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Abstract: The turbulent nature of catalytic reactions has been well reported. For some
reactions, the higher the rate of turbulence, the faster the reaction process. This paper focus on
the review of various research works where turbulence models were employed in promoting
and advancing study and knowledge of catalysis or catalytic reaction systems (such as fixed
bed reactor, trickle bed reactor, combustor, among others) or processes in the twentieth
centuries. It also draws attention to several fluid computational dynamics package employed
in the simulation and different contributions that have been made in advancing research in the
field of catalysis via turbulence modeling. The essence of these is to enhance effective and
efficient reactant access to the active sites of the catalyst. This study, however, shows that
models such as k—e and RSM turbulence models are better suited for predicting or studying
turbulence behavior in a catalytic reaction. It was realized that apart from selecting the
turbulence model, appropriate selection of the kinetic model plays a significant role in
promoting accurate prediction when carrying out simulations. However, this study was able to
identify that only a few research works have given attention to the right and appropriate use or

selection of a kinetic model for catalytic reaction systems.
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1. Introduction

Turbulence flow is a type of flow regime in fluid dynamics characterized by flow velocity and
disordered change in pressure [1]. This phenomenon is often observed in routine processes like
billowing storm clouds, fast-flowing river, surf, or smoke from its different bases. Turbulent
Fluid flows occur in the natural and engineered system and other related applications [2-4]. It
is commonly driven by substantial kinetic energy within the flowing fluid in excess of the
prevailing viscous absorbing effect of the flows. This shows that turbulent effects are more
challenging to create in high viscosity fluids than in low viscous fluids. The prediction of
turbulence is often quantified by a dimensionless physical quantity (or constant) known as
Reynolds number from inception, which signifies the proportion of kinetic energy to the
amount of the viscous damping present in a flow. However, due to the lengthy resistant detailed
physical analysis in turbulence coupled with the interactions holding within, which created a
very complicated situation. Richard Feynman has identified that turbulence as a crucial
unresolved challenge in the classical physics field [5].

Turbulence is often identified to be irregularity or randomization, which indicates that
turbulence problems can be solved statistically instead of solving the problem
deterministically. Also, it is known to be chaotic and disorganized. However, not all
disorganized flows are turbulent [6]. Turbulence flows are also characterized by diffusivity
(which tends to increase the homogeneity of the mixing components in the fluid), rotationality,
and dissipation. The turbulent flows which are dissipative make it necessary to make provision
for a constant generation of energy supply to sustain it like in the case of hydro-power supply.
The dissipation of turbulence does hold when a substantial kinetic energy present in the fluid
gets converted into internal energy employing viscous shear stress [7].

This paper focus on the review of different research works where turbulence models are
employed in promoting and advancing studies and knowledge of catalysis or catalytic reaction
systems or processes in the twentieth century.

2. Catalysis

Catalysis, a field of study that deals with reaction systems and its ways of speeding up the
number of chemical species interaction and conversion due to the influence of a catalyst. In
this process, the catalyst is not consumed but can be repeatedly used. During these chemical
reaction processes, catalysts are not used up or consumed by the primary processes but can be
deactivated, prevented, or destroyed by secondary processes (that is, side reactions). For

instance, side reactions like dissolution, coking, scission, or sublimation, on a heterogeneous
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catalyst [8-11]. In most cases, only a small quantity of catalysts is required in principle. In
general, the catalyst influences the reactions to hold faster due to lower energy requirements
due to the low activation energy [11, 12].

Studies have revealed that catalyzed reactions display lower activation energies than the
corresponding analyzed un-catalyzed reactions, yielding a higher rate of chemical reaction, at
the same thermal conductivity and the same reaction density. However, the details of the
mechanics for catalysis are intricate. Catalysts fundamentally influence the environment of the
reaction and support the reagents to have the positive bonds polarized, e.g., Acid catalysts used
in the formation of naturally occurring intermediates (specific), or the reactions of carbonyl
compounds, like osmate esters present in the dehydroxylation of osmium tetroxide-alkynes.
Physically, most catalytic reactions are often chemical reactions; The rate of these chemical
reactions often depends on the reaction contact frequency with the catalyst surface when
overcoming the energy complex of the rate-determining step (RDS) in its reaction path [13].
Generally, the catalyst’s participation is at a slower pace, and the rates are controlled via the
amount and activity of the catalyst. The diffusion rate to the reaction surface and the diffusion
behavior of the products from the surface can be easily determined in heterogeneous catalysis.
ZSM-5 is an excellent example of a solid catalyst [14].

Catalysts may be categorized into either heterogeneous (otherwise known as a solid catalyst)
or homogeneous catalysts, and other bio-catalysts, otherwise known as enzymes, are often
considered a third category. Several works in diverse areas of research have employed different
catalysts to enhance their reaction processes or steps. Some of these works that used
homogeneous catalysts are the work of Vicente et al. [15] in biodiesel production where nearly
100 wt% yield was obtained for the use of methoxide catalyst while the review of Johnson et
al. [16] report indicates the use of the homogenous catalyst for the dehydrogenation of alcohol
for the production of hydrogen will only be feasible low molecular weight alcohols (MWA)
like methanol, ethanol, and isopropanol, unlike larger MWA.

Whereas those that employ the use of heterogeneous catalyst includes Helwani et al. [17]
review unveiled that the use of a solid catalyst better enhances the triglycerides
transesterification process than enzymes; Oyegoke et al. [18] in the dehydrogenation of
propane into propylene employed the use of solid catalyst where the studies indicate that the
Cr site was the most active and reactive site the promote the hydrogen abstraction from the
feed. Further, Zhao et al. [19] in solar water oxidation showed a high activity towards the

reaction, while Morales-Delarosa et al. [20] in the cellulose hydrolysis into fermentable sugar,
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and many others with a resulting conversion >99 % after 5 h of reaction and with 87 % glucose
yield.

Biocatalysts are developed by Gao et al. [21] for the enhancement of enzymatic reaction, which
results in glycerol conversion and Glycerol carbonate yield as 85.20 %, and 64.71%,
respectively after 24 h. Likewise, Cubides-Roman et al. [22] employed the use of an enzyme
to accelerate biodiesel production, resulting to a low optimum conversion 9.6 %, while Das et
al. [23] studies indicate that the prepared nano biocatalysts appear to be potent catalysts for
successful industrial applications, especially in food industries. In general, the catalyst could
be some transition metals, transition metal complexes, and/or enzymes.

3. Mechanism of Catalytic Reactions

According to Matthiesen et al. [24], catalysts often interact with different reacting species in a
chemical reaction to form intermediate surface species (which are often said to be unstable
product) that subsequently gets transformed into the desired products and some undesired ones.
The presence of theses undesired products that often get stocked on the catalyst surface has
made it necessary to regenerate the catalyst by getting rid of the deposited materials' surface
before recycling it. The scheme presented in equations 1 to 5 is a reaction system that is

common in which C stands for the catalyst, with P as a product while A and B represent reacting

species:

C+ A - CA (1)
B 4+ CA - BCA (2)
BCA - CP (3)
CP > C +P (4)

The scheme indicated that the catalyst (C) was used up by reaction 1, and it was after that
released in reaction 4, so the catalyst is not always displayed in the chemical expression for the
overall reaction in equation 5, indicating that catalysts are neither transformed nor destroyed
[25, 26].

A+B->P (5)
The recovery of catalysts shown in the scheme indicates the only a small amount is needed to
influence the speed of a chemical reaction. Sometimes, catalysts are used-up in secondary
processes, not often. Catalyst is not expressed in a rate expression (or equation), e.g., if the
foremost step in the displayed reaction process is taken as the one that determines the reaction
rate (rate-determining step, RDS), the network of catalyst influenced reaction is then a second-
order reaction with the rate given as; v = kea[ A][C] when RDS approximation is adopted for

the rate, which indicates that it varies directly with the catalyst concentration [C]. The [C]
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remains unchanged for the period of the reaction, while the catalyzed reaction is pseudo-first-
order written in the form: v = Kons[A], where Kobs = Keat| C] (Matthiesen et al. [24]). A catalyst
can influence the change in equilibrium concentration in a continuous process, but this is,
however, contrary to the laws of thermodynamics [24].

4. Turbulence Models Used in Catalysis

Modeling of turbulence is the method of constructing and making use of models (in forms of
mathematical expressions) for the prediction and comprehension of turbulence phenomena in
engineering or scientific processes or systems. Turbulent fluid flow exhibits traits or
capabilities on different scales like timescale, length-scale, and so forth, which all interact with
each other [27]. In the work of Ching [28], it was identified that a common approach employed
in the field of turbulence modeling is to norm the main equations of the flow rate and to zero
in on large-scale and flow’s laminar components.

Nevertheless, it is necessary to model the effects of the fluctuating and small scales region in
turbulence [28, 27]. A further survey of the literature unveils that several turbulence transport-
models such as K-epsilon (k—¢), Reynolds Stress Model (RSM), and Spalart Allmaras (s-a)
have been employed in the simulation of computational fluid dynamics (CFD). Table 1
displayed the various CFD based research works done so far. Further reports in this section
present a summary of commonly applied turbulence equations and models that have been found
useful in recent reaction engineering processes, and reports of other research work where they
are employed with special attention for catalysis-based studies.

4.1 k—epsilon (k—g)

The typical model often applied in CFD is the K-epsilon (k-€) turbulence equations, which
could be used to study mean flow properties for turbulent flow situations. It is can also be
known as a two-equation model that reveals the general behavior of turbulence via the use of
two (2) transport models (PDES). As reported by [28], the kinetic energy of turbulence, k, can

be expressed as:
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E

Where Uirepresents velocity component in the corresponding direction, Sii represents the

component of the rate of deformation, #: represents eddy viscosity given as:

2
# = pC, -
The models also consist of some adjustable constants such as 0,0,:Cy,  and Ca . These

constant values have were obtained via numerous iterations of data fitting for a wide range of
turbulent flows which were reported as €. =009 0, =1.00 o, =130 C, =144 5y

Co. =1.92 in literature.

The improved model of the mixing-length equations was identified to be the K-epsilon model,
including the provision of a replacement to the algebraically prescribed turbulence and
fluctuating length-scale of measurement in medium to very complex flows. Research works of
Christoph et al. [29] employed the k-e representative equations to investigate turbulence in a
combustion process, within channel flows, of the mixture of hydrogen and air over a stabilized
platinum catalyst. With the use of a k-e model, Muhammad [30]) studied the CFD
prognostication of profile displaying mass fraction of gasoline and gas oil in a fluid catalytic
cracking (FCC) riser main. Using the k-epsilon turbulence model and 4-lump model, the same
author in 2013 also examined an FCC riser to predict gasoline yield.

In 2014, an analysis of the material flow within a radial flow fixed bed (FB) reactor was
conducted by Dominick et al. [31]. Following this, Afshin [32] evaluated the effect of carbon
tetrachloride (CCls) addition as propulsion to the thermal cracking reactor as a result of the
coke formed in separate coil outlet temperatures (COT). Both Dominick et al. [31] and Afshin
[32] employed k-¢ models.

This model is simple, affordable, and considerably accurate for a wide variety of flow that lacks
separation. Literature indicates that this model often failed to give an accurate prediction for
the onset and the flow separation under the adverse pressure gradient [1, 28, 33].

4.2 Menter’s Shear Stress Transport (SST)

SST (Menter's shear stress transport model) turbulence model is one of the most robust two-
equation eddy-viscosity turbulence models often used in CFD [33]. The model combines both
the k-omega turbulence model and the K-epsilon turbulence model, such that the k-omega
model is employed in the boundary layer inner region and switches to the k-epsilon model in

the free shear flow system.
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The constants T« =0.85,0,, =0.65, 4, =0.075 for the k-w closure, the constants for the k-e

closure, where %, =1.00,0,,, =0.856, 5, =0.0828 \yhjle A =0.09,a8 =0.31 were the SST’s
closure constants. The boundary/wall/far-field conditions are given as follows:

U U, 10°U2 0.1U2 v
= cw, . <10—=, 2 <k <2 @y =10——= K, =
L farfield L ReL farfield ReL , Il ﬂl (Adl)z Il

The SST model has reported being highly accurate for the predictions of the onset and the
amount of flow separation under adverse pressure gradients via the introduction of transport
effects into the formulation of the eddy-viscosity. Also, despite being a blend of k-w and k-¢,
that is a k-o model near the wall and transitions to a k- model away from the wall. The model
has been reported to be relatively insensitive to the free stream value of w. [1, 28, 33]

4.3 k—-omega (k—-o)

In CFD, the k—-omega (k-w) turbulence representative equation is a popular two-equation
model, which is often employed as a solution for the Reynolds-averaged Navier—Stokes
(RANS) equations [34]. The representative equation is designed to unveil turbulence profiles
via the use of 2-partial derivative equations for 2-variable quantity k and ®, where k is the
upheaval kinetic energy. In contrast, o is the specific dissipation rate of the kinetic energy (k)

of turbulence to obtain internal thermal energy.
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Mathematically, the eddy viscosity vT, as required in the RANS equations, is expressed as vt =
k/®, and the development of k and ® is mathematically represented [28] in the form:
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Where k is the turbulence kinetic energy, o is the specific rate of dissipation (of the turbulence
kinetic energy k into internal thermal energy), vt is kinematic eddy viscosity. The coefficients
were reported as a=5/9, =3/40, *=9/100,0=1/2, 6*=1/2, and £ =*wk.
This model has been reported to have shown an advantageous feature for integrating
through a viscous sub-layer and inflows with adverse pressure gradients, being a two-
equation model, which have adequate representation for both scales independently. The
literature further indicates that the k-w models are more accurate and numerically stable
in the near-wall region [1, 28, 34].
4.4 Reynolds Stress Model (RSM)
The RSM, also known as the second-moment closure representative equations, is the most
complete of the classical turbulence modeling approach. It is mathematically expressed as
follows:

DR;
F’[ = Dij + Pij +1I1; +€ — & (12)

Where Ri is <U;U}>:_Tij /P, D is diffusion-controlled transport of Ri, pis Ry production

R R

speed, 17 is Titransport resulting from interactions of turbulent pressure-strain, (2 is"i
transport resulting from rotation, ¢ is dissipation speed of Ry

The eddy-viscosity representative equations are well known and include the k—e (k—epsilon)
and the k—w (k—omega) equations, which have weaknesses in sophisticated flows applicable in
engineering. The findings were a result of the use of hypothesizing with the eddy-viscosity
equations in their articulation. For example, in a flow with high levels of anisotropy, separation
of flows, areas of recirculating flow, rotational-effects flows, or the significant streamline
curvature, these models performed very poorly [35]. In these sets of flows, RSM offers superior
prediction quality [36]. Closures based on Eddy viscosity are not able to explain the reversal
to the isotropy of turbulence, which is noticed in the decaying of turbulent flows [37]. Models

based on Eddy viscosity are not able to cannot produce replicas of the properties of a turbulent

9
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flow in the fast-paced deformation limit, where a flexible system indicates the behavior of a
turbulence flow [38].

Reynolds stress models have been reported to have displayed better accuracy significantly
when compared with turbulence models although, it is expensive (that is, significantly slower
to solve its set of equations), and it requires a good initial guess. Generally, suffer from
numerical stability issues due to the complexity of the modeled terms, which was one of the
key reasons why the models are not regularly employed in a large-scale problem [33, 34].

Table 1: Different applications of turbulence models in catalysis

Author Research Works Turbulence Model (s) Used

An experimental and numerical study of turbulent in a Closure of Turbulence was

Christoph et al. [29]

Rodrigo and Rosa [40]

Binxin [41]

Muhammad [30]

Muhammad [43]

Xiaomin et al. [39]

Dominick et al. [31]

Zhapbasbayev et al. [42]

Afshin [32]

channel flow combustion (CST) of air-hydrogen mixtures
over stabilized platinum catalysts.

Modeling of turbulence present in a multi-phase flow in a
high-pressure trickle-bed reactor (TBR).

Examination of turbulence models for non-Newtonian fluid
flow in anaerobic digesters via the use of the CFD approach.

The prediction of gas oil and gasoline’s mass fraction
profiles in an FCC riser via the CFD approach.

Using CFD to predict the yield of gasoline in an FCC riser
by applying k-epsilon turbulence and 4-lump Kinetic
representative equations.

Using CFD modeling for the study of reaction kinetics in a
catalytic dehydrogenation of syngas in a fixed-bed reactor

The flow was analyzed in a radial flow fixed bed reactor

Modeling of turbulent flow behavior in a radial reactor with
a fixed bed configuration

The addition of CCl4 propulsion to the thermal cracking
reactor as a result of the coke produced in separate coil outlet
temperatures (COT) was evaluated

attained via Low Reynold k-¢
models.

S-k-g, R-k-¢, RNG and RSM
models.

low-Reynolds-number (LRe)
k-¢,  high-Reynolds-number
(HRe) k-¢, k-w, and the RSM.

k-¢ model

k-¢ model

Spalart-Allmaras (s-a)
A RANS type k-¢ turbulence
model

Reynolds motion equations
and k- model

Standard k-e, and RNG k-¢
models.

4.5 Spalart-Allmaras (s-a)

One of the one-equation models that solve a modeled transport mathematical expression for
motion-focused eddy fluctuating viscosity is the Spalart—Allmaras (s-a) model. The model was
explicitly developed for systems that involve flows in the direction of the wall and showed that
good results were obtained when boundary layers were controlled by opposing pressure

gradients. Progressively, it is being accepted as essential in turbo-machinery applications.

10
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The model is expressed as follows:

Jdv U v P el Jd |1 ( I f/) o
ot " or; T oz o\ 0y ) oy (13)

A survey of literature has indicated that this model does not accurately compute fields that

exhibit separated flow, shear flow, or decaying turbulence due to the absence of a correction
factor for compressibility, resulting in the model’s overpredict the growth rate of high-speed
shear layers. Although, the model has shown for giving good results for boundary layers and
adverse pressure gradients [1, 28, 34].

Moreover, Xiaomin et al. [39] modeled the turbulence behavior of the reacting species in the
use of a catalyst to remove hydrogen from syngas in a fixed-bed (FB) reactor by applying the
s-a model to unveil some information about the reaction kinetics.

Some other research works employed several turbulence models to screen out the best model
that gave the best prediction for the concern system chosen for the study. In line with this
approach, Rodrigo and Rosa [40] employed the use of k-e and RSM models for the
representation of turbulence behavior in two or more fluid flows in trickle bed reactors under
high pressure. At the same time, Binxin [41] investigated the turbulence representative
equations for non-Newtonian fluid flow behavior in an anaerobic digester using the k-¢, RSM,
and k- representative equations.

Furthermore, Zhapbasbayev et al. [42] model a turbulent flow present in a radial reactor with
a fixed bed using Reynolds motion equations and k-¢ models. S-k-¢, R-k-¢, RNG, RSM, and s-
a can be used for a fixed bed reactor to model turbulence transport in catalysis. However, the
review shows that k-e models are commonly employed in this practice, unlike RNG, RSM, or

S-a.

5. CFD Packages Commonly Used in the Modelling of Turbulence in Catalysis

Computational fluid dynamics with the acronym ‘CFD’ is a field of study in fluid mechanics
that deals with the use of numerical analysis and data structures to provide solutions and
analytical parameters for problems that involve fluid flow. In this area of fluid mechanics,
computers are employed to execute several calculations or computations required to simulate
or evaluating the interaction of gases and liquids with surfaces distinction by boundary
conditions. The use of CFD analysis has made it realistic to enable quick, efficient simulation
of heat transfer and fluid flow through the use of software (Solid Works). Examples of the

software or packages are Gambit, FLUENT, COMSOL Multi-physics, and many others. These

11
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applications have long been employed in the study of the turbulence flow in a catalytic system
such as combustors, TBRs, bio-digesters, FCC riser reactor, fixed-bed reactors, cracking
reactors, and so on as presented in the literature [29-32, 39-42].

Table 2 - Computational fluid dynamic packages commonly used in catalytic systems

Author System Studied Software Used

Christoph et al. [29] Hydrogen/air mixtures in a bed of platinum in a combustor. CHEMKIN

. . Fluent 6.1 software, Gambit,
Rodrigo and Rosa [40] Flow in trickle bed reactor (TRB)

PC-SIMPLE.
Binxin [41] Studied flow in an anaerobic digester Gambit 2.4.6 and Fluent 12.0
Muhammad [30] FCC riser reactor (Alumina used as a catalyst) FLUENT 6.3 was employed.
Muhammad [43] FCC riser reactor (Alumina used as a catalyst) FLUENT 6.3
Xiaomin et al. [39] Syngas in a heterogeneous fixed-bed reactor (FBR) FLUENT 6.3.26, SIMPLE
Dominick et al. [31] Evaluate of radial flow behavior in a fixed bed reactor COMSOL Multi-physics

Flow in a duct with porous medium
Zhapbasbayevet al [42] . . . . Not reported
(or flow in a pipe with a fixed bed)

Afshin [32] Thermal cracking reactor Not reported

A review of the literature shows that the FLUENT package has been the most common package
employed in CFD analysis of the catalysis, turbulence modeling works like Rodrigo and Rosa
[28], Binxin [41], Muhammed [30, 43], and Xiaomin et al. [39] were some of the authors that
employed the use of FLUENT package for their studies. Table 2 summarizes different CFD
packages commonly used in catalysis. The study of works that employed the use of CFD
packages to analyze their systems is Christoph et al. [29] that CHEMKIN used for chemical
kinetics and laminar transport data evaluation of hydrogen-air combustor. Moreover, Binxin
[41] employed the used Gambit 2.4.6 for meshing, while Fluent 12.0 was used to solving the
governing equations.
However, Muhammad [30], who studied the reactor (FCC riser) using alumina as a catalyst,
employed the used FLUENT 6.3 for discretization, meshing, and governing equations solution.
A similar approach was employed by Xiaomin et al. [39], unlike Rodrigo and Rosa [40], who
employed the use of Fluent 6.1, Gambit, and PC-Simple, to obtained accurate results.
6. Turbulence Modelling as a Means of Enhancing Studies in Catalysis
The use of turbulence modeling has further enhanced studies and reveals several pieces of
information in catalysis. Several forms of research works have been conducted to contribute to
the promotion of better understanding in the field of modeling catalytic reaction systems. Some
of the recent works carried are reported, as shown below.

12
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Christoph et al. [29] employed the computational fluid dynamics approach to undertake an
empirical and numerical study of the air-hydrogen catalytically stabilized combustion (CST)
over platinum (Pt) catalyst in a turbulent flow. This was to assess the viability of applying CST
in different near-wall turbulence representative equations and gain insight into the combination
of turbulence and hetero/homo-gaseous burning processes. The examination of the turbulence
in the CST of the hydrogen-air mixture in the Pt-covered passages demonstrated the
significance of near-wall turbulence equations. This captures the inducement of laminarization
with strong-flow through the heat transferred via the catalyst filled walls. It was established
that the size of turbulent transport was central to the appraisal of catalytic fuel conversion and
the homogeneous ignition process.

The result obtained inspired further studies by Christoph et al. [29]. One of the studies was
focused on forecasting with three separate low Reynolds number (LRe) turbulence
representative equations (coiled directly from the literature). This finding showed that for
specific turbulence representative equation, they have keen sensitivity for hetero-
/homogeneous processes

Christoph et al. [29] further reported that a steady flow laminarization decreases the conversion
of the fuel by use of catalyst, and it also aids the start of uniform ignition. So, a rise in the rates
of turbulent transport gives rise to incomplete fuel combustion in the gaseous zone, leaked fuel
conversion using catalysts, and finally, to flame extermination. However, the experimental
studies of Christoph et al. [29] show that the model of Ezato reproduces with good accuracy
both for the pre-ignition catalytic conversion and the onset of homogeneous ignition, although
it overpredicted the degree of orderliness or laminarization mildly.

Rodrigo and Rosa [40] studied the use of CFD software for modeling turbulence in two or more
phase flows inside TBRs under high pressure. However, the report shows that the use of CFD
for single-phase reactors are a successful tool. So, the authors examined the use of CFD for
exemplifying three-dimensional (3-D) interstitial flow in a reactor with two or more phases
through the influence of fluctuating turbulent velocities and non-directional quantities for the
multiphase (MTP) flow. In their studies, the effects of representative equations for turbulence
in two or more phase flows were evaluated. An Euler-Euler representative equation was then
evolved, and various RANs models such as realizable, standard, and RNG k-¢ representative
equations, including the RSM for the computer-aided simulation of hydrodynamics of the TBR
under high pressure. The report showed that several analyses were executed for the study of

the characteristics in the search for numerical solution parameters. This was because the
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simulation accuracy frequently depended on the density of the mesh, sizes of the mesh, time
interval, conditions for convergence, and schemes for unique identification. The various
solutions for the hydrodynamic confirmation of the MTP flow model were compared, and it
was identified that the CFD forecast with the monotonic upwind scheme for conservation laws
(MUSCL) scheme agreed well with the data obtained from experiments. The findings were the
results of the total variation diminishing (TVD) algorithm, which superseded the numerical
dispersion displayed in the simulation of two or more-phase flows. The optimum conditions
obtained were employed in the determination of the various RANS turbulence representative
equations. Here, it was identified that a temperature rise resulted in evenness of fluid mal-
distribution inside the packed bed. It confirmed that better agreement was achieved with
standard k-¢ and RSM representative equations for the multi-phase trickle bed reactors.

In 2010, Binxin [41] evaluated different turbulence models. These include the three (3) HRe k-
& representative equations, six (6) LRe k-& representative equations, two (2) k-w representative
equations, and the RSM for a single-phase non-Newtonian fluid flow in anaerobic digesters.
This was achieved by relating the pressure drops obtained from the study of the process’s CFD.
The findings from the simulation conducted unveil that the Chang-Hsieh-Chen account of the
LRe k-¢ representative equation gave superior efficiency compared to other representative
equations in the prediction of the pressure losses. In contrast, the standard k-w representative
equation had a low computing cost and acceptable accuracy, which agreed with Rodrigo and
Rosa [40].

Muhammad [30] simulated FCC riser using the model (k-e), three different mesh, and three
lump kinetic models to studies the two-phase flow of vapor and catalyst to describe the profiles
of temperature, mass fraction, and the gasoline product yield within the reactor (FCC riser).
The finding shows that all the simulation results did not unveil any significant difference for
different mesh sizes, which was not in agreement with the report of Rodrigo and Rosa [40] for
the use of different mesh sizes to enhance accurate predictions.

It was further deduced that the wrong selection of kinetic models could also contribute to poor
prediction. This was because Muhammad [30] deduced that the setback of three lump kinetic
representative equations could not forecast the mole fraction of coke and low molecular weight
gases separately. However, Muhammed [43] in 2015, further the study on the FCC riser, where
the use of four lump kinetic models was employed to solve the problem reported in Mohammed
[30]. Both Muhammad’s studies [30, 43] predict that the most complex segment of an FCC rise
is the inlet zone. Although, Muhammed [21] reported that the reaction holds in the initial 2-4
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m of the length of the FCC riser, while Muhammed [43] reported that in the first 1 — 3 m. The
difference in the prediction was due to the different kinetic models used. However, both works
reported that the plant data and model results agree quite well, especially when more realistic
kinetic parameters are incorporated [43, 44]. The model that is proposed finds usage in all FCC
riser simulation processes.

Xiaomin et al. [39] modeled a 2D — CFD for a fixed-bed (FB) reactor that uses a catalyst to
remove hydrogen from syngas. The study simulated the flow behavior across the bed of
catalyst. The modeling involves the combination of the CFD model for a porous medium with
a reaction kinetics model. This approach enables the study to identify a more efficient kinetics
model, which could better predict the reaction profile in the presence of the catalyst. With the
use of the reaction mechanism and a statistical test, the study was able to identify a reliable
representative equation for kinetics with separation—adsorption of oxygen gas molecules,
which indicates the rate-controlling step. This step was identified and validated. The CFD
model of the porous medium, in addition to a representative equation for kinetics, could give
results of a simulation that agrees well with data from empirical studies. It was observed that
the space velocity had a lower influence on the reaction, with appreciable values of space
velocity given in the range of 2000-2200 h™!.

Also, the CFD representative equation was used to forecast the distributions of the primary
reaction variable. These variables include the concentration of the reacting species and the
temperature within the reactor. H. conversion and hotspot temperature were greatly influenced
by the inlet gas temperature and less by the inlet H2 concentration, which should be kept below
1.4 % to eliminate temperature runoff. The flow rate of Oz in the reactor is a dependent variable
that can ensure that the expected conversion and desirable hot spot temperature are achieved
[39].

Dominick et al. [31] determined the extent of mal-distribution of flows within the bed of the
catalyst using COMSOL Multi-physics and a 2-D axis-symmetric model. They also evaluated
the influence of flow’s direction, size of the catalyst pellet, total and different screen opposition,
and the overall volume of flow passing inside the reactor. This study reveals that the catalyst
with a diameter of 1/8” allowed increased bed velocity and flow rate at a specific pressure loss.
However, a faster flow volume could be advantageous. The increased bed velocity implies that
the residence time of the fluid in the catalyst bed will be reduced, and reaction conversion is
minimized. Results also give values for the index of maldistribution that hints that the 1/16”

catalyst gives superior distribution in the catalyst bed. Dominick et al. [31] indicated that the
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particle size of the catalyst would be the critical factor in determining the distribution of flows
in the catalyst bed center. An enhanced distribution within the catalyst bed positively promotes
the conversion process and the reactor’s efficiency. Hence, this revealed that the 1/16” catalyst
is preferred in the modeled reactor since it promotes higher reactor efficiency.

Zhapbasbayev et al. [42] modeled the turbulent flow within a radial fixed bed reactor using the
k-e model, employing a unified approach for writing the motion equation for the numerical
solution of the problem in a hybrid region. However, the computational study signifies that the
flow within the fixed bed results in the generation of the kinetic energy of turbulence
fluctuation and its rate of gradual disappearance. The patterns of the kinetic energy of
turbulence fluctuation and its rate of gradual disappearance show the similarity of all turbulent
characteristics in terms of the Reynolds number estimation.

Afshin [32] evaluated the effect of carbon tetrachloride (CCls) addition as propulsion to the
thermal cracking reactor due to the quantity of coke formed in various COT. The findings
identified that the k-¢ realizable model would best predict turbulence behavior in a cracking
process. Arising from this research and in collaboration with other reports showed that the
optimum volume of CCL4 that ensures fixed conversion was 100 ppm, and beyond this value,

the process will be uneconomical.

7. Conclusions

Turbulent flow is said to be a flow zone or space in fluid dynamics characterized by
disorganized changes in velocity and pressure of the flow. It contrasts, a flow regime which
holds when fluid flows in parallel layers, with negligible disturbance in the layers is referred
to as laminar flow. Meanwhile, this study indicates that as the pore size of the catalyst becomes
more extensive, the speed of reaction drops responsively. It can so be said that the larger the
turbulence eddies in the reactant flow stream, the lower the speed of reaction. Also, this review
shows that models like K—¢, and RSM turbulence model will be useful for the prediction or
study of turbulence behavior in a catalytic reaction. It was identified that selecting the
appropriate turbulence model in a kinetic study plays a vital role in promoting accurate reaction
Kinetics prediction when carrying out the simulation.

However, this study identifies that only a few research works give attention to the right or
appropriate use or selection of a kinetic model for catalytic reaction systems. Besides, it was
also identified that there are little works that employed the study of whether the S-a model

could enhance better prediction in the modeling of turbulence in a catalytic reaction system.
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8. Recommendations

It is recommended that further studies should consider the accuracy of predictions of catalytic

reaction systems when using the s-a turbulence model. Attention may also be given to the study

of the best approach to selecting the correct kinetic model of a catalytic system, and the effect

of using incorrect or inappropriate kinetic models.
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