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Abstract

In recent years, the catalyst pellets made of open-cell metallic foams have been iden-

tified as a promising alternative in fixed-bed reactors. A reliable modeling tool is nec-

essary to investigate the suitability of different foam properties and the shapes of

foam pellets. In this article, a workflow for a detailed computational fluid dynamics

(CFD) model is presented, which aims to study the flow characteristics in the slender

packed beds made of metal foam pellets. The CFD model accounts for the actual ran-

dom packing structure and the fluid flow throughout the interstitial regions is fully

resolved, whereas flow through the porous foam pellets is represented by the closure

equations for the porous media model. The bed structure is generated using rigid

body dynamics (RBD) and the influence of the catalyst loading method is also consid-

ered. The mean bed voidage and the pressure drop predicted by the simulations

show good agreement with the experimental data.
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1 | INTRODUCTION

An open-cell metal foam is a solid cellular structure with a network of

inter-connected pores; characterized by high porosity, high specific

surface area, and global thermal conductivity, it is felicitous for a wide

range of applications.1 In recent decades, the suitability of metallic

foams as catalyst supports has been investigated by many researchers

in terms of pressure drop, heat and mass transfer characteristics, as

well as chemical reactions.2,3

Meanwhile, the advancement in manufacturing technology has

induced the production of pure metallic foams (e.g., Ni, Fe, and Cu) and

the alloy compositions (e.g., NiFeCrAl, NiCrAl, Inconel 625, and FeCrAl)

in an economical way as well as being tailored for specific applica-

tions.4,5 Moreover, the foam sheets can be shaped as drop-in-pellets

type for the application in fixed-bed reactors. Figure 1 depicts a few

shapes of metal foam pellet realized by Alantum Europe GmbH,

Germany, in using a patented manufacturing process.6 This design flexi-

bility allows the customization of metal foam pellets to meet the

requirements of many industrial processes, where the conventional

ceramic pellets have failed to satisfy the entire process demands.

Dixon7 has identified that the major requirements in large-volume

applications like methane steam reforming are of incompatible nature.

To feed methane at higher flow rates upon maintaining lower pressure

drop prompts the use of large particles, whereas smaller-sized particles
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are beneficial from a reaction perspective, as they provide higher sur-

face area per unit volume of the bed. Furthermore, special attention is

needed in the design of fixed-bed reactors to ensure an adequate trans-

port of energy from the reactor wall to the center core of the bed or

vice versa. Hence, a low tube-to-particle diameter ratio, N = D/dp<10,

is the preferred choice for the processes which require heating or

cooling of the reactor.8 Walther et al.9 have pointed out that the radial

heat transfer performance of a fixed-bed reactor can be enhanced by

the use of suitable alloyed metal foam pellets, which also ensure lower

pressure drop. Thus, the adoption of metal foam pellets in the fixed-

bed reactor is a process intensification approach, since the reactor effi-

ciency is improved, and the operation cost can be reduced.

However, the tortuous inner structure of metallic foam pellets

added with considerable internal flow causes a complex flow field com-

pared with conventional nonporous pellets. A thorough understanding

of the fluid dynamics of the packing structure composed of metal foam

pellets is very important to harness its potential. Indeed, detailed stud-

ies pertaining to flow characteristics are scarce. Kolaczkowski et al.10

carried out experiments to measure the pressure drop in a slender-tube

fixed-bed reactor made of slab-shaped and cubic metal foam pellets. A

significant reduction in pressure drop was observed in comparison to

solid counterparts. They also devised a method to determine the pro-

portion of fluid that flows through the pellets, which was quantified up

to 38%. This flow distribution is dependent on the arrangement of

foam pellets in the reactor column, pellet size or shape, and the foam

morphological parameters, mainly cell size, and porosity. Since experi-

mental studies of this kind are time-consuming, reliable modeling tools

which provide design and optimization space are necessary to support

the development of suitable foam pellet shapes.

The particle-resolved computational fluid dynamics (CFD) approach,

which accounts for the actual bed geometry, has been proved as rele-

vant to study the fixed-bed reactors with low N-value.11 At N < 10, the

influence of the local bed structure is crucial for the local transport phe-

nomena, which can be well predicted with this detailed modeling

approach—see the review articles of Dixon and Partopour,12 and Jurtz

et al.13 One of the major challenges in the particle-resolved CFD

approach is to generate a representative fixed-bed structure. The

methods generally used to create packing geometry are tomography

scans14 and by computational methods,15-19 in which Discrete Element

Method (DEM)20,21 and the Rigid Body Dynamics (RBD)22,23 method in

the framework of the animation software Blender24,25 are frequently

used. Recently, Flaischlen and Wehinger26 have carried out a critical

evaluation on synthetic bed generation between the DEM method in

the commercial software STAR-CCM+ and the RBD approach in

Blender. They reported that both methods predict the bed voidage

accurately, whereas a more precise prediction of particle orientation in

the synthetic beds made of cylinders and hollow cylinders was observed

in Blender simulation than in STAR-CCM+, and the latter uses glued-

sphere27,28 method to model nonspherical particles. In accordance with

the previous works, it is confirmed that open-source software Blender

integrated with Bullet physics library29 is robust to create synthetic

fixed-bed structures for the use in particle-resolved CFD approach.

On the other hand, the high porous nature of the foam materials

poses additional challenges in the CFD modeling of the fixed-bed com-

posed of metal foam pellets. It comprises a problem of bi-disperse

porous media,30 where the fluid has two flow paths: through and

around the porous particles. Pore-scale CFD simulations have been

used by many researchers to study the detailed flow characteristics

inside the open-cell foam structures, in which the pore-scale geometry

is created by either imaging techniques or using idealized foam patterns

like kelvin cell, Weaire-Phelan, or random structure.31-35 However, this

type of detailed CFD simulation is not practically feasible in the packing

structures composed of thousands of foam pellets. To address these

kinds of problems, multiscale modeling approaches need to be adopted.

Recently, Wehinger et al.36 have presented a CFD approach, in which

the established particle-resolved CFD model is integrated with pseudo-

homogeneous porous medium model to account for the transport phe-

nomena inside the foam pellets. The authors used DEM approach to

generate the fixed-bed structure. The pressure drop CFD simulations

were compared with the experimental data provided by Kolaczkowski

et al.10 and good agreement for medium flow conditions was reported.

Along with this, an illustrative heat transfer study highlighted the

potential of metal foam pellets in fixed-bed reactors.

In this work, a workflow for an adapted particle-resolved CFD

approach is presented to study the flow characteristics in the fixed-

bed made of metal foam pellets and validate it against the experimen-

tal data of bed voidage and pressure drop. The proposed CFD

workflow is similar to Wehinger et al.36; instead of DEM, RBD

approach generates the different fixed-bed structures. The inclusion

of RBD approach provides more flexibility to model the packing struc-

tures with any arbitrary catalyst particle shapes and even allows mim-

icking the catalyst loading strategies akin to commercial settings, with

F IGURE 1 Metal foam pellets manufactured by Alantum Europe GmbH, Germany [Color figure can be viewed at wileyonlinelibrary.com]
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low computational efforts. The CFD model is validated against experi-

mental void fraction and pressure drop data for the ceramic Raschig

rings and the cylindrical metal foam pellets. It should be noted that

the inner structures of the foam pellets are not resolved, whereas flow

through the pellets is considered by appropriate closure equations

corresponding to the porous media approach. The bed geometry was

created using open-source software Blender and the CFD simulations

were carried out with Simcenter STAR-CCM+ from Siemens Industry

Software Inc. Figure 2 illustrates the proposed CFD workflow. The

main objective of this contribution is to develop an adequate CFD

model to assist the design of the optimal shape of metal foam pellet.

2 | MATERIALS AND METHODS

2.1 | Pellet characteristics

Two types of catalyst carriers were considered in this study: ceramic

Raschig rings and cylindrical metal foam pellets made of NiCrAl alloy

(71% Ni, 19% Cr, and 10% Al). Figure 3 illustrates the pellet samples

and the definition of important foam morphological parameters. The

ceramic Raschig rings were supplied by Vereinigte Füllkörper-Fabriken

GmbH & Co. KG, Germany, and the metal foam pellets by Alantum

Europe GmbH, Germany.

The characteristic length scale preferred to study the transport

phenomena in a fixed-bed reactor is the particle diameter, dp. In order

to compare geometrically different particles, the usual approach is to

define equivalent particle diameter in terms of a sphere of equivalent

specific surface area, dp,e = (6Vp/Ap). Here, Vp and Ap are the volume

and surface area of a particle. Accordingly, the particle Reynolds num-

ber is given by Equation (1), where vs is the superficial velocity and μ

is the dynamic viscosity of the fluid medium.

Rep ¼ ρvsdp,e
μ

ð1Þ

Based on the concept of the hydraulic radius, the Reynolds num-

ber complement to the bed structure is dependent on the mean bed

voidage, �εb , and is related to particle Reynolds number as in

Equation (2), which is generally termed as the modified Reynolds num-

ber or the bed Reynolds number.37,38

Re�p ¼
Rep
1� �εb

ð2Þ

Table 1 provides the characteristic dimensions of the pellet sam-

ples and the important foam properties. It should be noted that, to

define dp,e of the metal foam pellets, only the apparent particle

F IGURE 2 Illustration of the proposed CFD workflow [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 3 (A) Raschig ring, (B) Cylindrical metal foam pellet, and (C) Foam parameters [Color figure can be viewed at wileyonlinelibrary.com]
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volume and the outer surface area are used, neglecting the particle

porosity, ε. In addition, the porosity of the foam pellets mentioned in

Table 1 does not take into account the micro-voids on the strut sur-

faces, as they are hardly accessible to fluid flow.39 The pellet samples

are not wash-coated, as the present study focuses only on flow

behavior under cold flow and nonreactive conditions. Furthermore,

wash-coating processes of metal foam pellets might increase the strut

thickness, which in turn reduces the overall particle porosity and influ-

ences the hydrodynamic quantities as well.10

2.2 | Experimental setup

A suitable experimental setup for pressure drop measurements was

realized and is schematically depicted in Figure 4. The PVC reactor

tube has an inner diameter of 67.8 mm and a total height of

2500 mm, comprising two equal segments of 1250 mm. Additionally,

a solid steel pipe of diameter 3.5 mm was placed vertically along the

center core of the reactor tube to mimic a thermowell, which will be

used in the future heat transfer experiments. This PVC reactor is an

exact replica of a real metallic reactor proposed for further heat

transfer studies. Onto the top of the reactor tube, a flow equalizer

was installed to minimize the flow entry-effects and ensured a uni-

form or plug-flow-like inlet velocity approaching the top of the bed.

The reactor column was filled with pellet samples with the aid of a

commercial catalyst loading device (see Supporting Information) up to

a maximum height of 2000 mm.

Nitrogen gas was fed at the top of the reactor column and was

allowed to flow downwards through the bed. The volumetric flow rate

was controlled by a mass flow controller (F-203AV-1M0-RBD-44-V),

which has an operating range of 0–45 Nm3/h (Normal conditions: 0�C

and 101,325 Pa) and was provided by Bronkhorst Deutschland Nord

GmbH, Germany. The flow meter was calibrated on the basis of

experiment conditions and the rated accuracy was ± (0.8% Rd + 0.2%

FS). The head pressure and the temperature of the feed gas were

monitored by a pressure transducer (PT/head—TM-PCE28 0–

250 kPa) and a thermocouple (TR—type K), respectively, from

Techmark GmbH, Germany, with an accuracy of 0.2% FS. The fluid

pressure along the bed was measured by installing pressure taps at

five different axial locations, 400 mm apart (PT/B1, PT/B2, PT/B3,

PT/B4, and PT/B5). The pressure measured at each axial location was

the average of the instantaneous recordings from three pressure taps

TABLE 1 Characteristic dimensions
and foam properties

Pellet types dp (mm) dp,e (mm) N# = D/dp Cell size (Ø) (μm) Porosity (ϵ)

Raschig ring 10 5 6.78 - -

Metal foam 10 10.6 6.78 1200 ± 120 0.87

Note: # N denotes tube-to-particle diameter ratio; tube diameter, D = 67.8 mm.

F IGURE 4 Experimental setup with measurement locations [Color figure can be viewed at wileyonlinelibrary.com]
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that were aligned circumferentially at an angle of 120� apart (see

Figure 4). To quantify pressure drop in the bed segments, the

corresponding pressure taps at axial locations were connected across

the differential pressure transducers (DP/1, DP/2, DP/3, and DP/4—

Series 616D 0–20 in w.c). Subsequently, the pressure drop over four-

bed segments, each of 400 mm length, was recorded. The differential

pressure transducers were provided by Dwyer Instruments, Inc.,

United States, and the rated accuracy was ±0.25% FS at 25�C. Nitro-

gen was discharged through the outlet at the very bottom of the reac-

tor column and the outlet pressure was monitored by a pressure

transducer (PT/Outlet). Additionally, a differential transducer (DP—

TM-AS-dP/0–100 kPa) from Techmark GmbH, Germany, with an

accuracy of 0.4% FS was used to monitor the pressure drop across

the whole reactor, that is, from inlet to the outlet.

The experiments were conducted at atmospheric pressure and

the ambient temperature of about 20�C. The pressure drop data were

collected for different mass flow rates in the range of 6.2–56.3 kg/h

and the corresponding superficial velocities were between 0.43 and

3.2 m/s, which were calculated based on the ideal gas law connecting

temperature and density. The measurements were carried out multi-

ple times at a particular flow rate to ensure repeatability. The behavior

of the observed data were also verified in loading and unloading the

reactor several times by keeping the same flow parameters. The use

of the loading device ensured a high reproducibility of the pressure

drop across the bed (see details in the results section).

A unique loading procedure developed by Unidense Technology

GmbH, Germany, was adopted to load the pellets, Raschig rings, and

foam pellets, in the reactor. This innovative loading device is com-

posed of specially designed springs on a thin flexible loading rope,

which ensure controlled loading and the random orientation of pellets

in the bed.40 This loading device poses several advantages, such as

minimum breakage of pellets, least bridging between the pellets, and

uniform loading. In industrial applications like methane reforming, the

use of a catalyst loading device ensures little variation in pressure

drop among the multiple reformer tubes. Additionally, the arrange-

ment of pellets without strong local voids and bridging minimizes the

occurrence of temperature hot spots, which in turn favors the catalyst

lifetime—see Supporting Information for more details.

2.3 | Synthetic bed generation

In this study, the bed structure was simulated with a rigid body model

incorporated in the Bullet physics library,29 which is integrated with

the animation software Blender. A detailed description of using

Blender for the realization of packing structures has already been

addressed.24-26 As a starting point, the pellet geometry and the reac-

tor tube were created by the triangular surface meshes. Next, the par-

ticles were positioned at the top of the container and allowed to fall

freely into the reactor tube. The simulation was proceeded by the

physics engine upon resolving the gravity and the interaction forces in

discrete time steps. Particle-particle and particle-wall collisions were

resolved with the appropriate values of friction and restitution

coefficients. Table 2 provides the rigid-body parameters used in this

study. The simulations were carried out for a total time of 42 s, where

a stable solution of all the balancing forces was attained and

consequently, the fixed-bed structure generated—see Supporting

Information for more details. Finally, this bed structure was exported

as an STL file and imported into the CAE software STAR-CCM+ for

the CFD simulations.

The choice of filling strategy and the selection of appropriate rigid

body simulation parameters such as the friction coefficient and the res-

titution factor are debatable. Recently, Jurtz et al.41 have carried out

DEM simulations to generate fixed-beds with a unique catalyst filling

strategy. Their study revealed that the mean bed voidage should match

between the experimental and the numerical packing, as it is the critical

parameter in defining the flow characteristics of a fixed bed. It was also

suggested that the static friction coefficient can be used as an adjusting

parameter to merge the effects of the loading device, artificial tamping,

and the particle surface characteristics. In this way, a filling strategy

with less computational effort can be adopted in synthetic bed genera-

tion with an adjusted static friction coefficient.

In this study, three filling strategies to generate synthetic beds

were compared. A parametric study on friction coefficient was also car-

ried out on each filling strategy. The final selection of the filling strategy

and the friction coefficient was carried out by comparing the mean bed

voidage of the synthetic bed to the experimental bed and the required

computational time. The details are elaborated in Section 3.2.

2.4 | CFD

The flow conditions pertinent to single-phase and turbulent flow were

simulated by solving Reynolds-Averaged mass and momentum equa-

tions for a 3D domain. The governing equations are presented in the

Supporting Information. Realizable k� ε turbulence model,42 which

computes turbulent viscosity in terms of turbulent kinetic energy and

the eddy dissipation rate, was used in this study. The adequacy of the

realizable k� ε model in the simulation of fixed-bed reactors has been

verified by many authors.13

2.4.1 | Modeling flow-through foam pellets

It is computationally challenging to fully resolve the flow field in the

inner structures of the foam pellets for an entire bed. Hence, a porous

TABLE 2 RBD parameters used in Blender

Restitution factor 0.7

Friction factor 0.001 to 1

Collision shapes Convex hull, mesh

Computational time step (s) 0.001

Inner iterations 100

Animation frames 1000–1500
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media model was adopted to mimic flow though the pellets and the

corresponding pressure loss. When the flow enters a porous medium,

the physical velocity increases due to the reduction in the area avail-

able for the flow. The velocity rise is dependent on porosity, ε, which

is defined as the ratio of volume available for the fluid flow Vfree to

total volume V, ε = (Vfree/V). As a result, the physical velocity, v in a

porous medium is related to the superficial velocity as vs = εv, which

disregards the skeleton of the porous medium and assumes that only

the fluid passes through the given cross-sectional area.

The mass and momentum conservation equations in a porous

medium based on physical velocity can be formulated as:

∂ ερð Þ
∂t

þr: ερvð Þ¼0 ð3Þ

∂ ερð Þ
∂t

þr: ερvvð Þ¼�εrpþr: εTð Þ�εPvv� εPi vj jv ð4Þ

where Pv and Pi are viscous and inertial resistance tensors, respec-

tively. For flow through homogeneous porous media and at very low

fluid velocity, the pressure drop is balanced by the viscous shear

stress and is linearly proportional to vs. When the fluid velocity

increases, the inertial force starts to contribute and the pressure drop

is proportional to v2s . The most widely accepted correlation for

predicting the specific pressure drop in an isotropic granular media

was suggested by Ergun43 as:

rp
L

¼A
1� εð Þ2μ
ε3d2p,e

vsþB
1� εð Þρ
ε3dp,e

v2s ð5Þ

where A is Kozeny-Karman constant and B is Burke-Plummer con-

stant, which should be determined experimentally. For the packed

beds, Ergun suggested A = 150 and B = 1.75. It is clear that the

resistance tensors Pv and Pi in Equation (4) can easily be equated

to Equation (5). On the basis of Ergun-like approach, many authors

have proposed pressure drop correlations for the open-cell foam.44

The major difficulty in its formulation is to re-define the equivalent

particle diameter in terms of the foam morphological parameters

such as the strut diameter, ds and the cell size, Ø. A simplistic geo-

metric model, in which a direct analogy between the foam struc-

ture and a bed of spherical particles, formulated based on a cubic

cell, was proposed by Lacroix et al.39 In this cubic cell model, the

foam structure is represented by solid cylindrical filaments con-

nected in 3D as a regular cubic lattice, where the edges symbolize

the foam struts. As a result, a relation between strut diameter and

particle diameter was developed by equating the specific surface

area of the cubic cell to specific surface area of bed of spherical

particles as given by Equation (6). The strut diameter is calculated

from the cubic cell model based on the porosity, ε and pore diam-

eter a as shown in Equation (7) and Equation (8), where the pore

diameter, a, is approximated based on the cell size, Ø.

dp,e ¼6
4
ds ð6Þ

ds ¼
a 4

3π

� �
1�εð Þ� �1

2

1�a 4
3π

� �
1�εð Þ� �1

2

ð7Þ

a¼ ;
2:3

ð8Þ

Transferring Equations (6)–(8) to Equation (5) provide Lacroix cor-

relation, which was applied in this study at each pellet level to account

for the corresponding pressure loss of the fluid passing through the

open-cell foam pellets. An experimental study was carried out to mea-

sure the pressure drop in a single metal foam pellet. The pressure drop

predicted by the Lacroix correlation is compared with the experimen-

tal data, and an excellent agreement has been found—see Supporting

Information.

2.4.2 | Meshing and solution methodology

In order to spatially discretize the computational domain, the

meshing process was carried out using the commercial software

STAR-CCM+. Polyhedral cells were used in the bulk region and

three prism layer cells were considered at the wall of the pellets

and the reactor tube. The meshing process in a packed bed is

inherently complex due to the presence of the high number of

particle-particle and particle-wall contacts, which may lead to local

bad cell qualities. To overcome this issue, a meshing procedure by

the local cap method was proposed by Eppinger et al.45 for the

spherical particles and it was extended by Wehinger et al.46 for

nonspherical particles. The same meshing strategy was followed in

this study, which creates a very thin layer of gas-phase cells

between very close contacts. The final cell count was �11 million

and 16 million for the case of the Raschig ring bed and the metal

foam bed, respectively, which has proved sufficient for grid inde-

pendency in the previous works of similar type.47 The meshing

details and an overview of the boundary conditions are provided in

the Supporting Information.

In line with the experimental studies, Nitrogen gas was consid-

ered as the working fluid. At the inlet, a flat velocity profile was

assigned with the velocity magnitudes corresponding to the experi-

ment data. No-slip boundary condition was assigned for the reactor

wall and the pellet surfaces. The operating pressure and tempera-

ture were 101,325 Pa and 298 K, respectively. STAR-CCM+ was

used to perform all the CFD simulations, which use the finite-

volume method to solve the conservation equations. The closure

equations explained in Section 2.4.1 were implemented using field

functions in STAR-CCM+. A steady-state simulation was carried

out using a segregated flow solver, in which pressure–velocity cou-

pling is based on the SIMPLE algorithm. The convergence was

monitored on such solution variables as velocity magnitude and

pressure on different positions in the solution domain. In most of

the studied cases, convergence criteria were achieved by about

2000 iterations.

6 of 15 GEORGE ET AL.



3 | RESULTS AND DISCUSSION

3.1 | Experimental pressure drop

The fluid dynamic characteristics of the Raschig ring and metal foam

beds are analyzed by taking the experimental data as the basis.

Figure 5A,B show the pressure drop measured along with each bed

segment for the Raschig ring and the metal foam beds, respectively. It

should be noted that the measurements were carried out for repeated

trials and a high repeatability of <1% was observed. For the sake of

convenience, the average values are presented, where ΔP1 corre-

sponds to the pressure drop in the bed segment near the inlet and

ΔP4 denotes the very bottom bed segment (see Section 2.2 and

Figure 4). At a quick glance, the variation in pressure drop along the

bed segments is not very significant. However, a slight increase in

pressure drop is observed for the downstream bed segments com-

pared with its upstream sections, mainly for higher mass flow rates,

> 35 kg/h. The difference is within 4% between the adjacent bed seg-

ments and sums up to 6%–9% on comparing the top segment (ΔP1)

and the very bottom segment (ΔP4). Interestingly, this trend is almost

F IGURE 5 Experimental pressure drop across the bed segments: (A) Raschig ring and (B) Metal foam; Experimental pressure drop on
repeated loading: (C) Raschig ring and (D) Metal foam; (E) Specific pressure drop along a bed height of 1600 mm; (d) Pressure drop reduction in
metal foam pellets as a function of mass flow rate [Color figure can be viewed at wileyonlinelibrary.com]
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similar for both the Raschig ring and the metal foam beds. The bottom

region of a fixed bed might be denser due to the larger momentum of

the particles impacting the bed from a higher altitude. Although this

momentum is considerably reduced by the filling device, a difference

in bed void fraction over the bed height can be foreseen. Conse-

quently, a pressure drop gradient over the bed segments is also

expected. The measurements are also verified upon repeated loading

and unloading of the pellets and the results are shown in Figure 5C,D

for each bed segment at the maximum mass flow rate of

56.3 kg/h. The variations are not significant (< 3.5%) as the use of a

loading device ensures sufficient reproducibility of the packing

structure.

For a better comparison, the pressure drop data are normalized

by the bed segment length to obtain the specific pressure drop.

Figure 5E shows the specific pressure drop in the Raschig ring and

metal foam beds, which corresponds to a bed height of 1600 mm

(sum of all bed segments). For mass flow rates larger than 10 kg/h, the

specific pressure drop of the metal foam bed is considerably lower

than that for the bed of Raschig rings. The pressure drop in the Ras-

chig ring bed is about 50% higher compared with the metal foam bed,

at the maximum mass flow rate of 56.3 kg/h. In fact, the reduction in

pressure drop in the metal foam bed is dependent on the mass flow

rate and is depicted in Figure 5F as the ratio of the specific pressure

drop in the Raschig ring bed to the metal foam bed. For low to

medium flow rates, ≤ 30 kg/h, the variation in the pressure drop is

proportional to the mass flow rate with a power factor of 0.16. After-

wards, the factor reduces to 0.07 or exhibits a behavior closer to a lin-

ear dependency. The pressure drop in the metal foam bed is

dependent on the amount of flow through the pellets. As the

resistance inside the pellets are regulated by flow velocity, the overall

flow behavior of a metal foam bed relies on the corresponding flow

regime.

3.2 | Validation of synthetic fixed bed structures

The influence of the loading method on the bed structures is investi-

gated by adopting three different filling strategies in Blender simula-

tions and is illustrated in Figure 6: (a) Line-filling, where the pellets are

allowed to fall freely from the top of the container in a single line with

an imposed random particle orientation; (b) Array-filling being similar

to (a), where, instead of a line fashion, the pellets are initialized in an

array mode; (c) Pot-Brush-filling, where the pellets are poured into the

container from a pot and a brush-like device is used to slowdown

the pellets. The brush moves upwards as the bed height increases.

This method describes the filling process of the Unidense catalyst

loading technology more closely—see Supporting Information.

For all of the loading strategies, a total of 1000 Raschig rings are

used and the rigid body parameters are kept the same for all the

cases. A dummy thermowell is also considered similar to an experi-

ment, since any type of reactor internals could influence the bed

structure. The bed structures generated by using different loading

methods and with a constant friction coefficient of 0.7 are also shown

in Figure 6. It is observed that the bed generated by the Pot-Brush

method is the tallest and is about 13–20 mm higher compared with

the beds realized by the Array and the Line methods. This is in line

with the observations from Jurtz et al.41; however, they used a differ-

ent numerical method (DEM) and a different shape of the filling

F IGURE 6 Different synthetic filling strategies and corresponding bed structures with a friction coefficient of 0.7: (A) Line, (B) Array, and (C)
Pot-Brush [Color figure can be viewed at wileyonlinelibrary.com]
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device. In the Pot-Brush method, the brush-like device favors the

reduction in the momentum of the falling particles.

In the second step, each of the loading strategies is subjected to a

range of friction coefficient and the mean bed voidage of the generated

beds is investigated. Figure 7A depicts the comparison of the calculated

mean bed voidage for different cases. The general trend is a linear

increase in bed voidage while the friction coefficient increases. This is

in line with other numerical studies.48,49 The friction between the rela-

tive contact surfaces is lower at low surface roughness value, which in

turn creates denser beds. As far as a comparison of the loading

methods is concerned, the Pot-Brush method allows loose beds,

whereas the line method results in comparatively denser beds. In Pot-

Brush-method, the momentum of the falling particles undergoes reduc-

tion upon collision with the brush structure, whereas the momentum

gained by the falling particles is higher in the Line-method since there is

minimal interaction between the particles on the way into the con-

tainer. Consequently, the particles may displace more evenly in the bed

structure until their momentum dies out. Figure 7A also shows the

mean voidage obtained from the experiment and a correlation from the

literature.50,51 The experimentally derived (based on the weighing

method) mean voidage is 0.619 and the corresponding value predicted

by the literature correlation is 0.605. The correlation does not account

for the capillary inside or the influence of any loading strategy, even

though the agreement is satisfactory. From the comparison to the

experimental value, it is revealed that the bed generated by the Pot-

Brush method with f = 0.4 shows good agreement with the experimen-

tal value, whereas the Array and Line methods agree to experimental

data with f = 0.7 and f = 0.9, respectively.

The practical applicability of any simulation method has been

decided also based on the computational power required for its exe-

cution. Here, the computational time taken to simulate each loading

strategy is estimated based on one CPU (intel Core i7-8700K) and is

depicted in Figure 7B. For the Line and Array methods, the total simu-

lation time is less than an hour, while Pot-Brush requires almost

double the computational power. This is attributed to the extra work

of the physics engine to simulate the pouring process of particles from

a pot and to simulate the additional collision of particles with the

brush structure. Even though, the time consumed for the RBD simula-

tion using Blender is very much lower than the conventional methods

like DEM simulations.26

Along with the bed voidage, another important physical parame-

ter of the bed structures made of nonspherical particles is the particle

orientation. Moreover, the alignment of particles with respect to the

flow direction is more significant when the particles are of hollow

type like Raschig rings, multi-hole cylinders, and so forth. Therefore,

the impact of the loading methods and the friction coefficient on the

orientation of Raschig rings are analyzed with the numerically gener-

ated beds. Figure 8A–C show the global particle distribution of orien-

tation for the loading methods Line, Array, and Pot-Brush,

respectively. Here, the particle orientation is defined as an angle

(0� ≤ θ ≤ 90�) between the vertical axis of the reactor column and the

vertical symmetrical axis of an individual Raschig ring.

It is interesting to note that the predominant particle orientation

is 80�–90� for all the studied cases, which is in line with other experi-

mental observations.19 The dependency of particle orientation with

friction coefficient is almost similar for all the loading methods. The

tendency of particles to align either parallel (0�–10�) or orthogonal

(80�–90�) to the vertical axis is higher for the friction factors < 0.5. In

using the line method, the least particle orientation is in the range

(50�–70�) for all the friction factors. Indeed, for the Array and Pot-

Brush methods coupled with friction factors > 0.2, a minimum number

of particles is aligned in the range (0�–10�). Also, Pot-Brush method

allows more particles to align in (40�–70�) compared with other

methods. This reveals that the brush structure helps to align the parti-

cles in a more random fashion. Due to the stochastic nature, an exact

mathematical formulation for the particle orientation distribution in a

random packed bed is cumbersome. It is practically impossible to cre-

ate an exact replica of particle orientation, while repeating the loading

F IGURE 7 (A) Impact of friction coefficient on mean bed voidage; (B) Simulation time versus loading strategy [Color figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 8 Impact of loading
strategy and friction factor (f ) on
particle orientation: (A–C) global
orientation distribution for Line,
Array, and Pot-Brush,
respectively [Color figure can be
viewed at wileyonlinelibrary.com]

F IGURE 9 (A) Particle orientation in the selected bed structures; (B) Comparison of specific pressure drop in the beds from different loading
methods—CFD versus Experiment (error bar of ±10% to cover-up the pressure drop variation along the bed segments and the instrumentation
errors) [Color figure can be viewed at wileyonlinelibrary.com]
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and unloading of the same packing. Indeed, the overall characteristics

can be maintained somewhat similar, that is, the greater tendency to

align either perpendicular (90�) or parallel (0�) to the column

vertical axis.

As the final step in the validation of the bed structure, a bed from

each of the loading strategies is selected, which bears the mean

voidage close to the experimental bed, and subjected to pressure drop

CFD simulations. Here, it is worthwhile to recall that the mean bed

voidage of 0.619 was achieved at friction factors of 0.9, 0.7, and 0.4

for the Line, Array, and Pot-Brush methods, respectively (see

Figure 7A). However, the orientation of particles in these beds are not

exactly similar as depicted in Figure 9A. The pressure drop simulated

by using the numerical bed from each loading strategy is compared

with the experimental data for a mass flow rate of 56.5 kg/h and is

shown in Figure 9B. An error bar of ±10% is included along with the

experimental data to cover up the variation in pressure drop along

with the bed segments and other possible instrumentation errors. A

very good agreement is observed for all the cases as the deviations

are even less than 3%. Hence, it is inferred that the mean bed voidage

is the critical parameter in defining the pressure drop characteristics

of fixed beds. Furthermore, the effects of catalyst loading device on

bed morphology can be included in numerical bed generation by

adjusting the RBD parameter: friction coefficient, in a simple loading

strategy which is of less computational cost. In this case, Array

method is found as efficient from the practical perspective, as it con-

sumes lesser computational time (see Figure 7B) as well as being capa-

ble of simulating a bed morphology close to experimental bed.

The Array-method is then extended to generate a representative

bed structure for the metal foam pellets. It should be noted that the

numerical bed for the metal foam pellets is made of solid cylinders, as

flow through the pellets is accounted by the porous media model (see

Section 2.4.1). As explained earlier, the friction coefficient is adjusted

to achieve a mean bed voidage close to the experimental bed made of

metal foam pellets—see Supporting Information.

3.3 | Validation of the CFD model

The validation of the CFD simulation is carried out using the experi-

mental pressure drop data discussed in Section 3.1. Firstly, the ability

of particle-resolved CFD approach in predicting the pressure drop of

fixed-beds is validated. Figure 10A depicts the comparison of specific

pressure drop predicted in the Raschig ring bed to the experimental

data. The CFD results show an excellent agreement with the

experimental data.

A comparison with empirical correlations proposed by Ergun43

and Nemec and Levec38 is also carried out. It is evident that Ergun

correlation under-predicts pressure drop, whereas Nemec and Levec

over-predicts with a mean relative error of 36% and 21%, respec-

tively. The pressure drop characteristics in a fixed-bed composed of

hollow particles and the case of low tube-to-particle diameter ratio

were not explicitly considered in arriving the constants in Ergun equa-

tion, that is, A = 150, B = 1.75, see Equation (5). Nevertheless, the

equivalent particle term in Ergun equation allows to include the effect

of high surface area and the shape effects augmented by the hollow

particles to some extent. However, it is not sufficient to incorporate

all the flow artifacts occurring in the fixed-beds made of hollow parti-

cles. Several experimental studies have shown that the pressure drop

in the Raschig ring beds are much higher than anticipated due to the

eddies and dead spaces in the inner hole. The correlation of Nemec

and Levec has addressed this issue by the correction in the effective

porosity as proposed by Sonntag,52 which considers that only 20% of

the inner hole volume is subjected to flow. In Figure 10A, the fraction

of the inner hole available to fluid flow is designated as “m”. Never-

theless, the applicability of a constant m-value for a wide range of

flow velocities and different types of hollow cylinders is dubious. The

fluid velocity and the size of inner holes could impact the flow

through the rings. Importantly, the experimental data used in the reali-

zation of Nemec and Levec correlation are in the flow rate range,

10 ≤ Rep* ≤ 500. It is also evident from Figure 10A that Nemec and

F IGURE 10 Pressure drop comparison: (A) Raschig ring and (B) Metal foam (error bar of ±10% to cover-up the pressure drop variation along
the bed segments and the possible instrumentation errors in the experiment) [Color figure can be viewed at wileyonlinelibrary.com]
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Levec correlation with m = 0.20 predicts pressure drop well for

Rep* < 1000 in comparison to the experimental data; afterwards devi-

ation in prediction increases. A better agreement to the experimental

data are observed with the modified m-values of 0.40 in the range,

1000 ≤ Rep* ≤ 2000 and 0.50 for 2000 < Rep* ≤ 3250. The other pos-

sible reason for the discrepancies might be the impact of the dummy

thermowell. Dixon and Wu53 have investigated the influence of differ-

ent sizes of thermowells on fluid flow and heat transfer in the fixed-

beds. They concluded that the conduction and flow by-passing along

the thermowell alter the temperature profile compared with the bed

structure without a thermowell. In a recent study of the same authors,

an exothermic chemical reaction is considered, and the influence of

thermowell in the mass and heat transfer processes under the reac-

tion conditions has also been confirmed.54 The presence of the

thermowell at the center core of the bed imparts an additional

bypass-flow through its circumferential region, where the local bed

void fraction is higher. The bypass flow effects are predominant at

higher flow rates and, therefore, the deviations are more noticed

at higher flow velocity. From this study, it is noteworthy that the

particle-resolved CFD is very effective in predicting the flow charac-

teristics of slender fixed-bed reactors with reasonable accuracy and

could also be beneficial in understanding the impact of such additional

internals as sensors, thermowell, capillaries, and the like.

To predict the pressure drop in metal foam pellets, the validated

particle-resolved CFD model for ceramic Raschig ring is adapted with

the closure equations explained in Section 2.4.1. The comparison of

CFD results to experimental data are shown in Figure 10B. It is

observed that the CFD predictions with the foam structural parameters,

Ø = 1200 μm and ϵ = 0.87 are about 16%–30% lower compared with

the experimental data for the range of flow rates investigated. The reli-

ability of the Lacroix correlation (Equations (6)–(8)) in predicting pres-

sure drop of a foam structure greatly depends on the accuracy of the

used morphological parameters. However, foams may exhibit consider-

able variation in their structures, mainly due to the manufacturing

routes. The supplier of these foam pellets has accepted an allowance of

±10% in cell size. As shown in Figure 10B, the simulated specific pres-

sure drop with 10% reduction in cell size, that is, 1080 μm, is closer to

experimental data, with a relative error of 12%–25%.

The process of shaping a required pellet geometry from the foam

sheet may also affect the physical characteristics of pellets' outer faces.

It should be noted that the required height or diameter of a foam pellet

has been achieved by stacking thin layers of multiple foam sheets and

are adhered to them by heat treatment processes. The thickness of a

single layer depends on its cell size and is around 3 mm for the case of

1200 μm. In the end, the required pellet shapes have been cut out from

the thickened sheet.5 Upon physical examination of the processed pel-

lets, it is revealed that there are more closed and roughened cells along

with the cutting faces as a side-effect of the shaping process (see

Figure 10B). This change in foam morphology can cause an additional

increase in the pressure drop by reducing the effective porosity. More-

over, the roughened wall surfaces combined with the fine structures of

the metal foam pellets might induce additional flow artifacts in the

packed bed arrangement that are difficult to reproduce completely in a

CFD framework with the porous-media model. To account for these

flow artifacts in the CFD model, a correction factor which modifies the

original porosity is applied. As depicted in Figure 10B, CFD results with

2.3% reduction in original porosity, that is, 0.87 to 0.85, showing an

excellent agreement with the experimental data. Meanwhile, the suit-

ability of the same correction factor for different foam morphologies

and pellet shapes is questionable. This embarks further investigation on

the pressure drop characteristics of various pellets shapes and foam

morphologies and it will be addressed in a future work.

3.4 | CFD flow field analysis

A detailed study of the flow field is very important to analyze the per-

formance of a reactor. However, experimental insights are very diffi-

cult to achieve. The contour maps of velocity magnitude normalized

by the superficial velocity of 3.8 m/s are shown in Figure 11A,B, along

a vertical section of the Raschig ring and the metal foam beds, respec-

tively. The localized rise in interstitial velocity is clearly visible on both

the beds and is proportional to local bed voidage. The regions close to

the reactor wall and the dummy thermowell are subjected to signifi-

cant velocity fluctuations where flow channeling occurs. At

vs= 3.8 m/s, the local rise in physical velocity can go up by a factor of

eight in the Raschig ring, whereas by a factor of about five in the

metal foam bed. Since the foam pellets support internal flow, a more

homogenous velocity distribution is observed in the metal foam bed,

except for the regions close to the wall—see Supporting Information.

However, fluid particles experience different resistances while flowing

around and through the particles and it is strongly related to the

actual foam morphological parameters, mainly cell size, and porosity.

The significance of particle orientation is also evident from the con-

tour plots of the Raschig ring bed (see Figure 11A). The inner holes

are subjected to considerable fluid flow when it is parallel to the flow

direction. Despite, the majority of Raschig rings are aligned perpendic-

ular to the flow direction and are exposed to the eddies and the flow

obstructions induced by the upstream particles. Therefore, only a frac-

tion of the inner hole regions could support the fluid flow and, subse-

quently, the effective bed porosity is reduced.

A qualitative estimation of the amount of flow through the pellets

is carried out using CFD simulations. To quantify flow through the

pellets, a few cross-sectional planes are selected along the bed, where

the average flow velocity in the porous pellet region and the

corresponding flow area is calculated. Figure 12A illustrates

the streamlines injected from the reactor inlet, and the selected planes

for mass flow calculation are shown in Figure 12B. It should be

highlighted that the illustrated streamlines could not reflect the real

flow tortuosity inside the pellets. Figure 12C depicts the percentage

of total fluid flows through the pellets at different bed Reynolds num-

bers. For the studied cases, the estimated mean mass flow rate is in

the range of 21%–33% of the total flow and is dependent on the

Reynolds number, see also Equation (5). Indeed, mass flow through

the pellets seems relatively constant at Rep* ≥ 2000. This is in line

with the results presented by Kolaczkowski et al.,10 which is based on
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F IGURE 11 Normalized velocity contours (A) Raschig ring (B) Metal foam [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 12
(A) Representation of streamlines
over the bed, (B) Selected planes
to calculate the mass flow
through the pellets, and (C) Mass
flow through pellets as a function
of Reynolds number (error bar
indicates the fluctuations from

different planes) [Color figure can
be viewed at
wileyonlinelibrary.com]
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the experimental studies. It should be kept in mind that, inside the pel-

lets for high velocities, inertia forces dominate the flow resistance via

Equation (5). In the interstitial region, pressure drop originates from

deflection and detachment of the flow. Hence, the ratio between the

flow through and around the pellets depends on the flow regime.

However, pore-scale simulations are necessary to limit the uncer-

tainties in modeling the flow through the pellets.

4 | CONCLUSION

An adapted particle-resolved CFD workflow is presented to study the

flow characteristics of fixed-bed reactors with randomly packed metal

foam pellets. The validation of the CFD model was carried out with

the experimental pressure drop data for ceramic Raschig rings and

cylindrical metal foam pellets. From the experimental study, it is rev-

ealed that pressure drop in the metal foam pellets are lower compared

with the Raschig ring. The metal foam pellets are heavily porous,

which allows considerable internal flow, subsequently low-pressure

drop. By virtue of internal flow and convection around the particles,

metal foam pellets could offer an improved fluid–solid interfacial

exchange in comparison with conventional ceramic pellets.

We showed that the catalyst loading methods can also be

modeled along with synthetic bed generation in using RBD approach

integrated in Blender software, with low computational efforts. It

should be noted that the mean bed voidage is the critical parameter

relevant to the fluid dynamic characteristics of a packing structure.

Therefore, the mean bed voidage of the numerical bed should be in

good agreement with the real packing structure. It has been achieved

by adjusting one of the RBD parameters, that is, friction coefficient,

regardless of the catalyst loading method.

In comparison to the experimental data of Raschig rings, the pres-

sure drop predicted by the established particle-resolved CFD

approach shows an excellent agreement. It is also evident that

detailed CFD simulations could capture even the intrusive effects of

measuring devices like the thermowell. The validated particle CFD

model is then adapted to mimic the internal flow through the pellets

with appropriate closure equations, which are dependent on foam

morphological parameters such as cell size and foam porosity. The

pressure drop predicted by the adapted CFD model shows good

agreement to experimental data in using a modified porosity, which

also considers the impact of closed cells along with the cutting faces

of the foam pellets in the effective bed voidage.

The flow distribution in the fixed-beds composed of metal foam pel-

lets is highly dependent on the foam morphology. Therefore, it is rec-

ommended to verify the applicability of the proposed CFD workflow in

different foam morphologies and pellet shapes. This will be addressed in

future works. Additionally, the proposed CFD workflow will be extended

to study the heat transfer characteristics and chemical reactions.
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