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Single-particle reactors in lab-scale are a promising technology to gain an in-depth understanding of the intricate reaction
and transport processes that occur in catalyst particles under operando conditions. It is not described whether the effect of
the bounding walls in such narrow flow channels influence the processes at the particle. Therefore, this work applies three-
dimensional (3D) computational fluid dynamics (CFD) simulations to analyze the drag coefficient CD alongside the local
and average particle Nusselt number Nup as characteristic local and integral quantities in the range of particle Reynolds
numbers 10 ≤ Rep ≤ 103. An equation is derived to correct for the wall effects on CD and Nup and assist the experimenter
in the interpretation of measured results.
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1 Introduction

In a novel class of lab-scale reactors operando measurement
techniques are applied to heterogeneous catalytic reactors,
in which a moving capillary resolves spatial concentra-
tion and temperature profiles. Their application has been
demonstrated across various reactor types, e.g., inside hon-
eycomb monoliths [1, 2], catalytic foams [3, 4], fixed-bed
reactors [5, 6], and recently inside a single catalytic pellet [7].
The latter case aims to resolve intraparticle gradients and the
surrounding boundary layer. However, even this method is
invasive, but its effect on the physical-chemical behavior of
the particle is not yet quantified. Intraparticle processes are
driven by the conditions the external flow applies and, thus,
influences hereon an important aspect.
The drag force and heat transfer of single particles have

been widely studied in literature particularly for spheres that
are falling into a tube or held stationary in a stream, as
described in the relevant literature [8]. In a recent review,
Michaelides and Feng [9] compile the current understand-
ing on drag coefficients for non-spherical particles and
present several correlations from literature. Among their
gathered expressions is the work from Haider and Leven-
spiel [10], who derive a generalized formulation for spherical
and non-spherical particle shapes based on the sphericity.

Ganser [11] proposes a modified expression with two shape
factors that also includes the size of the settling tube. A more
sophisticated correlation by Hölzer and Sommerfeld [12] is
based on the sphericity and two additional sphericity factors
that depend on the particle´s orientation.

The effect of confining walls on particle hydrodynam-
ics has previously been studied, as summarized in [13],
and can be described by a drag correction factor. How-
ever, the majority of investigations are focused on spheres
in the creeping flow regime (Rep � 1, Rep = uρdp/μ)
bounded by a cylindrical tube [14, 15], with some works
taking into account differently shaped enclosing boundaries
[16, 17]. Catalytic particles are, however, most often differ-
ently shaped for optimal performance of fixed-bed reactors
which is why these correction factors are of limited use.

The heat transfer of particles and cylinders under
forced convection has been widely investigated resulting in
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Figure 1. Geometry setup and plane section through the mesh of the single-particle reactor (see nomenclature for description details;
dp = 5 mm).

numerous correlations, of which the Nusselt correlation by
Whitaker [18] for spherical particles and the correlations
by Gnielinski [19] and Sparrow [20] for cylinders are to be
mentioned. Most of the published research on heat trans-
fer from cylinders focuses on infinitely elongated cylinders
due to the relevance for convective heat transfer from tubes
and in multitubular heat exchangers. While this flow is char-
acterized by a two-dimensional structure, the flow around
a finite cylinder is more complex and three-dimensional as
described in detail by Zdravkovich [21].
Several studies on the flow around single particles exist in

literature using computational fluid dynamics (CFD). Dhole
[22] studied the heat transfer from spheres in unconfined
flow for different thermal boundary conditions in the range
of 5 ≤ Rep ≤ 200. Dixon [23] scrutinized flow and heat
transfer for a single sphere focusing on the mesh develop-
ment for fixed-bed reactors, where Rep ≥ 400. In a later
work, Dixon [24] examined how the inclination angle affects
reaction and transport in a ring-shaped catalyst for 103 ≤
Rep ≤ 104. However, there is a lack of studies that investigate
the conditions relevant to single-particle lab-scale reactors,
where Rep lies between 10 and 103 and reactor walls are in
proximity.
This study aims to provide a detailed view on the exter-

nal flow field and investigate how the flow around and heat
transfer at the surface of a cylindrical particle is influenced
by the confining walls. Therefore, the CFD simulations focus
on a single particle within the channel without any further
fittings. The shape and dimensions of the particle and flow
channel are chosen based on a single-particle profile reac-
tor described in literature [7]. The impact of the confining
walls on fluid flow and heat transfer is quantified by compar-
ing characteristic local and integral quantities, namely, the
drag coefficient together with the local and average particle
Nusselt numbers. Based on a parameter variation across the
CFD simulations an equation is derived to correct for the

influence of confining walls on drag coefficient and particle
Nusselt number.

2 Theory and Methods

The simulations are conducted using the commercial
CFD software Siemens Simcenter STAR-CCM+ version
18.02.010-R8. Descriptions of the governing equations for
the laminar flow simulations and the applied turbulence
model are covered by Sect. 2.2. Sect. 2.3 elaborates on the
geometry and mesh settings, alongside a precedent grid
convergence study.
To assess the magnitude of possible wall effects in lab-

scale reactors, an example from literature is taken as a
reference case, as shown in Fig. 1, where a single cylindrical
particle is placed in a rectangular channel and mounted on
a platform [7]. To exclude any effects exhibited by either the
platform or the capillary itself, the simulation geometry of
this study contains only the particle. The simulations follow
a series of parameter variations. Inlet velocities are varied
therein based on particle Reynolds numbers of 10, 100, and
1000, as defined by Eq. (1). Additionally, the channel size D,
i.e., width and height, is varied between 4 dp and 20 dp, with
dp being the particle diameter. In total, the study spans 15
simulations. Three additional simulations are carried out at
a width of 20 dp, all with a symmetry boundary condition,
i.e., the velocity gradient normal to the wall is set to zero, in
order to reflect the unbounded flow condition around the
cylinder.

2.1 Dimensionless Numbers

The particle Reynolds number is defined as:

Rep = uinρfdp
μ

(1)
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Here, uin is the inlet velocity, ρf is the fluid density, and μ

denotes the dynamic viscosity. Several dimensionless quan-
tities are utilized to evaluate the effects of confining walls.
The drag coefficient CD is calculated as follows:

CD = Fz
1
2ρfu2inAproj

(2)

where Fz represents the drag force and Aproj is the surface
area of the particle projected in the incident flow direction.
As a characteristic quantity of the heat transfer, the local
Nusselt number is determined by the equation:

Nuloc = αlocdp
λf

(3)

where the local heat transfer coefficient αloc is derived by
Eq. (4) from the surface heat flux q̇s and the difference
between the surface temperature Ts and a reference temper-
ature Tin, which is in this study the inlet temperature.

αloc = q̇s
Ts − Tin

(4)

The average particle Nusselt number Nup can be obtained
by:

Nup = 1
Ap

∫ Ap

0
NulocdA (5)

The Lewis number Le relates the thermal boundary layer
thickness to the concentration boundary layer thickness and
is defined as:

Le = Sc
Pr

= λf

Df cpρf
(6)

where Sc is the Schmidt number, Pr is the Prandtl num-
ber, and Df is the diffusion coefficient. The velocity field
and local Nusselt number along the curved cylinder sur-
face are further aspects that are subjected to comparison and
subsequent discussion.

2.2 Governing Equations

The following set of partial differential equations describe
the present case of a non-reactive fluid system at steady state
with heat transfer from a hot particle surface to the bulk
fluid. In an infinitesimal control volume, the conservation
of mass reads:
∂ (ρfui )

∂xi
= 0 (7)

The conservation of momentum is given by:

∂
(
ρfuiuj

)
∂xj

= − ∂ p
∂xi

+ ∂τij

∂xj
(8)

where p is the static pressure and τ ij denotes the stress
tensor. For a Newtonian fluid, the stress tensor τ ij is

written as:

τij =
[
μ

(
∂ui
∂xj

+ ∂uj
∂xi

)]
− 2

3
μ

∂uk
∂xk

δij (9)

The energy balance in terms of specific enthalpy h is
expressed as:

∂ (ρfhui )
∂xi

= τij
∂ui
∂xj

+ ∂

∂xi

(
λf

∂T
∂xi

)
(10)

While this system of partial differential equations applies
to laminar flows for the cases Rep = 10 and 100, the turbu-
lent flow simulations are modeled by the Reynolds-averaged
Navier-Stokes (RANS) equations in the case of Rep = 1000.
The additional Reynolds stress tensor, resulted from aver-
aging the solution variables, is modeled by applying the
Boussinesq hypothesis. The variations of available RANS
models are described extensively in standard literature [25].
In this work, the realizable k-ε model with a two-layer all-y+

wall treatment driven by shear is used; see details in [26, 27].

2.3 Computational Domain and Meshing

The exemplary single-particle reactor from [7] consists of
an equilateral, cylindrical particle, with dp = 5 mm, placed
in a rectangular channel with a height of 4 dp, a width of
4 dp, and a total length of 12 dp. In the simulations, the dis-
tance to the inlet and outlet is chosen to be larger than this to
ensure that the computation is not affected by these bound-
aries. Dixon [23] has demonstrated that for a sphere across a
wide range of Rep, distances of 5 dp and 15 dp from the par-
ticle to the inlet and outlet, respectively, are sufficient and
hence are employed in the present investigation. The setup
for the simulations is illustrated in Fig. 1 alongside a plane
cutting through the mesh.

Themesh settings for all domains comprise a base cell size
of dp/10 along with refinements in the wake and at the par-
ticle surface of dp/20 and dp/100, respectively. Prism layers
are generated at the particle surface and consist of ten layers
with a stretching factor of 1.1. As proposed by Dhole [22], the
prism layer total thickness is approximated by the momen-
tum boundary layer thickness δm at the highest investigated
Rep, which is derived from Schlichting [28] in Eq. (11). The
momentum and thermal boundary layers are described by
Eqs. (11) and (12), respectively [22].

δm = 1.13dpRe−0.5
p (11)

δt = δmPr−1/3 (12)

Here, δt represents the thickness of the thermal boundary
layer. The meshing procedure includes a grid independence
study, following the grid convergence index approach as
described by Roache [29]. The estimation of the error E is
obtained through Richardson extrapolation using Eq. (15)
by extrapolating the solution variable 	 from a medium
resolved (m) and fine (f) mesh. A refinement factor rg is
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4 Research Article

calculated from the cell count N and a convergence rate of
p = 2 is assumed [30].

rg =
√

Nf

Nm
(13)

	∞ = 	f + 	f − 	m

rpg − 1
(14)

E =
∣∣∣∣	∞ − 	f

	∞

∣∣∣∣ (15)

These meshes are simulated at a Reynolds number of 1000
resulting in a Richardson error for each variable, drag coef-
ficient CD, and Nusselt number Nup. This error is compared
among a coarse, medium, and fine mesh to determine the
solution’s grid independency.

2.4 Boundary Conditions

A no-slip condition is imposed on the confining wall and
particle surface boundaries. The inlet fluid velocity is spec-
ified based on the respective Reynolds number. The outlet
pressure is set to ambient pressure. The confining walls are
assumed to be adiabatic, whereas the surface temperature Ts
of the particle remains constant at 
T = Ts − Tin = 30 K.
Additional simulations apply a symmetry boundary condi-
tion at the confining wall, which sets the velocity gradient
normal to the wall to zero. These simulations are used to
replicate an infinitely large channel excluded from any wall
effects.
Fluid properties are set to constant values and taken from

a single particle study from literature [23], with a density
ρf of 6.1616 kg m−3, heat capacity cp of 2395.38 J kg−1 K−1,
dynamic viscosity μ of 3.0 · 10−5 Pa s, and thermal conduc-
tivity λf of 0.0876 W m−1 K−1. This corresponds to a typical
reactive gas mixture under pressure [23]. Assuming a Lewis
number of Le � 1, the concentration boundary layer thick-
ness around the particle becomes thinner and is therefore
less influenced by the confining walls compared to the ther-
mal boundary layer. Thus, species transport is excluded for
the remainder of the study.

3 Results and Discussion

The results of the mesh independency study can be found in
Sect. S1 of the Supporting Information (SI). The final mesh
settings are used throughout all simulations. Additionally,
the assumption of a steady-state flow regime is verified for
Rep = 100 as well as for the RANS model at Rep = 1000 and
can be found in the SI in Sect. S3.

3.1 Velocity Profiles

Narrow flow channels have a significant impact on the
velocity field. Fig. 2 displays the velocity magnitude |u| and

fluid temperature with isolines at Rep = 10 in a cross sec-
tion located centrally in the x-z plane (see also Fig. 1) for
domain sizes of 4 dp, 12 dp and 20 dp from top to bottom.
The flow direction is from left to right. Qualitative differ-
ences are clearly visible, particularly the vena contracta at
D = 4 dp, i.e., the flow acceleration (by approx. factor 2)
caused by the narrow gap between particle surface and wall.
The effect is not limited to the far-field but rather impacts
the flow at the vicinity of the particle’s surface, which is per-
ceivable in the forward stagnation zone and wake region for
both velocity and temperature.
Discrete velocity values are extracted along the line

probes, highlighted in Fig. 2, and plotted in Fig. 3 as velocity
profiles normalized by the respective inlet velocity uin. The
profiles are shown for all investigated sizes and Rep of 10,
100, and 1000 in Figs. 3a, 3b, and 3c, respectively.
Additional simulations with a symmetry boundary,

denoted as ∞, reflect the case of an infinitely large domain
size without any wall effects. The velocity profile is generally
more affected at lower Rep, where viscous forces dominate
and cause a thicker boundary layer. It is noteworthy that
even the largest domain size (20 dp) influences the velocity
profile around the particle for Rep = 10, as one can observe
a deviation from the simulations with symmetry boundary
(∞).
The relative velocity increase in Fig. 3a appears to grow

nonlinearly with decreasing channel width. At Rep = 10 the
smallest channel size results in a maximum velocity increase
to 1.86 uin, while this value reduces to 1.31 uin at Rep = 1000.
The diversely shaped profiles between D suggest that the
gradients at the particle surface differ. Consequently, the
wall shear rate and heat transfer are locally affected. Fig. S4
provides a visualization of the wall shear rate at the particle
surface for the cases shown in Fig. 2.

3.2 Drag Coefficient

As the cylinder is exposed to a fluid stream, it is subjected
to a drag force. The corresponding drag coefficient CD
is calculated by Eq. (2) and plotted against Rep for each
channel size of the study in Fig. 4a. The ratio to the value
obtained with symmetry boundary CD/CD,∞ serves as a
measure of deviation from ideality and is plotted in Fig. 4b
against the normalized channel width D/dp. As observed
in the velocity profile, reducing the channel width to 4 dp
results in the highest deviation. At low Rep, the CD yields
11.69, while a symmetry boundary deviates by approx.
162 % given a CD of 4.46. As Rep and D/dp increase, the
deviations gradually decrease. However, differences per-
sist at the largest domain size (20 dp) of up to 10 % for
Rep = 10.
A nonlinear least squares fit on the CFD data yields

the following expression to describe the wall effects in the
present work:

CD/CD,∞ = 1 + β0 exp
(−β1

(
D/dp

))
Reβ2

p (16)
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Figure 2. Velocity and tempera-
ture fields in centrally placed x-z
plane sections around the par-
ticle at Rep = 10 and channel
sizes of 4 dp (top), 12 dp (middle),
and 20 dp (bottom), and velocity
probe (dash-dotted). Flow is from
left to right.
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Figure 3. Normalized velocity magnitude in the cross section between particle and wall for various channel widths at Rep of a) 10,
b) 100, and c) 1000.

with fitted coefficients of β0 = 9.79, β1 = 0.23, β2 = −0.39,
and a root mean squared error of RMSE = 3.223 · 10−2.
A comparison of the mean and maximum deviation to the
CFD data is provided for the presented equation and a
literature correlation in Tab. S2.

3.3 Particle Nusselt Number

The particle Nusselt number is obtained by averaging
the local Nusselt number over the cylinder surface, using
Eq. (5). As outlined in Sect. 3.1, an increase in Nup is
expected due to the confinement with the largest deviations
observed at Rep = 10. Fig. 5a shows Nup plotted against
Rep for each channel size considered, while Fig. 5b depicts
the ratio Nup/Nup,∞ similar to the considerations made in
Sect. 3.2 for the drag coefficient. The deviation is less pro-
nounced than for the drag, but a notable systematic error
is introduced, especially at low Rep, if the wall effects were
neglected. The expression to describe this effect is of the
same form as in the previous section and reads:

Nup/Nup,∞ = 1 + β0 exp
(−β1

(
D/dp

))
Reβ2

p (17)

A nonlinear least squares fit yields β0 = 0.89, β1 = 0.19,
and β2 = −0.28 with RMSE = 6.823 · 10−3.
It must be noted that the use of the suggested wall cor-

rections in Eqs. (16) and (17) is limited to Newtonian fluids
in the particular Rep range and the particle shape consid-
ered in this work. Moreover, influences by the Pr number are
not included. Thus, they are not a generalized correlation to
represent a wide array of cases.

3.4 Local Nusselt Number

The local Nusselt number, as calculated from Eq. (3), is
determined on a circular line along the cylinder surface

from the forward stagnation point to the rear stagnation
point. These values are plotted in Fig. 6 against the angle θ

to the forward stagnation point. Nuloc is displayed for each
investigated size at Rep = 10 (Fig. 6a), 100 (Fig. 6b), and 1000
(Fig. 6c). The largest relative deviations from the infinite
domain (∞) are observed at the forward stagnation point
(θ = 0°), particularly at Rep = 10. At this particle Reynolds
number, the deviations continuously decrease downstream
until the rear stagnation point (θ = 180°).
As expected from the distinguished flow conditions in

Figs. 6a–c, the curves differ in shape and magnitude and
show local minima at the separation point before rising
again [21]. Some of the values in Fig. 6c that are located
below θ of approx. 65° slightly scatter. This can be attributed
to utilizing the RANS turbulence model, which approx-
imates turbulence by time-averaged flow quantities and
models the turbulent eddy viscosity. However, a qualitative
impression of the curve and the less marked extent of the
wall effect is pertained.

4 Conclusions

The present numerical study demonstrates that in the range
of 10 ≤ Rep ≤ 103 and channel sizes of 4 dp to 20 dp the
flow and heat transfer of a cylindrical particle underlie
effects from the confining walls. As a characteristic quan-
tity, the drag coefficient and particle Nusselt number are
used to quantify this wall effect. The deviation to an ideal,
unbounded flow can be estimated within the range of the
parameter study by the expressions proposed in Eqs. (16)
and (17). This approach shows that a thoroughly validated
CFD model can assist in deconvoluting wall effects. Fur-
ther, strong local effects are unraveled by examining Nuloc
along the particle side wall and most pronounced at the
forward stagnation point. The wall corrections are deemed
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Figure 4. a) CD over Rep and b) deviation to infinite domain CD,∞
for varying channel size with wall correction (solid line) from
Eq. (16) and CFD data for Rep = 10 (●), 100 (�), and 1000 (�).

particularly useful for Rep ≤ 102, where dominating viscous
forces increase the boundary layer thickness and the flow
field becomes more influenced by narrow channels.
This work is restrained to cases where the concentration

boundary layers are thin compared to the thermal boundary
layer Le � 1. Under this condition, mass transfer is con-
sequently less affected by the walls than heat transfer. In
this case it is sufficient to examine solely the heat trans-
fer to assess whether wall effects are present. The influence
of the confining walls can significantly affect the catalytic

Figure 5. a) Nup over Rep and b) deviation to infinite domain
Nup,∞ for varying channel size with wall correction (solid line)
from Eq. (17) and CFD data for Rep = 10 (●), 100 (�), and
1000 (�).

reaction and has to be taken into account when operating a
single-particle reactor.

The wall corrections presented in this work should con-
sequently be considered when interpreting experimental
results that stem from a setup with limited space capac-
ity, where wall effects on heat and mass transport occur.
Further work will include chemical reaction and intraparti-
cle mass transport. Therefore, CFD modeling is suggested
as an accompanying part to lab-scale experiments that are
performed under reaction conditions.
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Figure 6. Local Nusselt number along the cylinder side over the angle θ to the forward stagnation point for Rep of a) 10, b) 100, and
c) 1000 at each channel width.
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Symbols used

A [m2] area
cp [J kg−1K−1] mass-specific heat capacity
CD [–] drag coefficient
d [m] diameter
D [m] channel width
Df [m2s−1] diffusion coefficient
E [–] Richardson error
Fz [kg m s−2] drag force
h [J kg−1] mass-specific enthalpy
Le [–] Lewis number: Le = λf

Df cpρf

Nuloc [–] local Nusselt number:
Nuloc = αlocdP

λf
p [Pa] pressure
Pr [–] Prandtl number: Pr = μcp

λf
q̇s [W m−2] surface heat flux
Rep [–] particle Reynolds number:

Rep = uinρfdp
μ

Sc [–] Schmidt number: Sc = μ

ρfD
T [K] temperature
u [m s−1] velocity

Greek letters

α [W m−2K−1] heat transfer coefficient
β [–] fitting coefficient
δij [–] Kronecker delta
δm [m] momentum boundary layer

thickness
δt [m] thermal boundary layer thickness
λ [W m−1K−1] thermal conductivity
μ [kg m−1s−1] dynamic viscosity
	 [a.u.] solution variable, unit varies
ρ [kg m−3] mass density
τ [N m−2] stress tensor

Sub- and superscripts

D drag
f fluid; fine
in inlet
loc local
m medium
p particle
proj projected
s surface
∞ unbounded flow

Abbreviations

CFD computational fluid dynamics
RANS Reynolds-averaged Navier-Stokes
RMSE root mean squared error
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