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Abstract

In this study, a 2D axisymmetric homogenized monolith geometry was utilized to
develop a CFD model, which was then applied to investigate the heterogeneous
catalyzed Knoevenagel condensation reaction. The CFD model encompasses
convective fluid flow in the macro pores, species diffusion, and reaction kinetics in
the meso pores of the monolith. The model's accuracy was affirmed through
successful validation against previously available experimental data in the literature
for the Knoevenagel condensation reaction.

Subsequently, the model was employed to examine the influence of key parameters,
such as meso and macroporosity, on flow and diffusion. Moreover, reaction
parameters, including temperature and multiscale reactor size, were explored,

ranging from the pore level to the reactor length.

To analyze flow patterns and concentration profiles at the macro pore level, pore-
scale simulations were conducted through image processing and CFD modeling of
25x25 um Scanning Electron Microscopy (SEM) images of the porous monoliths.
These simulations yielded an in-depth comprehension of pore flow and concentration
behaviors at the macro-meso level, offering valuable insights for optimizing pores in

hierarchical structures.

Keywords: Computational Fluid Dynamics (CFD), monolith, heterogeneous,
Scanning Electron Microscopy (SEM), axisymmetric, homogenized, Knoevenagel

condensation.
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Chapter 1

Introduction

1.1 Background

Catalysis is of crucial importance for chemical, petrochemical, petroleum refining,
energy and environmental sectors [1]. Catalyst molecules may induce the
transformation of many molecules of reactents. Continuous-flow catalytic processes
provide sustainable long term production of fine chemical compounds [2]. These
processes have significant advantages over the batch reactions in terms of

productivity, resource efficiency and environmental protection [3,4].

Homogenous catalysts such as amino acids, ammonium salts, amines and
organometallic catalysts [5,6,7,8] have several shortcomings like product separation,
catalyst recovery, large volume of waste generation and high reaction temperatures.
Heterogeneous catalysts such as metal organic framework, zeolites, ionic liquids,
functionalized mesoporous silica have been successfully developed and employed in

order to overcome these shortcomings for the synthesis of fine chemicals [9].

The porous catalyst supports in heterogeneous catalysis reduces the pore size
providing a large surface area for faster reaction kinetics. However, the increase in
surface area constricts the flow path length of the reacting species resulting in an
increase in an overall pressure drop. So there is interplay between surface area and
flow path length, hence such porous catalyst supports are required that can help to

achieve a uniform residence time and faster Kinetics in the porous reactors.

Macro meso porous monoliths are rigid support structures with hierarchical
interconnected porous network [10,11,12]. Macro pores(>50 nm) allow transport by
convection through the porous material, meso pores (2—50 nm) are accessible
through diffusion and thus provide a large surface area for reaction kinetics [11].
They have low pressure drop, high mass transfer rate, small diffusion lengths and
thermal stability over conventional catalyst pellets [13,14]. They have been
implemented in many catalytic reactions such as Diels-Alder reaction [15],
Friedlander reaction [3], selective hydrogenation[16], and Knoevenagel condensation

reaction [17].



Mathematical modeling provides an understanding of several dynamic processes in
many industrial applications [18]. Flow and transport phenomenon in porous reactors
can be explained by either pore scale or macroscopic (Darcy scale) models. Pore
scale simulations employ Stokes equations for the fluid flow and Fick’s law of
diffusion for the solute transport, but it needs the knowledge of pore geometry that is
rarely available. The heterogeneity of porous media, lack of detailed information
about the pore geometry of porous media and the high computational cost makes it

impractical for the pore scale modeling [19].

Macroscopic models which treat the porous media as an “average” continuum are
employed to overcome these limitations [19]. The up scaling from the pore scale to
macro scale is carried out by several mathematical approaches such as volume
averaging [20], thermodynamically constrained averaging theory [21], pore-network
models [22], and the homogenization [23,24].

Homogenization is a macro scale modeling approach that is applied to solve the
differential equations of the physical phenomena in a heterogeneous porous domain
at the two scales to obtain a locally averaged domain [25]. The homogenization
approach is the replacement of the heterogeneous porous medium by an equivalent
homogeneous medium. Therefore, it is a method to study the macroscopic behavior

of a porous medium by its microscopic properties [26].

The homogenized medium is described by the effective coefficients and it need a
periodic assumption [27]. This spatially periodic assumption makes it possible for
the averaging of the micro scale effects to produce macroscopic properties. The up
scaled models that result by applying these techniques are written usually in the form
of effective coefficients [28]. These coefficients can be determined by solving the
ancillary closure problems based on the periodic representations of the micro
structure of the porous medium. These calculated coefficients determine the transport
phenomenon from the pore scale to the macroscopic level of the porous medium
[28]. Over the last few decades modeling and simulation has gained importance in
general and Computational fluid dynamics (CFD) modeling and simulation in

particular for engineering applications.

CFD is a powerful modeling and simulation tool used in many industrial processes

[29]. It provides deep insights into the dynamic properties such as temperatures,



pressures and compositions within a reactor which are mandatory to the catalytic
performance [30]. It is related to the fluids in motion, which physical characteristics

can be explained through modeling equations [29,31].

This research work presents the development of CFD homogenized model aimed at
understanding the application of monoliths for heterogeneous catalysis. The novelty
of work is that we have developed a CFD homogenized model and proposed up
scaling from pore scale to macroscopic level. Most important of all is that we have
taken actual SEM data and performed pore scale SEM CFD modeling by coupling

flow with transport phenomenon

1.2 Objectives

The objectives of the thesis are given below,

e Development of the homogenized CFD model for macro-meso porous
monoliths for heterogeneous catalysis.

e Development of the pore scale SEM CFD model.

e Coupling of fluid behaviour with reaction kinetics in porous monoliths.

e Effects of structural parameters on reaction conversion.

1.3 Thesis Outline

The thesis is organized as follows. Chapter 1 describes the background, followed by
chapter 2, which gives a detailed literature review. Chapter 3 discusses the research
methodology to develop the macro meso porous monolith homogenized CFD model
and SEM CFD modeling . Chapter 4 contains the simulation results, comparison of
experimental and model simulation results leading to the model validation,
discussions about the model significance, the structural effects on the conversion and

the future prospects of the research work.



Chapter 2

Literature Review

2.1 Literature Review

Catalysis is an important field with majority of the industrial chemical processes
involving the catalysts in at least one of their steps [32]. At present, because of
productivity, catalyst separation and other environmental issues, catalysis appears to
be more important than before and it constitute to be one of the major sources of

industrial production and development [33,34].

Various studies based have been reported based on continuous flow catalysis,
Knoevenagel condensation reaction in heterogeneous catalysis, mathematical
modeling and CFD modeling of heterogeneous catalysis for porous reactors based on
the macro scale techniques. For instance, Haas et al. [11] employed the macro meso
porous amine-functionalized monoliths in the knoevegnal condensation reaction in
heterogeneous catalysis to determine the intrinsic reaction Kinetics. The reactor
performance was online monitored using HPSLC—HPLC experimental configuration.
The comparable properties for the kinetic studies of the Knoevenagel condensation

were used to find out the activation energies.

Schulze et al. [35] immobilized DMAP organo catalyst on silica particles and
monoliths for continuous flow. Silica monoliths exhibited lower pressure drop and a
better conversion in comparison to the packed bed reactors. The turn over
frequencies of silica monoliths came out to be 9.3x102 sec! twice the batch
experiment. They proved to be a suitable catalyst support materials for organo

catalysis.

Appaturi et al. [9] discussed the reaction process and the parameters involved in the
condensation reaction. It discussed the use of heterogeneous catalysts such as in the
metal oxides, mesoporous silica, zeolites, ionic liquids, carbon nitride-based catalysts
for the Knoevenagel condensation reaction. It proposed that for meso porous catalyst
system having multiple properties is mandatory to build a zero waste efficient

system.



Sachse et al. [36] used Al-MonosSil as catalytic micro reactor in the implementation
of Diels—Alder reaction. It showed in continuous flow high conversion and
productivity with a little pressure drop (<0.5 bar) and hence proved to be a stable

micro reactor.

Linares et al. [2] immobilized Pd nanoparticles on dual porous titania monoliths by a
green procedure. This catalytic setup was used in continuous flow catalytic
hydrogenation reactions with excellent durability, selectivity and efficiency. It
showed outstanding performance in continuous partial hydrogenation process under
mild conditions. The reason for such a performance is the dual porous structure of
monolith. The monolith provides a good residence time, low pressure drop and a

high rate of mass transfer through the catalytic material.

Turke et al. [37] reported the application of immobilized(3-aminopropyl)
trimethoxysilane (APTMS) silica monoliths in heterogeneous catalysis. The reaction
considered was continuous Knoevenagel condensation between various aromatic
aldehydes and cyano ethylacetate. The silica monoliths showed a high conversion of
95% with concurrent minimum back pressure. High conversion can be maintained by

connecting two monoliths having different meso pore sizes.

Xiao et al. [38] developed a monolith bio reactor by lipase immobilization on
Cellulose acetate CA monolith (CA-MN). More than 90% conversion in continuous
esterification/ trans-esterification reaction in the monolith bio reactor because of the

macro meso porous structure of the CA monolith.

Battiato et al. [27] presented up scaling methods that are used to derive equations
based on macro scale from pore scale level. This review study included the mixture
theory, volume averaging method, thermodynamically constrained averaging,
renormalization group techniques and homogenization. The basic purpose of this
review article was to provide the knowledge about the principles these methods are

based upon, their specific advantages and shortcomings

Kavale et al. [39] developed a volume averaged porous medium (VAPM) CFD
monolith model to calculate the catalytic reaction rates. The VAPM model was
validated against the experiments of the steam methane reforming in a catalytic
monolith. The developed methodology was assessed against fully resolved 3D

multichannel monolith simulations. The VAPM approach was compared to the
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classical porous medium (CPM) approach for CO oxidation and CO2 to methanol
conversion. The detailed simulations and VAPM model results were not in
agreement on the conversion results so there is a need to accurately evaluate the

reaction kinetics.

Dixon [40] developed a 3D CFD model and performed particle resolved simulations
(PR) for a packed bed. The model coupled the reaction kinetics with the transport
and the fluid flow phenomenon for the steam methane reforming (SMR) process.

Paterea et al. [41] presented a two finite element mesh system by coupling micro and
macro geometries. The method was applied to industrial fixed bed reactor in the
synthesis of methanol; however the concentration results were not in a good

agreement with the experimental findings.

Sadeghi et al. [42] developed a steady state frame work that was based on pore
network modeling. The reactive transport was analyzed inside a single 2D porous
particle under steady state conditions. A parametric study was carried out in terms of
reaction rate to determine the effects of structural parameters on the particle
performance. The lower pore size particle was less reactive at constant macro
porosity. The optimum catalyst particle structure was evaluated to be nano porous to

mostly macro porous on reactivity.

Ghouse and Adams [43] developed a two-dimensional, heterogeneous model for
catalytic steam methane reforming (SMR). It was observed that in gas solid
heterogeneous systems diffusional limitations can be accounted with accuracy

without using the effectiveness factor a specific catalyst.

Bai et al. [44] provided the simulation results of the pressure drop and the fluid flow
in a randomly catalyst packed fixed-bed reactor. The model simulation results

showed deviation from the experimental findings with increase in the gas flow rate.

Dixon and Nijemeisland [45] presented CFD as a designing tool for the packed bed
reactors. The gas flow was simulated in catalyst particles and thus it provided
accurate information about the flow fields.

Shi et al. [46] described that the pore structure plays an important role in the design
and optimization of hierarchically structured HDM catalysts. The results indicated
that that adjusting macro pore diameter is an effective way to reduce the diffusion

6



limitations. It also described that the reaction only takes place in the meso pores of
the catalyst pellets as it provides higher surface area with more active sites, and also

that a smaller meso pore diameter gives rise to a steeper concentration gradient.

Meyers and Liapis, Tallarek et al. & Jungreuthmayer et al. [47,10,48] developed
techniques based on the macro structure to evaluate the velocity profile, diffusion
and species transport through the porous monolith medium. These approaches were

costly, time consuming and required high computation.

Sadeghi et al. [42] developed a steady state frame work that was based on pore
network modeling. The reactive transport was analyzed inside a single 2D porous
particle under steady state conditions. A parametric study was carried out in terms of
reaction rate to determine the effects of structural parameters on the particle
performance. The lower pore size particle was less reactive at constant macro
porosity. The optimum catalyst particle structure was evaluated to be nano porous to

mostly macro porous on reactivity.

Potter et al. [30] developed a 2D CFD-catalysis porous media model that provided
insights into the temperature, mole fraction and local concentration of reactants and
products for the dehydration of ethanol into ethylene, using a fixed-bed reactor.
However, there is a need to implement more porous scale averaging models which
can enhance the potential to more active sites accessibility and hence finally increase
the conversion and productivity.

Although numerous research studies have been published on the CFD modeling of
porous reactors but no work is reported on the homogenized CFD modeling of macro
meso porous monoliths employed for the Knoevenagel condensation of
Benzaldehyde and Ethyl cyanoacetate with Ethanol as a solvent to produce Ethyl
trans-a-cyanocinnamate. Furthermore, no work has been done on SEM CFD

modeling by coupling flow with transport phenomenon.



Chapter 3

Process Description and Methodology

3.1 Process Description

3.1.1 Experimental set up for Knoevenagel condensation

To develop the CFD model, a case study of silica based monolithic continuous flow
micro reactor for Knoevenagel condensation reaction is taken from previously
published literature [11]. The experimental setup consists of reactants ECA and BA
being mixed in the micro mixer and then fed into the monolithic reactor having

length of 100 mm and a diameter of 4.6 mm. as shown in figure 1:

Reactants

L Reaction solution for
Reactant solution Monolithic Reactors analysis (HPLSC

+HPLC)

Micromixer

Figure 1: Experimental setup for the Knoevenagel condensation reaction

During Knoevenagel condensation reaction carbon-carbon bond formation processes
in the synthesis of organic compounds in which between benzaldehyde (BA) and
ethyl cyanoacetate (ECA) with ethanol as a solvent reacts in a silica based monolithic
continuous flow micro reactor to produce ethyl trans-a-cyanocinnamate (ECC)

according to the Eq (1):

EtOH
10-40°C
BA + ECA » ECC+H,0 1)

The rate of the reaction is expressed in terms of ECC concentration as given in Eq
().

R; = 29E€9 = ke (ECA) e, (BA)™ )

dtrct

Where K is the reaction rate coefficient, c: is the concentration at time‘t’, variables n
and m indicate the reaction order with respect to ECA and BA. The initial rate is

nearly unchanged with increasing (co BA)/(co ECA) for excess amount of BA

8



keeping the initial concentration co(ECA) constant. So the reaction order with respect
to BA becomes m=0 in Eq (2), the overall reaction order is first order (n=1) with

respect to ECA and the reaction rate can be written as [11]:

dc(ECC
R, = % = ke, (ECA) 3)

The rate constant ‘k’ is temperature dependent and is calculated from Arrhenius
equation, Eq (4):

E

k = Ae Rt 4)

Where ‘k’ is the reaction rate coefficient, ‘A’ is the pre-exponential factor, ‘R’ is the
universal gas constant, Ea is the activation energy of the Knoevenagel reaction and

‘T’ is the reaction temperature

The Diffusivity of reactant ECA in pure ethanol solution was calculated using Wilke-
Chang Equation, Eq (5):

0.5
Dpi =Dap =74X 10—8% 5

6
Vp.AHB

In eq. 5, subscript A represent ECA, B represents Pure Ethanol. For Ethanol
g = association factor, Mg= Molecular weight of ethanol, pug dynamic viscosity of

ethanol, v, ,= Molar volume

Whereas the molar volume is calculated as:

Vpa = 7.047 + 0.4v, 5 + (0.01724 + g +0.00438wA) Ty A (6)
cA

The dynamic viscosity of ethanol is calculated by the equation:

Hp = exp( — 6.21 + - + 0.00618T — 1.132 X 107°T?2) ©)

3.2 Methodology

Figure 2 shows the methodology followed in developing CFD homogenized model

for macro meso porous monolith and SEM CFD modeling
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Figure 2: Schematic of the homogenized CFD model & SEM Modeling in COMSOL
Multiphysics



3.3 Modeling in COMSOL MULTIPHYSICS

The steady state homogenized model was developed in COMSOL Multiphysics 5.6.
The model was built using the transport of diluted species in porous media and the
brinkman equations. The basic purpose of the model was to couple the reaction
kinetics with transport phenomenon in a hierarchical monolithic structure. The
modeling parameters molecular diffusion coefficients, effective diffusivity,

permeability and reaction kinetics were taken from the experimental data [11].

3.3.1 Model Assumptions

The following assumptions were made for the development of the model:

. Isothermal conditions within the reactor

. Steady-state conditions within the reactor geometry

. Homogenous porous structure

. Plug flow conditions

. Uniform flow and concentration distribution within the porous structure.

3.3.2 Homogenization

Homogenized approach consumes relatively less time and cost and is very effective
technique to solve porous models which otherwise would require high computation
cost and specialized techniques. The homogenization approach is useful to explain a
continuous geometrical shape with repeating unit at micro-meso level, specifically a
hierarchal porous structure geometry, which otherwise require high computational
resources to compute. This approach is based on the idea to replace the micro-meso
domains with repeating geometric details by an equivalent homogeneous domain,
whose behavior represents the average behavior of the composite at macroscopic
scale.

3.3.3 Model input parameters
The model input parameters were taken from the experimental setup from the Haas et
al. [11] as shown in the table 1:

11



Table 1: Model building parameters used in COMSOL Multiphysics

Parameters Value Reference
Macro porosity (€macro ) 0.57
Meso porosity (Emeso ) 0.68
Meso pore space tortuosity 1.25
(Tmeso)
Total porosity(&total ) 0.86
Kg (monoliths) 2.3*10m?

Monolith column

4.6mm(dia)*100mm(length)

dimensions
Initial concentration co(BA) 30 mmol L*
Initial concentration 25 mmol L*
Co(ECA)
Flow rate Q 0.2-3.5 ml min?
Temperature Range 10-40°C

Selected temperatures(for

conversion)

10°C, 25°C,40°C

Activation Energy Ea

30.4 KJ molt

Reaction Enthalpy

30400 J mol*

R1(Universal gas constant)

8.314 J mollK1

Rate constant(298 K)

0.019162 s*

Rate constant(313 K)

0.0345s?

Taken from [11]

Diffusivity of ECA in pure
ethanol solution(283K)

5.72e-10 m? s1

Estimated from eq.5

12




Diffusivity of ECA in pure 8.08 e m%s’?
ethanol solution(298K)

Diffusivity of ECA in pure 1.11e-9 m%?
ethanol solution(313K)

Estimated from eq.5

Dynamic Viscosity(Ethanol) 1.39 cPa*s Estimated from eq.7

3.4 CFD Modeling of Homogenized Macro Meso Porous Monolith
The macro-meso porous homogenized monolith model geometry was built in

COMSOL Multiphysics in 2D-Axisymmetric dimensions using steady state
conditions by coupling Brinkman flow and reaction kinetics. The objective of
COMSOL model was to determine the concentration, velocity and pressure profile at
the full reactor length. The main purpose of steady state model was to study the
velocity and concentration profile of the chemical species BA, ECA & ECC involved
in the Knoevenagel condensation reaction. The experimental parameters like reaction
enthalpy, universal gas constant, different reaction temperatures, rate constants and
the input flow rates were measured and were used as input variables for the

modeling.

The model was developed at three temperatures of 10°C, 25°C and 40°C. The reactor
internal diameter was 4.6 mm and it was 100 mm in length. The basic properties of
ethanol as a solvent were taken with the porous material added having the defined
permeability and porosity. The molar masses, densities and reaction rate of the
reactants BA, ECA and the product ECC along with the other thermodynamic
properties were added in the chemistry interface of the model.

3.4.1 Governing Equations

In order to develop a macro meso porous CFD model for a diluted species the
following steady state convective-diffusive transport equation was applied to the

homogenized porous monolithic reactor:
V. ]i + u. VCi = Ri + Si (8)
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Whereas:
Ji= —(Dp; + D) Vg 9)
e  “Ji”is the total flux

e “u” the flow velocity within the porous domain calculated by the brinkman’s

equation
e “ci” is the species concentration for mass transfer

e “R;” describe the rate of formation of species ECC as shown in the equation
Eq (3)

e Dp, the molecular diffusivity also abbreviated by “Dag” calculated by
applying Eq (5)

e D., is the effective diffusivity

The following boundary conditions were applied at the inlet and outlet of the

monolithic reactor:

Inlet boundary conditions: ¢; = ¢
Outer wall conditions: no slip conditions
Outlet boundary conditions: nD;Vc; = 0

The flow in the monolithic reactor takes place inside the macro pores mainly by the
process of convection while inside the meso porous structure the flow is due to
diffusion. The equations (8) & (9) are the basic mass transport equations that couple
the flow transport with the reaction kinetics within the porous monolithic reactor and
are applied in the simulation of the reactants BA, ECA and product ECC

concentration along the length of the monolithic reactor.

The fluid flow velocity “u” was calculated by applying brinkman equation on the
monolithic porous reactor geometry for the steady state conditions as given by the Eq
(20):

1 2 1
K=pt (vu+ (vuh) -2 pe (Vwl (10)
Whereas
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e (kg mis?) is the dynamic viscosity of the fluid

e u(ms7?)is the velocity vector

e p (kg m?3) is the density of the fluid

e p (Pa) is the pressure

e g isthe porosity

e« (m? is the permeability of the porous medium, and

e Influence of gravity and the other volume forces can be accounted for via the
force term “F” (kg/ (m?.s?)

The following boundary conditions were applied in order to solve the Brinkman

equation:
Inlet boundary conditions: Fully developed flow
Outer wall boundary: No slip conditions

Outlet boundary conditions: P= 4560000 Pa with suppress backflow

3.5 Pore scale modeling

Pore network modeling is a pore-scale method for studying the transport phenomena
and fluid flow in porous media and it accounts for the true geometrical heterogeneity
of the porous material at the pore scale. The pore scale modeling provide detailed
pore-level information even when the material is highly anisotropic or extremely thin
and bulk fluid properties are used in a pore-scale model, which are widely available
in the literature. It is a feasible way to perform a pore-scale study on hierarchical

porous materials [42].

Pore network modeling is a powerful tool for studying transport in hierarchical
materials, most of the available works in this area date back almost two decades,
such as the works of Meyers and Liapis. and Petropoulos [47,49,50].

Petropoulos et al. studied the transport in hierarchical materials [50] however, the
size of the network they chose, presumably due to the limited processing power, was
not large enough to entail the interesting interactions between structural features and

transport properties. Moreover, the hierarchical network they proposed included
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macro-pores mapped onto nano-pores rather than a true hierarchical network [42]. In
addition, the influences of the different structural parameters on transport properties
were also not studied. Meyers and Liapis worked further on the framework
developed by Petropoulos et al. to incorporate the reactive transport with advection

in hierarchical materials in the context of an adsorption column [47,49].

Modeling transport in porous materials is a classic and well-established area of
research. Pore scale modeling reduces the higher computational cost that is employed
to capture the pore level details. The reason is the shorter mixing time and because of
the small length scale of the pores therefore it can be assumed that within an
individual pore the variations of the intensive properties such as concentration and

pressure is negligible which reduces the cost of computation [42].

The term pore-scale model is used only for those models which solve transport
equations simultaneously at all length scales within the porous domain. It is such a
modeling framework that includes the structure impact on reactive transport in
hierarchically porous materials that would be a strong and powerful tool for optimal
design of catalyst supports used for the various applications [51,52].

3.5.1 SEM CFD Modeling

The SEM image of the porous macro meso porous monolith was taken from the Haas
et al. The image was reduced to 5 um by taking a scale of 10500 pixels/ um; the
scaled image was made binary and finally converted into TIFF format using Image J
software. The SEM TIFF image was further refined and processed in Inkscape
software to finally obtain an SEM COMSOL dxf file. The monolith geometry was
imported in the COMSOL Multiphysics and it was enclosed in a square geometry of
5.2 um. The monolithic skeleton was considered as meso pores and the free flow
path taken as the macro pores. The free and porous media flow interface was used to
compute the pressure fields and velocity of the fluid of a single phase flow where the
free flow is connected to the porous medium. The steady state convective-diffusive
transport Equations (8) & (9) were applied in order to develop a macro meso porous
SEM CFD model for a diluted species to the porous SEM monolith.

To solve the transport of diluted species in porous media interface for SEM CFD

modeling the following boundary conditions were used:

Inlet boundary conditions: ¢; = c;
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Outer wall conditions: no slip conditions
Outlet boundary conditions: nD;Vc; = 0

The fluid flow velocity in the SEM Monolithic geometry was calculated by applying

brinkman’s equation given as follows:
p.(uV).u=V.[-pl+ K] +F (11)
Whereas
e p (kg m?3) is the density of the fluid
e u(ms?)is the velocity vector
e p (Pa) is the pressure

e Influence of gravity and the other volume forces can be accounted for via the
force term “F” (kg/ (m?.s?)

e« (m? is the permeability of the porous medium, and

The following boundary conditions were applied in order to solve the free and porous

media flow:
Inlet boundary conditions: Fully developed flow
Outer wall boundary: No slip conditions

Outlet boundary conditions: P= 4560000 Pa with suppress backflow

3.6 Meshing

In this study coarse physics controlled mesh was applied to the homogenized macro-
meso porous monolith model. However at the pore scale SEM modeling finer
physics controlled mesh was applied to monolith SEM geometry.

3.7 COMSOL Solvers

The Stationary solver is used in the modeling and simulation of CFD macro meso
porous monolithic reactor and SEM CFD modeling. This solver used to find out the
solution to the linear and nonlinear stationary problems (steady state problems). This
solver was automatically used when a stationary study was added to the monolith

model and the stationary study generates equation without any time derivatives.
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Chapter 4

Results and Discussion

4.1 Model validation

The 2D axisymmetric steady state homogenized model was developed by
considering convection in the macro pores and diffusional transport of diluted
species in the meso pores of the hierarchical monolith structure. The model was
simulated by commercial CFD software COMSOL MULTIPHYSICS 6.1. Figure 1
compared the experimental conversion results and model simulation results of the
Knoevenagel condensation reaction and it showed that the model results well
matched with the experimental results of Haas et al. [11] at different temperatures
with maximum of 4-7% error which shows the robustness of the model. As seen in
the Figure 1 the model results at 10°C very well matched with the experimental
results for the corresponding, however a slight deviation of 4-7% between
experimental and modelling results can be observed for 25°C and 40°C respectively
during the initial phase of the reaction. The simulation results were in good
agreement with the experimental results once the reaction reaches steady-state
condition for both the cases. These initial reaction times correspond to high flow rate
inside the reactor. Based on the model validation, it can be concluded that model
well matched with the experimental results and was then applied to obtain some
important results which were not possible with the experimental setup like the
concentration change along the length of the reactor and thus to optimize the reactor

size for the particular reactions.

+ 10°C [EXP] 10°C Model A 25°C[EXP] —25°C Model B 40°C [EXP] = 40°C Model

Conversion

Reaction time () (s)

Figure 3: Model validation plot at 10°C (283 K), 25°C (298K) & 40°C (313 K) [11]
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Firstly, the velocity profiles were obtained from the modeling results by varying the
flow rate from 0.5 mL min* to 3 mL min™. These values were chosen based on the
experimental data of Haas et al., 2017 [11]. The flow in porous monolith reactors is
governed by the equation of continuity and momentum that converges into
Brinkman’s equation. It is an extension of Darcy’s equation that describes slow flow
of fluids through porous media [53]. The fluid velocity was calculated by applying
brinkman’s equation on the macro meso porous reactor and it gives a good
explanation of flowing fluids through the monolith reactor [54,55,56,57] . Figure 4(a)
(b) (c) (d) shows the contours of velocity profile along the length of the monolith
porous reactor with the arrows in the direction of flow. The flow velocity increases
with the increase of flow rate at the three temperatures and there was no change in
velocity observed with increasing temperature. The simulated fluid flow velocity
resulted to be 2.0058e-4 m s at 0.2 ml min! and it increased to 0.003 m sec™ at 3 ml
mint. The relationship between flow rate and pressure drop is of significant
importance through the continuous flow monolith reactor because it provides
additional information that is helpful in the assessment of process economics [58]

and in our study a linear increase in the pressure drop is observed with the fluid flow

velocity.
x107
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o
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Figure 4: Velocity profile along the length of the reactor at (a) Q=0.5 ml min (b) Q=1 ml

mint (¢) Q=2 mI min? (d) Q=3 ml min! at all the three temperatures
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4.2 Concentration profile

4.2.1 Reactant ECA Concentration

Table 2 shows the change in ECA Concentration with the increase in flow rate. There

are two important outcomes from the concentration profile of ECA. The first is the

increase in the final ECA Concentration with the increase in flow rate at the three

selected temperatures. The second is the decrease in the final concentration values as
the temperature increases from 10°C (283K) to 25°C (298K) and finally to 40°C

(313K) at any specific flow rate. Figure 5, 7 & 9 shows the contours of decrease in

final ECA concentration along the length of the monolith porous reactor at 1 ml/min
temperatures of 10°C (283K), 25°C (298K) & 40°C (313K) respectively

FINAL ECA FINAL ECA FINAL ECA
Concentration Concentration Concentration
(mol/m~3) (mol/m~3) (mol/m~3)
Q (ml/min) 10°C (283K) 25°C (298K) 40°C (313K)
0.2 1.2428 0.079527 7.99E-04
0.4 5.5714 1.4085 0.14104
0.6 9.1893 3.6739 0.79211
0.8 11.802 5.9335 1.8771
1 13.713 7.9112 3.1502
1.2 15.157 9.5834 4.4491
1.4 16.28 10.99 5.6932
1.6 17.177 12.179 6.8497
1.8 17.908 13.193 7.9094
2 18.516 14.063 8.8741
2.2 19.028 14.818 9.7501
2.4 19.466 15.478 10.546
2.6 19.844 16.06 11.27
2.8 20.174 16.576 11.93
3.0 20.465 17.036 12.533

Table 2: Final reactant ECA Concentration at different flow rates in a porous monolithic

reactor at (a) 10°C (283K) (b) 25°C (298K) (c) 40°C (313K)
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4.3 Conversion
According to the Haas et al. [11] the initial concentration of the reactant ECA was

25mol/m3. The final ECA concentration simulated results show a decrease in the
concentration thus converting into the product ECC. Case 1, 2 & 3 shows the initial
and the simulated final ECA concentration values at selected temperatures and the
final conversion calculated from the equation 13 taken from the Haas et al [11] that

is as follows:

conversion = final product ECC Concentration/Initial ECA Concentration (12)

conversion = (initial — final)ECA Concentration/Initial ECA Concentration (13)

43.1 CASE 1: AT TEMP 10°C (283K)

Initial ECA Final ECA Conversion | % Conversion
Q Concentration Concentration
(ml/min) (mol/m?) (mol/m3)

0.2 25 1.2428 0.950288 95.0288
0.4 25 5.5714 0.777144 77.7144
0.6 25 9.1893 0.632428 63.2428
0.8 25 11.802 0.52792 52.792
1 25 13.713 0.45148 45.148
1.2 25 15.157 0.39372 39.372
1.4 25 16.28 0.3488 34.88
1.6 25 17.177 0.31292 31.292
1.8 25 17.908 0.28368 28.368
2 25 18.516 0.25936 25.936
2.2 25 19.028 0.23888 23.888
2.4 25 19.466 0.22136 22.136
2.6 25 19.844 0.20624 20.624
2.8 25 20.174 0.19304 19.304
3.0 25 20.465 0.1814 18.14

Table 3: Conversion on the basis of reactant ECA into product ECC at 10°C (283K)

21



Figure 5: ECA Concentration profile along the length of the reactor at temperature 10°C
(283 K) at (2) Q=0.5 mI min* (b) Q=1 mI min* (c) Q=2 mI min* (d) Q=3 ml min™*

09 B
0.8 -
I -
o
[<H]
2
5 0.6 i
O
— 0.5 ml/min
05— 1 miymin i
— 1.5 ml/min
0.4+ — 2 mli/fmin 1
— 2.5 ml/min
3 mi/min
0-3_| 1 1 1 1 1]
0 20 40 60 80 100

Reactor Length{(mm)

Figure 6 : ECA Conversion along the length of the reactor at temperature 10°C (283 K) (a)
Q=0.5mImin? (b) Q=1 mI min? (c) Q= 1.5 ml min? (d) Q=2 ml min* (¢) Q=2.5 ml min'*
(f) Q=3 ml min'*
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4.3.2 CASE 2: AT TEMP 25°C (298K)

Initial ECA Final ECA Conversion | % Conversion
Q Concentration Concentration
(ml/min) (mol/m?3) (mol/m3)

0.2 25 0.079527 0.996819 99.68189
0.4 25 1.4085 0.94366 94.366
0.6 25 3.6739 0.853044 85.3044
0.8 25 5.9335 0.76266 76.266
1 25 7.9112 0.683552 68.3552
1.2 25 9.5834 0.616664 61.6664
1.4 25 10.99 0.5604 56.04
1.6 25 12.179 0.51284 51.284
1.8 25 13.193 0.47228 47.228
2 25 14.063 0.43748 43.748
2.2 25 14.818 0.40728 40.728
2.4 25 15.478 0.38088 38.088
2.6 25 16.06 0.3576 35.76
2.8 25 16.576 0.33696 33.696
3.0 25 17.036 0.31856 31.856

Table 4: Conversion on the basis of reactant ECA into product ECC at 25°C (298K) at flow

rate 0.2-3 ml/min
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Figure 7: ECA Concentration profile along the length of the reactor at temperature 25°C
(298 K) at (2) Q=0.5 mI min* (b) Q=1 mI min* (c) Q=2 mI min* (d) Q=3 ml min™*
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Figure 8 : ECA Conversion along the length of the reactor at temperature 25°C (298 K) (a)
Q=0.5ml min? (b) Q=1 mI min? (c) Q= 1.5 ml min! (d) Q=2 ml min* (e) Q=2.5 ml min™*

(f) Q=3 ml min'*
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4.3.3 CASE 3: AT TEMP 40°C (313K)

Initial ECA Final ECA Conversion | %Conversion
0 Concentration Concentration
(ml/min) (mol/m?3) (mol/m?3)

0.2 25 7.99E-04 0.999968 99.9968
0.4 25 0.14104 0.994358 99.43584
0.6 25 0.79211 0.968316 96.83156
0.8 25 1.8771 0.924916 92.4916
1 25 3.1502 0.873992 87.3992
1.2 25 4.4491 0.822036 82.2036
14 25 5.6932 0.772272 77.2272
1.6 25 6.8497 0.726012 72.6012
1.8 25 7.9094 0.683624 68.3624
2 25 8.8741 0.645036 64.5036
2.2 25 9.7501 0.609996 60.9996
24 25 10.546 0.57816 57.816
2.6 25 11.27 0.5492 54.92
2.8 25 11.93 0.5228 52.28
3.0 25 12.533 0.49868 49.868

Table 5: Conversion on the basis of reactant ECA into product ECC at 40°C (313K)
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Figure 9: ECA Concentration profile along the length of the reactor at temperature 40°C
(313 K) at (8) Q=0.5 mI min* (b) Q=1 mI min* (c) Q=2 mI min* (d) Q=3 ml min™*
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Figure 10: ECA Conversion along the length of the reactor at temperature 40 °C (313 K) (a)
Q=0.5mImin? (b) Q=1 mI min? (c) Q= 1.5 ml min? (d) Q=2 ml min* (¢) Q=2.5 ml min'*

(f) Q=3 ml min'*
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4.4 Effect of structural parameters on conversion

Once the model was validated, the effect of different parameters was studied. The
following figures shows the plot in which the meso porosity of monolith is the key
parameter. The increase in meso porosity enhances the surface area providing more
active sites for the reaction kinetics thus finally resulting into increased overall
conversion. The following are the cases based on different conversion results at

different meso porosity values for the three reaction temperatures.

(i) Case 1: Q= 0.5 ml min
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Figure 11 : Effect of meso porosity on conversion at temperature (a) 10 °C (283 K) (b)25 °C
(298 K) (c) 40 °C (313 K) at a flow rate of 0.5 ml min™*
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Figure 12 : Effect of meso porosity on conversion at temperature (a) 10 °C (283 K) (b)25 °C
(298 K) (c) 40 °C (313 K) at a flow rate of 1 ml min*
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(ili) Case 3: Q=2mlmint
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Figure 13 : Effect of meso porosity on conversion at temperature (a) 25 °C (283 K) (b)25 °C
(298 K) (c) 40 °C (313 K) at a flow rate of 2 ml min
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Figure 14 : Effect of meso porosity on conversion at temperature (a) 25 °C (283 K) (b)25 °C
(298 K) (c) 40 °C (313 K) at a flow rate of 3 ml min™
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Figure 15: Effect of meso porosity on conversion at temperature 10 °C (283 K) at (a) Q=0.5

mimin (b) Q=1 mImin (c) Q=2 ml min? (d) Q=3 ml min’*
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Figure 16 : Effect of meso porosity on conversion at temperature 25 °C (298 K) at (a) Q=0.5
mimin? (b) Q=1 mImin? (c) Q=2 mI min! (d) Q=3 mI mint
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Figure 17 : Effect of meso porosity on conversion at temperature 40 °C (313 K) at (a) Q=0.5

mimint (b) Q=1 mImin? (c) Q=2 mI min (d) 3 ml min!

It is seen from the meso porosity versus conversion plots that the conversion is more
at lowest flow rate of 0.5 ml/min for all temperatures because of the increased
residence time for the reactant ECA converted into product ECC. It is also observed

that with the increase of temperature coversion is increased at all flow rates.

45 SEM CFD MODELING

The scanning electron microscopy (SEM) image of macro meso porous monoliths
was used to observe the transport phenomenon and reaction kinetics at the pore scale
level. Most important of all is that we have taken the actual SEM data and
performed pore scale SEM CFD modeling by coupling flow with transport

phenomenon.

The free and porous media flow and transport of diluted species along with the
boundary conditions were applied to calculate the velocity and to observe the change
in concentration through the monolith structure at the nano scale. Figure 8(a) shows
the velocity contours of the flowing reacting species through the monolith. Figure 8
(b) & 8 (c) shows the change in the concentration of reactant ECA and product ECC

through the monolithic structure.
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There are two regions in the pore scale SEM CFD modeling; one is free flow path
that are the macro pores responsible for the flow of reacting species to the active sites

and product transport from the active sites to the main bulk of fluid. Another one that
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Figure 18: (a) Velocity flow through the monolith structure (b) Concentration contour of
reactant ECA (c) Concentration contour of product ECC

is seen in the figure 18 are the spots on the SEM CFD contours that are actually the
meso pores in the monolith skeleton where all the reaction kinetics takes place in the
presence of immobilized catalyst. The colour gradients in the figure 8 (b) & 8 (c) are
a proof that reaction Kinetics is taking place in the macro meso porous monolith
converting the reactents into products. The velocity profile, concentraton contours
and the conversion results proved monoliths to be an effective and efficient catalyst

supports for faster reaction kinetics and better transport mechanism.
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Conclusions

In this study, a CFD homogenized model of macro meso porous monolith is
developed for the Knoevenagel condensation of Benzaldehyde and Ethyl
cyanoacetate with Ethanol as a solvent to produce Ethyl trans-a-cyanocinnamate.
The modeling involves the use of Brinkmans equation for calculation of fluid flow
velocity and also the application of convective-diffusive mass transport equations.
The model is validated against the experimental data and it provide deep insights into
the transport phenomenon and reaction kinetics. The reaction rate is temperature
dependent so the conversion is highest as the temperature is maximum. This present
study also take into consideration the effect of structural parameters of the monolith
on the overall reaction conversion. Meso porosity of monolith is an important
structural parameter that is pivotal for better reaction conversion. The increase in the
meso porosity values provide more active sites for reaction kinetics thus increasing
the surface area. Hence the increase in meso porosity with varying flowrate or

temperatures enhances the conversion of the Knoevenagel condensation rection.

This is the first research work to perform SEM CFD modeling from actual SEM data
by coupling flow with the transport phenomenon. The simulation results show a
complete description of the fluid flow in the macro pores with little conversion and
reaction Kkinetics with maximum conversion in the meso pores of the monolith
structure. The findings of this study can be used to apply for further modeling for any
other reaction Kkinetics and also employing macro meso porous monoliths on a large
scale. The future prospects can include further optimizing the structural parameters

to increase reaction conversion and productivity.
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