations involved. In this work, the reaction kinetics
were calibrated, and CFD modeling was utilized to investigate the
effects of varying diameter of the reactor tube and type of coolant
on the conversion and yield of the ODH reaction of butene.

MODEL DEVELOPMENT

1. Reactor Size and Geometry Used for the CFD Model
An isothermal multi-tubular fixed-bed reactor was chosen for

the CFD model because of the high product yield and conversion
among the reactor types described in the previous section. How-
ever, it was reduced to a single tubular reactor for simplification pur-
poses similar to the models previously developed [12]. The reactor
has a length of 32 in (81.28 cm) and an inside diameter of 1 in
(2.54 cm) filled with the solid catalyst particles. In the CFD model,
the reactor was drawn as a half cylinder assuming symmetry along
the longitudinal plane. ANSYS Design Modeler and Meshing was
used in creating the model geometry and mesh grids, while ANSYS
Fluent performed the numerical solutions. Fluent utilizes finite
volume method in solving governing equations of heat and mass
transfers. Therefore, the geometry was discretized into small grids
or cells. While there is an interdependency in the number of cells
with the accuracy and the computation speed [23], the mesh grid
created for the model to contain at least 5,000 cells was adequately
accurate. Computation speed is dependent with the available com-
puter hardware resources (i.e. processor speed, number of proces-
sor cores, memory, disk space, etc.). The model ran on a computer
with an Intel Xeon® processor (2.10 GHz, 16 cores) and 64 GB of
RAM which was enough for this study.
2. Kinetic Model

Typical oxidative dehydrogenation of n-butene involves gas-solid
reaction systems occurring at active sites within the catalyst parti-
cles. Sterrett and McIlvried [12], Wgialla et al. [27], and Xingan
and Huiqin [14] developed a kinetic model for the ODH reaction
of butene to butadiene with ferrite catalysts. However, recent papers
by Huang et al. [6] and Park et al. [10] revealed that the mecha-
nism involves mostly reactant adsorption on the solid catalyst in
an oxidative dehydrogenation, which is governed primarily by
Mars-van Krevelen (MVK) theory. Therefore, in this CFD model,
the kinetic model derived from the MVK theory was used. The
activation energies and pre-exponential factors were specified in
the Fluent interface.
3. Model Parameters

The model parameters such as pressure, temperature, catalyst
properties (e.g. density, thermal conductivity, tortuosity factor, poros-
ity, heat capacity, etc.), inlet/outlet boundary conditions, and gov-
erning equations (Table 1-3) were derived from the previous studies
to develop the CFD model. Readers are advised to check the liter-
atures [6,23,27] for the details of governing equations. Literature
values were used [12,23] to validate our CFD model since these
models had been confirmed with experimental data.

4. Modeling Method
The CFD model was developed using Fluent 19.1 (ANSYS Inc.,

USA) with the double precision mode activated. To setup the CFD
model, the appropriate model parameters (for catalyst and coolant)
were specified on the FLUENT interface. Then, the solution method
was set similar to Huang et al. [23] to ensure accuracy and conver-
gence.

Table 3. Governing equations for the CFD model [23]
Gas phase continuity equation:

Gas phase momentum equation:

Gas phase equation of state:

Species conservation equation:

Mass rate of reaction:

Energy equation:

 g 
t

---------------    gv    0
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RESULTS AND DISCUSSION

1. Operating the Reactor in Adiabatic Condition
ODH processes using fixed-bed reactors are usually operated

adiabatically, and no coolant is utilized. First, adiabatic conditions
were simulated in CFD to describe the temperature distribution in
the reactor. The pressure drop in the reactor was negligible simi-
lar to previous literatures [23], and the process can be assumed
isobaric. The velocity was maximum at the axial direction of the
reactor, and it approaches zero at the radial direction because of
the fixed wall boundary condition set for the CFD model. It is also
assumed that there is no reaction at the reactor wall surface [29].
The temperature increased along the axial length of the reactor
(Fig. 1). The temperature increased from 633 K to 665 K at the
reactor inlet and gradually increased until it reached the maxi-
mum temperature (677 K). It was observed that the temperature is
relatively constant at both radial and axial directions except at the
reactor inlet as it was mentioned in previous literature [12]. The
computational burden can be reduced if the accuracy of the model
is rather relaxed at the rest of the reactor except at the inlet sec-
tion. Furthermore, it is recommended that the length of the reac-
tor should be decreased because the previous study presented very
long reactor length for the reaction.

The concentration profile of the reactants and products is shown
in Fig. 2. It is shown how C4H8 and O2 are consumed (and con-
versely, C4H6 and CO2 are formed) as the reaction proceeds along

the reactor length, and the species concentrations had been uni-
formly distributed. This shows that the reaction is occurring on a
laminar flow in the porous media and that turbulence can be
neglected [6,23]. Under adiabatic conditions, the butene conver-
sion and butadiene selectivity were 86.5% and 59.5%, respectively.
Adiabatic condition favoured the CO2 formation affecting overall
yield of butadiene. However, the results obtained from this CFD
model differed with the experimental results previously reported
[12] under adiabatic conditions. This could be due to the reaction
kinetics applied to the CFD model. The nonlinear reaction kinet-
ics developed previously [12,14,27] produced diverging solutions
when applied to the CFD model. However, a pseudo-first order
reaction kinetics previously reported by Huang et al. [23] and Hong
et al. [5] resulted in converging solutions. Therefore, a simplified
reaction kinetics was enough to simulate the ODH reaction instead
of the more complicated kinetics mentioned above. The oxidative
dehydrogenation kinetics is dependent on the adsorption of the
reacting species on the catalyst surface. However, the effect of ad-
sorption was assumed to be negligible in the model for simplifica-
tion purposes.

The kinetic model is crucial for the accuracy of the CFD model.
To increase the accuracy of the CFD model, the reaction rate cal-
culated from the previous model [23] was used as an initial param-
eter to calibrate the rate constants of the reactions. Then, the kinetic
parameters were fitted for a good agreement between the simu-
lated and experimental data. These values are shown in Table 4.
This simplifies the reaction equation for the CFD model because
the calibrated rate constant has incorporated the intraparticle dif-
fusion and adsorption effects into one explicit parameter.

Fig. 1. Adiabatic temperature contour profile of the reactor along the
reactor axial length.

Fig. 2. Mole fraction concentration profile of butene, oxygen, buta-
diene, and CO2 under adiabatic conditions.

Table 4. Calibrated kinetic parameters used in the CFD model
Reaction kr, rate constant (m3∙kmol1∙s1)

(1) C4H8+ O2C4H6+H2O 2.530×103

(2) C4H8+6O24CO2+4H2O 88.25

(3) C4H6+ O24CO2+3H2O 38.52

1
2
--

11
2
-----
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2. Effect of Coolant: Comparing between Water and Solar Salt
Coolants are usually employed when multi-tubular packed bed

reactors are utilized for the ODH process. Solar salts, which are a
mixture of NaNO3 and KNO3 (60 : 40 w/w%), and water are usu-
ally employed as coolants in the ODH process. In this study, the
effect and performance of these coolants were evaluated. The two
coolants were compared and analyzed using the CFD model. Based
on the results on Fig. 3, the solar salt provides better cooling capa-
bilities than cooling water. Lower temperatures were observed on
the reactor walls with solar salts than with the cooling water because
of the higher heat transfer coefficient of solar salts compared to
cooling water. High heat transfer coefficient is a characteristic of
an efficient coolant [30]. Therefore, in the succeeding simulations,
solar salts were used as the coolant in the CFD model. The cool-
ant was assumed to be flowing co-currently with the reacting spe-
cies for model simplification. However, the temperature increased
above 700 K at the center of the reactor. The observed T was
greater than that obtained from the adiabatic condition, which can
be due to the heat inhibition effect of the coolant. The reaction has
mainly occurred at the reactor center, while the overall tempera-
ture in the reactor maintained at 633 K. The butene conversion
and butadiene selectivity were 90.9% and 90.5%, respectively for
solar salt. Meanwhile for cooling water, the conversion and selec-
tivity were 88.4% and 86.3%, respectively. The conversion and selec-
tivity improved when coolant was used compared to the adiabatic
condition. Introducing coolant to the reactor minimized CO2 for-

mation and favored butadiene formation because of the decreased
temperature gradient inside the reactor. Therefore, using coolants
on tubular reactors was found to be advantageous in increasing
conversion and selectivity of chemical processes [19]. From eco-
nomic point of view, solar salts are relatively expensive compared
with cooling water, which can add up to the operating costs for
the reactor. Furthermore, it requires higher capital cost to install
utility system for the supply of solar salt to the plant. On the other
hand, the use of solar salts can increase performance of a reactor
such as yield of main products. Therefore, these factors need to be
considered before arriving at an optimized tradeoff between the
two coolants. It should be also noted that the economic analysis
can be performed once size of the plants, ratings of main equip-
ment, required amounts of utilities are initially clarified, and the
economic analysis should be performed repeatedly as the project
progresses with updated data.

Another aspect to look upon to reduce cost would be optimiz-
ing the reactor size. For the ODH process, the reaction occurred
mostly at the reactor inlet due to the location where the highest
temperature difference was observed. After approximately 10 cm
of the reactor length, the temperature started to equilibrate signify-
ing that the reaction was approaching to its culmination. There-
fore, the reactor length was decreased from 81.28 cm to 30 cm
following the reactor model of Huang et al. [23]. After validating
that the CFD model developed matched (Table 5), it has been uti-
lized in the succeeding simulation analyzing the effect of varying

Fig. 3. Temperature contour profile of solar salt (a)-(b) and cooling water (c)-(d) along the reactor axial length.
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the reactor diameter.
3. Effect of Varying Reactor Diameter on Conversion and Tem-
perature Profiles

The reactor diameter affects the conversion and temperature
profiles based on the CFD results. Smaller diameter has higher
conversion and yield than larger diameter (Fig. 4). It can be also
noticed that the temperature difference (T) was increasing as the
reactor diameter is increased. Therefore, it can be concluded that
the higher surface area-volume ratio provided more efficient heat
transfer across the radial surface of the reactors for small reactor
diameters. This resulted in lower T on the reactor. Lower T
favored higher butadiene yield. Therefore, using smaller reactor
diameter is more favorable to utilize than larger reactor diameter
in terms of product yield. However, using smaller reactor diame-
ter will result in increased number of equivalent reactor tubes,
while maintaining the total reactor volume as compared to larger
reactor diameter that could affect the overall capital cost of multi-
tubular reactors. It can be presumed that the small reactor diameter
can be suitable for oxidation reactions (i.e. ODH of butene) because
of the low T inside the reactor, which minimizes the undesired
product formation. The lower temperature gradient inside the
reactor could potentially reduce the coolant mass required to cool
the reactor. Minimizing the reactor diameter can be more benefi-
cial than increasing it. However, as previously mentioned, one must
come up with an optimized tradeoff accounting for all possible
scenarios including the reaction mechanism and kinetics involved
before deciding on the proper reactor configuration.

CONCLUSIONS

This study presents a CFD model for the reactor design of ODH
process of n-butene to 1,3-butadiene under both adiabatic condi-
tions and operations with a flowing coolant. Concentrations of the
reactant and product species, temperature, velocity, and pressure
profiles in the reactor can be visualized using the CFD model. The
corresponding CFD model was validated and compared with pre-
vious literatures. Based on the results, the butene conversion and
butadiene selectivity were 86.5% and 59.5%, respectively, under
adiabatic conditions. The reaction kinetics for ODH followed a
simple pseudo-first order reaction. Therefore, the reaction of butene
with the catalyst depends on the adsorption of butene on the cata-
lyst surface. Then, the model was used to analyse the effect of cool-
ant types on the overall reactor performance such as investigating
the temperature profiles inside the reactor, butene conversion, and
butadiene selectivity. Solar salts performed more efficiently than
cooling water in decreasing the overall temperature gradient and
improving the butadiene yield. This could be due to the higher
heat transfer coefficient of solar salt than that of cooling water. In
addition, the effect of reactor diameter was investigated. Increas-
ing the reactor diameter, increases the temperature gradient, but
decreasing the conversion and yield. However, using smaller reac-
tor tube diameter would result in greater number of equivalent
reactor tubes to maintain the total reactor volume. A reactor is con-
sidered as the core in terms of the process design, and how the
reactor is designed can decide the rest of process designs such as
separation and treatment systems. As described in this work, the
use of smaller diameter and solar salt as coolant can increase per-
formance of the reactor and reduce the overall costs for separa-
tion and treatment systems, while it requires higher capital cost for
the reactor itself. Furthermore, it might require higher capital cost
to install utility system for the supply of solar salt to the plant com-
pared with cooling water system. Therefore, these factors need to
be considered before arriving at an optimized tradeoff between the
two coolants and size of the tubes inside the reactor. It should be
also noted that the economic analysis can be performed once size
of the plants, ratings of main equipment, and required amounts of
utilities are initially clarified, and the economic analysis should be
performed repeatedly as the project progresses with updated data.
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NOMENCLATURE

Cj, r : concentration of the species [kmol/m3]
Di, eff : effective diffusion coefficient [m2/s]
Di, k : Knudsen diffusion coefficient [m2/s]
Di, m : Fickian diffusion coefficient [m2/s]
d0 : catalyst average diameter [m]
Eg : total fluid energy [kg/m2/s2]
Es : total solid medium energy [kg/m2/s2]

: gravitational accelaration vector [m2/s]g

Table 5. Comparison of the CFD model in this study and the previ-
ous literature

Conversion Selectivity Yield
Literature [23] 86.63% 0.74 63.85%
CFD model (this study) 86.80% 0.72 62.24%
% Error 00.20% 2.7% 2.5%

Fig. 4. Comparison of the conversion, yield, and T with varying
reactor diameters.
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hi : heat transfer coefficient [W/m2/K]
: species diffusion flux i [kg/m2/s2]

kg : gas phase thermal conductivity [W/K/s]
ks : solid medium thermal conductivity [W/K/s]
keff : effective thermal conductivity of the medium [W/K/s]
kr : rate constant
Mi : molar mass of ith component [kg/kmol]
Nr : number of chemical species
p : pressure [Pa]
ri : reaction rate [kmol/m3/s]
R : ideal gas constant [J/kmol/K]

: source term for the momentum equation [kg/m3/s]
Sf

h : fluid enthalpy source term [J/m3/s]
T : temperature [K]

: gas velocity vector [m/s]
Yi : mass fraction of the ith component
 : catalyst porosity
 : Tuortosity
v'i, r : stoichiometric coefficient for reactant
v''i, r : stoichiometric coefficient for product
'j, r : rate exponent of the reactant species
''j, r : rate exponent of the product species
cat : catalyst density [kg/m3]
g : mixture gas density [kg/m3]

: gas phase shear stress [Pa]
 : bed porosity
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