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A B S T R A C T

The aim of the work was to study the effects of neighboring particles with uniform Stefan flow in particle–
fluid flows. Particle-resolved numerical simulations were carried out for particles emitting a uniform Stefan
flow into the bulk fluid. The bulk fluid was uniform and isothermal. The Stefan flow volume emitted from
the two particles is equal, such that it represents idealized conditions of reacting particles. Particles were
located in tandem arrangement and particle distances were varied between 1.1 and 10 particle diameters
(1.1 ≤ 𝐿∕𝐷 ≤ 10). Three particle Reynolds numbers were considered during the simulations (𝑅𝑒 = 2.3, 7
and 14), which is similar to our previous studies. Three Stefan flow velocities were also considered during
simulations to represent inward, outward, and no Stefan flow. The drag coefficient of the particles without
Stefan flow showed that the results fit with previous studies on neighbor particle effects. When the particle
distance is greater than 2.5 diameters (𝐿∕𝐷 > 2.5), the effects of Stefan flow and neighboring particles are
independent of each other. I.e. an outward Stefan flow decreases the drag coefficient (𝐶𝐷) while an inward
Stefan flow increases it and the upstream particle experience a higher 𝐶𝐷 than the downstream particle. When
𝐿∕𝐷 ≤ 2.5, the effect of Stefan flow is dominant, such that equal and opposite pressure forces act on the
particles, resulting in a repelling force between the two neighboring particles. The pressure force showed
a large increase compared to the viscous force at these distances. The effect of Stefan flow is weakened at
higher Reynolds numbers. A model was developed for the calculation of the drag coefficient. The model, which
reproduce the results from the numerical simulations presented above, is a product of independent models that
describe the effects of both neighboring particles and two distinguished effects of the Stefan flow.
1. Introduction

For an isolated particle in a highly dilute flow, accurate expressions
for heat, mass and momentum transfer between particle and fluid are
well known. This is not, however, the case for particle neighbors,
which indirectly influence each other over a distance of several par-
ticle diameters through their exchange of heat, mass, and momentum
with the fluid. As a result, the heat, mass, and momentum transfer
between the fluid and a given particle may be significantly modified
due to the presence of another particle in its vicinity. Understanding
the physics behind these effects is therefore important for applica-
tions such as droplet evaporation, particle drying, and pulverized fuel
combustion/gasification.

Droplet evaporation and combustion are complex phenomena in-
volving various interactions such as reaction/phase change, changes
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to thermophysical properties, droplet break-up and collisions, particle–
fluid interactions, and many more. A lot of scientific effort based
on numerical simulations in droplet evaporation and combustion has
exerted more towards creating more realistic conditions, especially
chemical reactions in arrays of particles (Wang et al., 2020; Kékesi
et al., 2019; Dwyer et al., 2000; Raju and Sirignano, 1990; Sirignano,
1993). Work related to droplet evaporation is not discussed here, and
recent developments can be found in Kékesi et al. (2019) and Stefanitsis
et al. (2019). There are some work also on coal/char combustion sim-
ulations with multiple neighboring particles (See for example Sayadi
et al. (2017)). Sayadi et al. (2017) have investigated the effects of the
position of a particle in an array on the char combustion behavior. They
have found that particles facing the incoming flow have the highest
burning rate and that the burning rate drops in consecutive particle
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rows. This effect is stronger when the distance between rows is less than
three particle diameters. However, these studies do not provide the
fundamental information that is necessary to explain the phenomena
causing these effects.

Interactions among particles play a crucial role in non-diluted
particle–fluid flows. Particle flows can be categorized into isolated par-
ticles, particle arrays, particle streams, and particle clouds (Annamalai
and Ryan, 1992). In the case of very dilute particle concentrations, a
particle can be considered isolated. Interactions between a bulk fluid
and an isolated particle immersed in it are well studied. However, it
is clear that individual particles cannot be approximated as isolated
in many practical applications, such as e.g. packed and fluidized beds.
Furthermore, it is also true that even in significantly more dilute flows,
as can be found, for example, in entrained flow gasifiers or pulverized
burners, where particle volume fractions are very low (10−2–10−4) and
article separation distances are high (𝐿∕𝐷 ≈ 10) (Göktepe et al.,
016b; García Llamas et al., 2020), the isolated particle approximation
ails. Particle interactions can be categorized into two categories, where
article–particle interactions are direct collisions between particles,
hile particle–fluid–particle interactions are interactions where the

luid transmits the effect of one particle to another particle (such as
he effect of the boundary layer of one particle on a neighboring
article’s boundary layer). Particle–fluid–particle interactions are im-
ortant in arrays, clouds and streams of particles. Much work has been
one related to particle interactions in structured arrays and particle
louds (Yali Tang et al., 2015; Sun et al., 2015). However, most of those
orks are on non-reactive particles (i.e., without Stefan flows).

There are also many instances of reacting particles that create a
tefan flow on the particle surface, where the Stefan flow may be due
o either heterogeneous reactions or phase change. The flow character-
stics (local pressure and velocity, etc.) and interactions (momentum,
eat and mass transfer) in particle–fluid flows can vary when a Stefan
low is present. The effect of a Stefan flow on an isolated particle
as been studied by many researchers in the past and is summarized
n recent work by Jayawickrama et al. (2019, 2021) and Chen et al.
2021). According to the literature, a Stefan flow has a strong effect
n the drag coefficient and the heat transfer coefficient through its
nfluence on the thickness of the boundary layer.

There are few studies dedicated to the effects of a Stefan flow on the
oundary layer at closely spaced particles in a particle–fluid flow (Chen
t al., 2021; Du et al., 2022; Wang et al., 2022). Chen et al. (2021)
tudied the effect of a Stefan flow on the flow past a random array of
pheres. They observed that the effect of a Stefan flow is weakened with
ncreased solid volume fraction. This happens due to suppression of the
oundary layer thickening created by an outward Stefan flow compared
o an isolated particle. Du et al. (2022) have studied the effect of Stefan
low on the drag force of a single reactive particle surrounded by inert
articles. In addition to the observations of Chen et al. (2021), Du et al.
2022) have observed that the reduction of the drag force decreases as
e increases and variation of Re has negligible effects on the reacting
article drag coefficient (𝐶𝐷) at the solid volume fraction above 0.5.
ere, Re is the particle Reynolds number calculated as follows:

e =
𝜌𝑈𝐷
𝜇

, (1)

where 𝜌 is fluid density, 𝑈 is slip velocity between a particle and bulk
fluid, 𝐷 is particle diameter and 𝜇 is fluid viscosity. Further, Du et al.
(2022) have also developed a model to calculate the drag coefficient
for a reacting particle surrounded by a sea of inert particles. Wang
et al. (2022) have studied the effect of a Stefan flow on two particles
with the Stefan flow in different particle separation and relative orien-
tation between two particles in supercritical water. They have studied
10 ≤ Re ≤ 200, with the distance between two particles in the range
of high particle concentrations (1 ≤ 𝐿∕𝐷 ≤ 3) and 0 ≤ ReSf ≤ 3. Here,
he Stefan Reynolds number, ReSf , is found by replacing 𝑈 with the
2

tefan flow velocity, 𝑈𝑆𝑓 , in Eq. (1). They observed that the Stefan d
flow reduces Nu and 𝐶𝐷. Furthermore, they have found that the drag
is significantly impacted by the particle arrangement. In particular,
for the same Reynolds number, the combined drag is much lower for
particles that are aligned parallel with the flow (tandem) than for
particles where the separation vector and the flow are perpendicular
(side-by-side). Chen, Du and Wang all have studied quite high solid
volume fractions (0.03–0.5), applicable for fluidized-bed conditions.
Furthermore, the Reynolds number range studied by Wang et al. (2022)
was much greater (Re > 10) than the values observed in conditions rele-
vant for combustion and gasification of pulverized solid fuels (Göktepe
et al., 2016a; Saber et al., 2016; Llamas et al., 2022).

All the studies on effects of neighboring particles with Stefan flow
(reactive flows) have investigated flows at high particle concentrations
that are relevant to fluidized-bed applications (𝐿∕𝐷 ≤ 3). Investigations
at intermediate and low volume fractions are important for other appli-
cations such as pulverized fuel combustion/gasification. García Llamas
et al. (2020) have shown that for pulverized biomass gasification, indi-
vidual particles are likely to interact with only one or a few particles in
the vicinity (García Llamas et al., 2020). Therefore, it is important to
understand how an isolated pair of reacting particles behaves compared
to random arrays of reacting particles. As an example, entrained flow
biomass gasification (EFBG) has low particle Re (0 < Re ≤ 14) and
imilar magnitudes of ReSf . The detailed effects in such conditions

have not been studied earlier (most studies like Du et al. (2022) have
studied higher ranges of Reynolds number, i.e., Re > 10 and Re ≫
ReSf ). Further, none of the studies on the effects of Stefan flow with
neighboring particles have investigated the details of pressure and
viscous forces and their contribution to the drag coefficient, which is a
prerequisite in order to develop a physics-based model describing the
effects of Stefan flow and neighboring particles. Since previous particle-
pair studies suggest that particles attract each other when they are close
enough (Wu and Sirignano, 2011b,a), it is very important to know what
happens to these effects when particles experience an outward/inward
Stefan flow due to reactions.

Different arrangements of two close particles can be considered
as building blocks for arrays with more particles. There are various
theoretical, numerical, and experimental studies on the influence of
particles located close to each other in different arrangements, like side
by side, inline (tandem) and staggered for different Reynolds numbers.
The main research findings on tandem arrangement can be summarized
as follows (Zhu et al., 1994; Prahl et al., 2009; Wu and Sirignano,
2011b):

(i) the effect of neighboring particles is weakened at high parti-
cle Reynolds number (hereafter, simply referred as Reynolds
number),

(ii) the effect of neighboring particles is less on the upstream particle
compared to the downstream particle,

(iii) the sum of drag on both particles is less than twice the drag of
an isolated particle,

(iv) the upstream particle drag is always higher than the drag on the
downstream particle .

urthermore, Prahl et al. (2007) have shown that the largest change in
rag occurs when the particles are in tandem arrangement compared
o side-by-side or staggered arrangements. Here, the side-by-side ar-
angement is when the fluid flow direction and particles’ center line
re perpendicular to each other. A staggered arrangement is when fluid
low direction and particles’ center line are in angles between 0–180
egrees. Kim et al. (1993) have shown that when particles are in a side-
y-side arrangement, they repel each other when the particle distance
s smaller than a value depending on the Reynolds number. Therefore,
hese smaller distances can be unstable. At intermediate distances, two
articles are weakly attracted to each other.

At very low Reynolds number for the tandem arrangement, up-
tream and downstream particle drag coefficients will be the same

ue to the symmetry of the boundary layers. However, the symmetry
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is broken already for 𝑅𝑒 ≥ 0.25 (Smoluchowski, 1911). For such
ases, the decrease in drag coefficients are calculated as a function
f particle distance and the Reynolds number (𝐶𝐷 = 24

Re𝜆 where
= 𝑓 (𝐿∕𝐷,Re)) (Stimson and Jeffery, 1926). Recently, Prahl et al.

2007) have shown that the drag coefficient of a particle in tandem
rrangement can be calculated as a function of 𝐿∕𝐷 as follows:
𝐶𝐷

𝐶𝐷,𝑖𝑠𝑜
= 1 − 𝛾

(𝐿
𝐷

)−𝛽
, (2)

where 𝐶𝐷,𝑖𝑠𝑜 is drag coefficient of an isolated spherical particle, 𝛾 is a
function of Reynolds number and 𝛽 is a constant. Raju and Sirignano
(1990) and Chiang and Sirignano (1993) have developed models for
the drag coefficient of neighboring evaporating droplets. There are no
models developed for particles in tandem arrangement with a Stefan
flow, as per the authors’ knowledge. Therefore, it is important to
develop such a model.

This work aims at studying the effect of Stefan flow on closely
spaced particles in a uniform flow at a low Reynolds number that is
relevant for applications such as pulverized combustion/gasification.
The main idea is to isolate the effect of the Stefan flow and the particle
separation and, through this, to develop a deep understanding of the
variation of the drag coefficient on each particle. The contribution of
each force component on the drag coefficient will be studied to obtain
the knowledge required to develop physics-based models. This work
would then be a starting point for developing such models in the future.
To achieve this, two particles inline with each other are considered
for different particle Reynolds numbers (Re), Stefan Reynolds numbers
(Reynolds number calculated based on Stefan flow velocity (ReSf )) and
particle separation (L/D). Particle separations are varied from very
close (L/D = 1.1) to intermediate (L/D = 10), which will be applicable
for both dense and intermediate solid volume fractions. For this study,
we have chosen to focus on the in-line (tandem) particle arrange-
ment. This selection is based on the significant impact the tandem
arrangement of neighboring particles has on the drag of particles, both
with (Wang et al., 2022) and without Stefan flow (Prahl et al., 2007).

2. Methodology

Numerical simulations were carried out for a flow around two static,
spherical particles with constant size in a tandem arrangement (one
behind the other as shown in Fig. 1). The incoming gas flow is uniform
and isothermal. A uniform Stefan flow is given as a boundary condition
at each particle surface. Different cases were simulated by varying
the Reynolds number Re = 𝜌𝑈∞𝐷∕𝜇, the Stefan Reynolds number
Re𝑆𝑓 = 𝜌𝑈𝑆𝑓𝐷∕𝜇 and distance between the two spherical particles
(𝐿∕𝐷). In these expressions, 𝜌 is the fluid density, 𝑈∞ is the fluid
velocity at the inlet boundary of the domain (hereafter referred to as
slip velocity), 𝐷 is the particle diameter, 𝜇 is the dynamic viscosity of
the fluid, 𝑈𝑆𝑓 is the Stefan flow velocity and 𝐿 is the center-to-center
distance between the particles. The Reynolds number is within the limit
of steady, axisymmetric flow (Re < 210) (Johnson and Patel, 1999) and
the Mach number of the flow is well below 0.1. Therefore, the fluid is
governed by the steady, incompressible, laminar flow equations, where
mass conservation yields the continuity equation as:

∇ ⋅ ⃖⃗𝑢 = 0, (3)

and momentum conservation results in,

(𝜌⃖⃗𝑢 ⋅ ∇)⃖⃗𝑢 = −∇𝑝 + 𝜇∇2 ⃖⃗𝑢, (4)

where ⃖⃗𝑢 is the velocity vector, 𝑝 is pressure, 𝜇 is dynamic viscosity and
𝜌 is fluid density. Eqs. (3) and (4) are discretized with the finite volume
method using second-order schemes. Readers are referred to our previ-
ous work for specification of boundary conditions, calculation of Stefan
flow velocity and the immersed boundary method (Jayawickrama et al.,
2019). The only difference is that, there are now two solid particles in
tandem instead of one.
3

Table 1
Parameter variation in the simulations.

Slip velocity
𝑈∞ (m/s)

Particle diameter
𝐷 (mm)

Particle separation 𝐿∕𝐷 Reynolds
number Re

0.5 1.0 1.1, 1.5, 2.5, 5.0, 7.5, 10.0 2.3
3.0 0.5 1.1, 1.5, 2.5, 5.0, 7.5, 10.0 7
3.0 1 1.1, 1.5, 2.5, 5.0, 7.5, 10.0 14

Table 2
The sizes and resolutions of the refinement regions in the
computational domain (See Fig. 1).
𝑖 𝐷−𝑥,𝑖 𝐷+𝑥,𝑖 𝐷𝑦,𝑖 , 𝐷𝑧,𝑖 𝛥𝑖∕𝐷

1 16 48 32 0.32
2 3 6 3 0.16
3 2 5 2 0.08
4 1.5 3 1.5 0.04
5 1.2 2 1.2 0.02

2.1. Simulation conditions

The slip velocity (relative velocity between a particle and the bulk
fluid), particle diameter and Stefan flow velocities for the simulations
were selected based on pulverized combustion and entrained flow
gasification conditions at atmospheric pressure (Umeki et al., 2012;
Llamas et al., 2022). Details of velocity, diameter and distance be-
tween particles are shown in Table 1. The Stefan flow velocity was
estimated based on data from devolatilization and char conversion of
biomass (Kreitzberg et al., 2016; Umeki et al., 2012). Three values
of the Stefan flow velocity were considered, namely 𝑈𝑆𝑓 = −0.2 m∕s
(inward Stefan flow), 0 m/s (no Stefan flow) and 0.6 m∕s (outward
Stefan flow). The Reynolds numbers are 2.3, 7 and 14. Since the
Reynolds number is less than 20 in this study, the flow is steady and
axisymmetric (Johnson and Patel, 1999). Therefore, only a quarter of
the domain was simulated while symmetric boundary conditions were
used at the boundaries with the other three parts.

We used the OpenFoam environment, called foam-extend-4.0
(Weller et al., 1998). The numerical simulations were carried out using
the same solver as in Jayawickrama et al. (2019); the incompressible,
steady-state, immersed boundary code.

Based on the domain size and mesh refinement tests (see Ap-
pendix), simulations presented in this work used domain 3 as defined in
Table A.4, mesh refinement of the smallest mesh close to the particle of
0.02𝐷 (Level 5 in Fig. 1) and the mesh refinement region sizes as shown
in Table 2. Fig. 1 shows the details of the domain and mesh refinement
regions used for all the simulations. A validation of the code used for
the numerical simulations can be found in Jayawickrama et al. (2019).

2.2. Estimation of the drag coefficient

The drag coefficient is calculated as (Jayawickrama et al., 2019):

𝐶𝐷 =
𝐹𝑃 ,𝑥 + 𝐹𝑣𝑖𝑠𝑐,𝑥
1
2𝜌𝑈

2
∞(𝜋𝑅2)

, (5)

where the pressure and viscous forces are given as

⃖⃖⃗𝐹 𝑃 = ∮𝑆
(𝑃𝑠𝑢𝑟 − 𝑃𝑟𝑒𝑓 )⃖⃗𝑛𝑑𝑠, (6)

and

⃖⃖⃗𝐹 𝑣𝑖𝑠𝑐 = −∮𝑆
𝜇(∇⃖⃗𝑢 + ∇⃖⃗𝑢𝑡)⃖⃗𝑛𝑑𝑠, (7)

respectively. Here, the integration is over the surface 𝑆 of the particle.
In the above, 𝑃𝑠𝑢𝑟 and 𝑃𝑟𝑒𝑓 are the interpolated pressure at the particle
urface and in the far-field, respectively, and ⃖⃗𝑛 is the unit vector in

the surface-normal direction. Only the components ⃖⃖⃗𝐹 𝑃 and ⃖⃖⃗𝐹 𝑣𝑖𝑠𝑐 in the
direction of the mean flow were accounted for when calculating the
drag coefficient, since the other components are canceled out due to
symmetry.
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Fig. 1. Computational domain for the simulations, with 𝐷 denoting the particle diameter, and 𝛥𝑖, 𝑖 = 1 to 5 representing the coarsest to finest mesh. 𝐷−𝑥,𝑖 is the distance from
the center of the first sphere to the inlet and 𝐷+𝑥,𝑖 is the distance from the center of the second sphere to the outlet (See Table 2). 𝐷𝑦,𝑖 is the distance from the symmetry line to
the boundary in the lateral direction.
3. Results and discussion

In this work, we have made a parameter study on the effect of two
closely spaced particles on the surrounding fluid flow. The parameters
are: (1) Stefan flow velocity (including direction), (2) Reynolds number,
and (3) inter-particle distance. First, the effect on the boundary layer
is shown through the velocity and pressure fields. Streamlines of the
gas velocity are also studied around the two particles. Then, the total
pressure and viscous forces on the two particles are investigated to
clarify the contribution of each component on the total drag. Pressure
and viscous forces are also presented at different positions around the
particles to see how the effect of the Stefan flow vary with particle
separation at different angular positions.

3.1. Variations on the pressure and velocity fields

3.1.1. Without Stefan flow
Fig. 2 shows the relative pressure field around two neighboring

particles with different separations for the case without a Stefan flow.
The distance between the two particles is represented by the ratio
of particle distance to particle diameter (hereafter, 𝐿∕𝐷 ratio). Both
upstream anddownstream particles show regions with positive relative
pressure in front of the particle and regions with negative relative pres-
sure behind the particle. The effects of the upstream particle are visible
on the downstream particle for all the 𝐿∕𝐷 ratios considered in this
work. The positive pressure region of the downstream particle shrink
as the 𝐿∕𝐷 ratio is lowered, while the negative pressure region display
almost no difference. When 𝐿∕𝐷 < 2.5, the pressure field around the
downstream particle has just a very small area with positive pressure.
Effects of the downstream particle on the upstream particle are visible
for 𝐿∕𝐷 < 7.5. Here, the positive pressure region is hardly affected
while the negative pressure region behind the particle is reduced for
decreasing particle separation.

Fig. 3 shows the velocity contours in the mean flow direction around
the particles without Stefan flow. Judging from the outer contour
4

line for 0.8 𝑈∞, the width of the velocity boundary layer reaches a
maximum somewhere after the downstream particle. This maximum
boundary layer width is slightly smaller for the low 𝐿∕𝐷 ratio. As the
𝐿∕𝐷 ratio decreases, the boundary layers of the two particles start
merging. At 𝐿∕𝐷 ≤ 1.5, the velocity boundary layers from the two
particles merge and resemble the boundary layer around one particle.
There is no flow, or negligible fluid flow, between the particles.

3.1.2. With outward Stefan flow
Fig. 4 compares the contour plots of velocity (in the mean flow

direction) with and without outward Stefan flow. A clear difference is
shown between the cases with and without a Stefan flow. There is a
shared boundary layer between the two particles in all cases with an
outward Stefan flow considered in this work. An outward Stefan flow
makes the size of this boundary layer significantly larger. This could
potentially lower the drag force on the particles compared to the drag
previously found for an isolated particle (Jayawickrama et al., 2019).

The outward Stefan flow acts as a shield against the bulk flow
and makes the velocity profiles around the two particles independent
from each other. Streamlines shown in Fig. 5 clearly depict this shield-
ing effect of the Stefan flow around the two particles. It shows the
stagnation point between the two particles, which coincides with the
point where the velocity magnitude is zero, as also shown in Fig. 4.
These observations suggest that the effect of neighboring particles on
the viscous force may become less important with the presence of an
outward Stefan flow.

3.1.3. With inward Stefan flow
Figs. 6 and 7 compares velocity contours (in the mean flow direc-

tion) and streamlines for cases with inward Stefan flow and without
Stefan flow. Contrary to the case with outward Stefan flow, an inward
Stefan flow makes the size of the boundary layer significantly smaller,
both in width and length. This results in a steeper velocity gradient,
potentially yielding a larger viscous force and thereby also a larger
drag.
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Fig. 2. Pressure contours around particles with no Stefan flow and 𝑅𝑒 = 2.3. Pressure is shown as the difference from the reference pressure at the domain outlet. The color map
is adjusted to display positive pressure in green-to-red ranges and negative pressure in green-to-blue ranges. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
Fig. 3. Velocity contours in the mean flow direction around the particles when there is no Stefan flow around the particle at 𝑅𝑒 = 2.3. Here contours start from 0𝑈∞, contour
intervals are in 0.2𝑈∞ and far-field velocity is 1𝑈∞.
No obvious shielding effect between the two particles was observed
with an inward Stefan flow. Inward Stefan flows have much smaller
effects on the streamlines outside the particles. With inward Stefan
5

flow, the zero velocity zone surrounding the particle surface disap-
peared. Nevertheless, mergers of the boundary layers of two particles
were avoided with inward Stefan flow at low 𝐿∕𝐷 ratios (See Fig. 6,
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Fig. 4. Velocity contours in the mean flow direction around the particles with 𝑅𝑒 = 2.3. The top half of each panel shows the cases without Stefan flow while the bottom half is
cases with outward Stefan flow (𝑈𝑆𝑓 = 0.62 m∕s corresponding to 𝑅𝑒𝑆𝑓 = 2.9). Here contours start from 0𝑈∞, contour intervals are in 0.2𝑈∞ and far-field velocity is 1𝑈∞.
𝐿∕𝐷 = 1.5). These observations imply the presence of an additional
effect of Stefan flow with small particle distances (i.e. 𝐿∕𝐷 < 1.5).

For inward Stefan flow, there is a separating streamline; flow inside
this separating streamline ends up at the particle surface while flow out-
side will pass the two particles. Due to symmetry, the vertical distance
𝑦∞ of this separating streamline follows as 𝑦∞ = (2𝑈𝑆𝑓∕𝑈∞)1∕2𝐷.

3.2. Drag coefficient

Fig. 8 shows the effect of the 𝐿∕𝐷 ratio on the relative drag
coefficient, normalized with the value of an isolated particle without
Stefan flow. Here, the normalization coefficient corresponding to the
drag coefficient of an isolated particle without Stefan flow is found from
our previous work (Jayawickrama et al., 2019). It can also be calculated
from Haider and Levenspiel model (Haider and Levenspiel, 1989):

𝐶𝑑 = 24
𝑅𝑒

(1 + 0.1806𝑅𝑒0.6459) + 0.4251(1 + 6880.95
𝑅𝑒

)
−1
. (8)

The data is shown for various Reynolds numbers and Stefan Reynolds
numbers. The drag coefficient of two neighboring particles with a
Stefan flow is clearly different from the drag coefficient of an isolated
particle with a Stefan flow alone (mimics a reacting isolated particle)
and the drag coefficient of two neighboring particles without a Stefan
flow (mimics a non-reacting particle surrounded by other particles).
Downstream particles have a lower drag coefficient than isolated par-
ticles even at the largest particle distance investigated in this study
(i.e., 𝐿∕𝐷 = 10). The drag of downstream particles is affected more
significantly by upstream particles at a higher Reynolds number. The
drag coefficient of upstream particles starts dropping when the particle
distance is below 𝐿∕𝐷 ≤ 5, although this limit depends on the Reynolds
number.

These results also agree with other studies (Prahl et al., 2009;
Wu and Sirignano, 2011b), i.e., when two particles are in tandem
arrangement with another particle, both particles’ drag coefficients are
less than that of an isolated particle.

The effects of a Stefan flow can be seen by comparing the central
figures of Fig. 8 (b,e,h) with the figures to the left (inward Stefan flow)
6

and the right (outward Stefan flow). In general, for 𝐿∕𝐷 ≥ 2.5, the
results agree with the previous studies (Jayawickrama et al., 2019;
Kékesi et al., 2019), that is, an outward (inward) Stefan flow decreases
(increases) the drag coefficient. Except for the cases with 𝐿∕𝐷 < 2.5,
the drag coefficients of both upstream and downstream particles showed
a similar response to changes in the 𝐿∕𝐷 ratios. As the 𝐿∕𝐷 ratio
increases, the drag coefficients of upstream particles become asymptotic
to those of isolated particles with the same combinations of 𝑅𝑒 and
𝑅𝑒𝑆𝑓 . Although it is slowly approaching the asymptotic values, the drag
coefficient of downstream particles do not reach that of isolated particles
before 𝐿∕𝐷 = 10. Stefan flow and neighboring particles seem to affect
the drag independently for 𝐿∕𝐷 > 2.5.

When the two particles are very close (𝐿∕𝐷 < 2.5), an outward
Stefan flow increases the drag of downstream particle and reduces the
drag of upstream particle significantly. This makes the drag of a down-
stream particle exceed that of an upstream particle. The point where
this change happens depends on the Reynolds number and potentially
on the Stefan flow velocity as well. As shown in Fig. 8 (c,f,i), the effect
is more significant at a lower Reynolds number. At 𝑅𝑒 = 2.3 and 𝐿∕𝐷 =
1.1, the upstream particle experienced negative drag, meaning that the
net force on the particle is working against the bulk flow direction. At
the same time, the drag ratio of the downstream particle exceeded one.
This can be explained by the results discussed in Section 3.1 (Figs. 2 and
3). When 𝐿∕𝐷 < 1.5, the two particles behaved like a single particle,
and no flow from the bulk gas was observed between the particles.
Therefore, the Stefan flow effect alone comes into play in the volume
between the two particles. The outward Stefan flow then results in
high pressure and a large velocity gradient between two particles. As
a result, the two particles repulse each other. This effect act in the
opposite direction on the two particles but with the same magnitude,
as shown in Fig. 8.

The effect of inward Stefan flow shows two distinct regimes based
on the 𝐿∕𝐷 ratios, similar to what was observed for outward Stefan
flow. At high 𝐿∕𝐷 ratios, the effects of Stefan flow and neighboring
particles were independent of each other. At small particle distances
(𝐿∕𝐷 < 1.5), an inward Stefan flow increases the drag of the upstream
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Fig. 5. Streamlines surrounding the particles at 𝑅𝑒 = 2.3. The top half of each panel corresponds to the case without Stefan flow while the bottom half represents the case with
outward Stefan flow (𝑈𝑆𝑓 = 0.62 m∕s corresponding to 𝑅𝑒𝑆𝑓 = 2.9).
particle and reduces that of the downstream particle considerably. This
transition is similar to the one observed with outward Stefan flow, but
the force is in the opposite direction, i.e., the two particles attract each
other.

In most cases shown in Fig. 8 (except for 𝐿∕𝐷 < 1.5), the drag
coefficient of the upstream particle is always higher than that of the
downstream particle and both upstream, and downstream particle drag
coefficients are positive (drag is in the mean flow direction). Hence,
the distance between two particles in tandem will decrease with time if
the two particles can move freely. Without a Stefan flow, it is expected
that the two particles will eventually collide and either form aggregates
or bounce off each other. However, repulsive forces via an outward
Stefan flow will become significant at low 𝐿∕𝐷 ratios. Especially at low
Reynolds numbers (at least at Re≤ 14), this force may overcome the
inertia, and particles may not come into physical contact. On the other
hand, inward Stefan flows enhance the differences between the drag
coefficients of the two particles and accelerate the attraction between
them.

The relative importance of inertia over the viscous force increases
at a higher Reynolds number, resulting in thinner boundary layers.
Similarly, the expansion of the boundary layer by an outward Stefan
7

flow becomes less significant at higher particle Reynolds numbers. This
difference can be observed by the distance to the stagnation point,
as visualized in Fig. 5. As shown in Fig. 9, the stagnation distances
significantly decrease as the Reynolds number increases. In addition,
downstream particles exhibit longer stagnation distances than upstream
particles, and this effect is enhanced as the particles come closer. Since
the stagnation distance of the downstream particle cannot exceed the
particle separation, high pressure and viscous forces are generated
when the particle separation approaches the stagnation distances.

3.3. Viscous and pressure forces

3.3.1. Overall forces
Figs. 10 and 11 show total pressure force and viscous force on the

particles for the same conditions as in Fig. 8. Both total viscous and
total pressure forces have similar trends as those observed for the drag
coefficients. The forces are reduced as the particle distance decrease
(except for 𝐿∕𝐷 < 1.5). An outward Stefan flow lowers the viscous
force, while an inward Stefan flow increases the force. At 𝐿∕𝐷 < 1.5,
the effect of a Stefan flow on the forces differs from 𝐿∕𝐷 > 1.5.
For example, downstream particle viscous and pressure forces start to
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Fig. 6. Velocity contours in the mean flow direction around the particles at 𝑅𝑒 = 2.3. The top half of each figure is the velocity in the case without Stefan flow and the bottom
half is the case with inward Stefan flow (𝑅𝑒𝑆𝑓 = −0.96). Here contours start from 0𝑈∞, contour intervals are in 0.2𝑈∞ and far-field velocity is 1𝑈∞.
increase at 𝐿∕𝐷 < 1.5 with an outward Stefan flow instead of following
the decreasing trend observed for 𝐿∕𝐷 > 1.5 (Figs. 10 and 11 c,f,i). The
same effect can be observed on the upstream particle with an inward
Stefan flow (Figs. 10 and 11 a,d,g).

Meanwhile, the relative changes in pressure and viscous force are
quantitatively different from each other. Effects of neighboring par-
ticles can be observed more profoundly on pressure forces, judging
from larger differences in the pressure forces between upstream and
downstream particles. The effect of Stefan flow at low particle distance
(𝐿∕𝐷 = 1.1) is also more notable in pressure force. With an outward
Stefan flow, the normalized pressure force of the downstream particle
is as high as 4 and that of the upstream particle is negative (≈ −3).
The normalized viscous force at the same condition is about 1.5 for the
upstream particle and about −0.5 for the downstream particle. The effect
is less significant at a higher Reynolds number. Similarly, the effect of
an inward Stefan flow at 𝐿∕𝐷 = 1.1 is more visible in the pressure force
than in the viscous force.

The effects of a Stefan flow for 𝐿∕𝐷 > 1.5 is more profound on the
viscous force. Compared to the middle panels (Fig. 11 b,e,h), viscous
force is shifted upwards for the left panels (Fig. 11 a,d,g) and downward
for the right panels (Fig. 11 c,f,i). This means that an outward Stefan
flow reduces viscous force while an inward Stefan flow increases vis-
cous force. This behavior agrees with previous studies (Jayawickrama
et al., 2019). The uniform Stefan flow velocity controls the velocity
field around the particle and shifts the boundary layer away from the
surface (See Fig. 4 all the bottom figures), which reduces the viscous
force on the particle. A deviation from this trend occurs when particles
are very close. The reason is a total or partial blocking of the fluid flow
between the particles. The Stefan flow will create high pressure and
steep velocity gradients in that region, which affects the viscous and
pressure forces.

3.3.2. Pressure and viscous stress at different angles
At both Reynolds numbers considered in Figs. 12 and 13, the local

pressure force is higher than the local viscous force, i.e., the effect of
a neighboring particle is mainly on the pressure force. When 𝑅𝑒 = 2.3
8

and 𝐿∕𝐷 = 1.1, equal and opposite values of the viscous and pressure
forces are observed at the back of the upstream particle and at the front
of the downstream particle ((a) and (b) of Fig. 12). These equal and
opposite forces are observed only in the pressure force for 𝑅𝑒 = 14 and
𝐿∕𝐷 = 1.1 ((a) of Fig. 13). The effect of neighboring particles on the
viscous force is not clear for 𝑅𝑒 = 2.3 and 𝐿∕𝐷 ≥ 5 ((d) and (f) of
Fig. 12). However, the effect of neighboring particles on the viscous
force is clearly visible at 𝑅𝑒 = 14 and 𝐿∕𝐷 ≥ 5 ((d) and (f) of Fig. 13).
There is a clear net negative viscous force (repulsive) on the upstream
particle with an outward Stefan flow when 𝑅𝑒 = 2.3 and 𝐿∕𝐷 = 1.1.
This is due to the high velocity gradients between the particles due
to an outward Stefan flow with a velocity magnitude greater than the
far-field velocity (𝑈𝑆𝑓 > 𝑈∞).

As we have observed from our previous work, for a single spherical
particle, the effect of Stefan flow mainly affects the viscous force,
but not the pressure force, at 𝑅𝑒 < 14 (Jayawickrama et al., 2019).
However, Stefan flow effects are visible on the pressure force of the
downstream particle ((c) and (e) of Figs. 12 and 13) as well. Therefore,
the existence of a particle in upstream changes the effect of a Stefan flow
on the downstream particle, or the relevance of a Stefan flow depends
on the distance to other particles.

3.4. Drag model

Based on the above observation, a model was developed for the drag
coefficient of two closely spaced particles with Stefan flow. The model
consists of individual models describing: (1) the effects of a Stefan flow
on the particle itself, 𝐶𝐷,𝑟,𝑆𝑓 , (2) the effects of neighboring particles,
𝐶𝐷,𝑟,𝑢𝑝,𝑛𝑜𝑆𝑓 and 𝐶𝐷,𝑟,𝑑𝑝,𝑛𝑜𝑆𝑓 , including (3) repulsive/attractive forces due
to a Stefan flow at very low L/D, and (4) the effects of Stefan flow from
the upstream particle on the downstream particle, 𝐶𝐷,𝑟,𝑆𝑓2. The drag
coefficients of the upstream particle, 𝐶𝐷,𝑢𝑝, and downstream particle,
𝐶𝐷,𝑑𝑝, are expressed as the product of these individual models as:

𝐶 = 𝐶 ⋅ 𝐶 ⋅ 𝐶 , (9)
𝐷,𝑢𝑝 𝐷,0 𝐷,𝑟,𝑆𝑓 𝐷,𝑟,𝑢𝑝
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Fig. 7. Streamlines surrounding the particles at 𝑅𝑒 = 2.3. The top half of each figure is the case without Stefan flow and the bottom half is the case with inward Stefan flow
(𝑅𝑒𝑆𝑓 = −0.96). Streamlines are uniform in the incoming flow but due to the inward Stefan flow condition where volume flow rate interior to the particle depends on 𝑅2,
downstream particle reaches less number of streamlines.
and

𝐶𝐷,𝑑𝑝 = 𝐶𝐷,0 ⋅ 𝐶𝐷,𝑟,𝑆𝑓 ⋅ 𝐶𝐷,𝑟,𝑑𝑝 ⋅ 𝐶𝐷,𝑟,𝑆𝑓2, (10)

where 𝐶𝐷,0 is the drag coefficient of an isolated particle without Stefan
flow, calculated from e.g. the Haider and Levenspiel model (Haider and
Levenspiel, 1989) (cf. Eq. (8)), and 𝐶𝐷,𝑟,𝑢𝑝∕𝐶𝐷,𝑟,𝑑𝑝 is the drag ratio due
to the effects of neighboring particles (𝐶𝐷,𝑟,𝑢𝑝,𝑛𝑜𝑆𝑓∕𝐶𝐷,𝑟,𝑑𝑝,𝑛𝑜𝑆𝑓 ) along
with repulsive/attractive forces due to a Stefan flow at very low L/D
(see Eq. (13) - (16)).

A model for the effect of Stefan flow on an isolated particle was
developed in our previous work (Jayawickrama et al., 2019), and
expressed as:

𝐶𝐷,𝑟,𝑆𝑓 = 1
1 + 𝑓 (Re)Re𝑆𝑓

, (11)

with

𝑓 (Re) = 3
Re (1 +

2𝐴
√

Re
) 1
( 3𝐴
√

Re
+ 6( 𝐴

√

Re
)2 + 4( 𝐴

√

Re
)3)

. (12)

The parameter from our previous work, 𝐴 = 3.01 ± 0.13, was applied
without any modification.
9

As discussed in Section 1, Prahl et al. (2007) suggested a model
to calculate the drag coefficient of particles in tandem arrangement
(Eq. (2)). The simulation data without Stefan flow (Fig. 8 b, e, and h)
was used to estimate the parameters in this model. To avoid excessive
parameter fitting, 𝛽 = −1 was applied for the upstream particle, while
𝛽 = −0.5 was used for the downstream particle. As a result, the effect
of neighboring particles without Stefan flow was expressed as:

𝐶𝐷,𝑟,𝑢𝑝,𝑛𝑜𝑆𝑓 = 1 − 0.321Re−0.235
( L
D

)−1
, (13)

for the upstream particle and

𝐶𝐷,𝑟,𝑑𝑝,𝑛𝑜𝑆𝑓 = 1 − 0.390Re0.151
( L
D

)−0.5
, (14)

for the downstream particle.
At very low 𝐿∕𝐷, a positive (negative) Stefan flow generated a

repulsive (attractive) force between the two particles. This force acts
on both particles with the same magnitude, but in opposite direction.
To account for this force an additional term is added to Prahl’s model,
such that the final expressions that enter Eqs. (9) and (10) read as

𝐶 = 1 − 0.321Re−0.235
( L )−1

− 𝛼
( L − 1

)−1
, (15)
𝐷,𝑟,𝑢𝑝 D D
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Fig. 8. Relative drag coefficient, normalized with the value of an isolated particle without Stefan flow, as a function of the particle separation (𝐿∕𝐷). (a-c) 𝑅𝑒 = 2.3; (d-f) 𝑅𝑒 = 7;
(g-i) 𝑅𝑒 = 14. (a,d, (g) 𝑈𝑆𝑓 = −0.2 m s−1; (b,e, (h) 𝑈𝑆𝑓 = 0 m s−1; (c,f, (i) 𝑈𝑆𝑓 = 0.6 m s−1. The drag coefficient of an isolated particle without Stefan flow can be calculated using
the model of Haider and Levenspiel (1989): 𝐶𝑑 = 24

𝑅𝑒
(1 + 0.1806𝑅𝑒0.6459) + 0.4251(1 + 6880.95
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)
−1.
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Fig. 9. Stagnation point distance from the center of upstream and downstream particle
for each Re and 𝐿∕𝐷 with outward Stefan flow (𝑈𝑆𝑓 = 0.6 m∕s). Solid lines represent
pstream particles, and dashed lines represent downstream particles.

nd
( L )−0.5 ( L )−1
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𝐷,𝑟,𝑑𝑝 = 1 − 0.390Re0.151
D

+ 𝛼
D

− 1 , (16)
espectively. Here, the repelling/attracting force exist due to high
ressure at the stagnation point between two particles. Therefore,
ased on Bernoulli equation, the force should be proportional to 𝑈2

𝑆𝑓 .
onsidering the definition of the drag coefficient (Eq. (5)), the term, 𝛼,

s approximated as:

= 𝑏1

(

ReSf
Re

)2
+ 𝑏2

ReSf
Re

. (17)

where 𝑏1 and 𝑏2 are fitting parameters.
Finally, there is an additional interparticle effect of Stefan flow

because a Stefan flow from an upstream particle causes expansion or
shrinkage of the boundary layer of the downstream particle. This addi-
tional expansion/shrinkage effect that affects the downstream particle
is modeled in a similar way as the effect of Stefan flow on a single
particle. In other words, the last term in Eq. (10), i.e. 𝐶𝐷,𝑟,𝑆𝑓2 that
accounts for this expansion/shrinkage effect, is described by Eqs. (11)
and (12) with the constant 𝐴 replaced by a separate fitting parameter,
𝐵.

Three model parameters, 𝑏1, 𝑏2, and 𝐵, were estimated by min-
imizing the root mean square relative error (RMSRE) between the
simulation data and the model results using fminsearch function in
matlab. RMSRE is expressed as:

RMSRE =

√

√

√

√

√

𝛴
[ (𝐶𝐷,𝑠𝑖𝑚−𝐶𝐷,𝑚𝑜𝑑𝑒𝑙 )

𝐶𝐷,𝑠𝑖𝑚

]2

𝑁
, (18)

where 𝐶𝐷,𝑠𝑖𝑚 is the drag coefficient values from the simulations and
𝐶 is the drag coefficient values calculated from the model.
𝐷,𝑚𝑜𝑑𝑒𝑙



International Journal of Multiphase Flow 166 (2023) 104499T.R. Jayawickrama et al.

𝑅

m
i
s
t
i
t
3
i
p
m
a
m
d
w
d
a
a
𝑏
e
m

4

l
d

Fig. 10. Total pressure force, normalized with the value of an isolated particle without Stefan flow, as a function of the distance between particles (𝐿∕𝐷). (a-c) 𝑅𝑒 = 2.3; (d-f)
𝑒 = 7; (g-i) 𝑅𝑒 = 14. (a,d, (g) 𝑈𝑆𝑓 = −0.2 m s−1; (b,e, (h) 𝑈𝑆𝑓 = 0 m s−1; (c,f, (i) 𝑈𝑆𝑓 = 0.6 m s−1.
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Fig. 14 shows the comparison of the simulation results and the
odel given by Eqs. (9) and (10) with the estimated parameters shown

n Table 3. It shows a good agreement between the model and the
imulation results. The overall RMSRE is 0.0499 while the value for
he upstream particle is 0.0238 and that for the downstream particle
s 0.0665. The model developed here has in total 8 parameters (5 for
he upstream particle and 6 for the downstream particles, of which

parameters are shared). However, we should note that the model
s a combination of several independent models, which are based on
hysical observation and have only one or two parameters each. The
odel for Stefan flow effects by Jayawickrama et al. (2019) (Eqs. (11)

nd (12)) was directly adopted including the parameter value. The
odel for the effects of neighbor particles are based on previously
eveloped models by Prahl et al. (2007) with their parameters fitted
ith the simulation data without Stefan flow. On top of that, a model
escribing the equal and opposite force by the Stefan flow that is
pparent at 𝐿∕𝐷 ≤ 2.5 was developed in this work (see Eq. (15)
nd (16)). This has introduced two new model coefficients 𝑏1 and
2 (see Eq. (17)). The overall model is robust and versatile because
ach model component describes an individual physical effect with a
inimal number of fitting parameters.

. Conclusions

In this study, we have carried out particle-resolved numerical simu-
ations for two reacting particles in tandem arrangement with different
istances between the particles. Reaction generated flow (Stefan flow)
11

s

Table 3
Estimated parameters of the drag model.

Parameters 𝑏1 𝑏2 𝐵

Values 0.0332 0.1426 3.546

is considered either outward/inward uniform flow from/to the parti-
cle. Particle Reynolds number (𝑅𝑒), Stefan flow (𝑅𝑒𝑆𝑓 ) and particle
distance has varied during simulations.

Without Stefan flow, the effect of an upstream particle on the
downstream particle is not negligible for any of the particle distances
and Reynolds numbers considered in this work (𝑅𝑒 = 2.3 − 14 and
𝐿∕𝐷 = 1.1 − 10). The effect of a downstream particle on the upstream
particle can, however, be neglected when 𝐿∕𝐷 > 5. When particles are
very close to each other, the fluid flow between the particles is totally
(𝐿∕𝐷 < 1.5) or partially (1.5 < 𝐿∕𝐷 < 2.5) blocked by the upstream
article.

The combined effects of a Stefan flow and neighboring particles
n the drag coefficient seem to work independently without any in-
eraction for 𝐿∕𝐷 > 2.5. An outward Stefan flow decreases the drag
oefficients compared to the cases without a Stefan flow, while an
nward Stefan flow increases drag coefficients. Similar to the effects
n isolated particles, the effect of an outward Stefan flow on the drag
oefficient can be explained by the expansion of the boundary layer
nd the accompanying decrease in viscous force.

A deviation from the previous observations occurs when 𝐿∕𝐷 < 2.5
ince the fluid flow is blocked between the upstream and the downstream
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Fig. 11. Total viscous force, normalized with the value of an isolated particle without Stefan flow, as a function of the distance between particles (𝐿∕𝐷). (a-c) 𝑅𝑒 = 2.3; (d-f)
𝑅𝑒 = 7; (g-i) 𝑅𝑒 = 14. (a,d, (g) 𝑈𝑆𝑓 = −0.2 m s−1; (b,e, (h) 𝑈𝑆𝑓 = 0 m s−1; (c,f, (i) 𝑈𝑆𝑓 = 0.6 m s−1.

Fig. 12. Pressure force components (a,c,e) and viscous force components (b,d,f) of a slice going through the center of the particle in the flow direction (𝑅𝑒 = 2.3) as a function of
angle (𝜙) at the particle surface. Angle 0 corresponds to the front of each particle. (a, (b) 𝐿∕𝐷 = 1.1; (c, (d) 𝐿∕𝐷 = 5; (e, (f) 𝐿∕𝐷 = 10. Solid lines: upstream particles; and dashed
lines: downstream particle. Blue lines: without Stefan flow; green lines: outward Stefan flow; and red lines: inward Stefan flow. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Pressure force components (a,c,e) and viscous force components (b,d,f) of a slice going through the center of the particle in the flow direction (𝑅𝑒 = 14) as a function of
angle (𝜙) at the particle surface. Angle 0 corresponds to the front of each particle. (a, (b) 𝐿∕𝐷 = 1.1; (c, (d) 𝐿∕𝐷 = 5; (e, (f) 𝐿∕𝐷 = 10. Solid lines: upstream particles; and dashed
lines: downstream particle. Blue lines: without Stefan flow; green lines: outward Stefan flow; and red lines: inward Stefan flow. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
particle. At these distances, the main role of an outward Stefan flow is
to create high pressure and viscous forces between the particles. An
outward Stefan flow creates very high pressure in the region between
closely spaced particles, which results in a repulsive force between the
two particles. In contrast, an inward Stefan flow produces an attractive
force between the particles.

A model was developed for the drag coefficient of upstream and
downstream particles with uniform Stefan flow around the particles.
The model proposed here consists of three factors that describe different
physical effects observed in the current and previous studies. A new
model was developed to describe the interactions of two particles due
to Stefan flow while previously developed models were adopted for in-
dividual effects of Stefan flow on an isolated particle and of neighboring
particles. The model shows a good agreement with simulation data.
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Fig. 14. Comparison of drag coefficient from the simulation and the model as a function of the distance between particles (𝐿∕𝐷). (a-c) Re = 2.3; (d-f) Re = 7; (g-i) Re = 14.
(a,d, (g) 𝑈𝑆𝑓 = −0.2 m s−1; (b,e, (h) 𝑈𝑆𝑓 = 0 m s−1; (c,f, (i) 𝑈𝑆𝑓 = 0.6 m s−1. ◦: upstream particle simulation data; ×: downstream particle simulation data; —: upstream particle
model; ⋯: downstream particle model.
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Appendix. Domain size and mesh refinement tests

In our previous work (Jayawickrama et al., 2019), we carried out
simulations for an isolated spherical particle with a uniform Stefan flow
immersed in a uniform, isothermal bulk fluid. The difference between
our previous work and this work is the existence of one more particle in
the streamwise direction. We used the same mesh refinement and the
same mesh refinement region sizes of the previous work, although the
domain size should vary. Therefore, we tested different domain sizes
by varying both streamwise direction and transverse direction lengths.
First, we added the length between the two particles (𝐿∕𝐷) to the do-
main used in Jayawickrama et al. (2019) and kept the same transverse
length (domain 1 in Table A.4). Two more domains were also tested, as
shown in Table A.4. Domain test simulations were carried out for the
lowest Reynolds number (Re=2.3), and highest outward Stefan flow
case (𝑈𝑆𝑓 = 0.6), which generates the largest boundary layer around
a particle based on our previous results (Jayawickrama et al., 2019,
2021). Drag coefficients obtained with the different domains were com-
pared with the corresponding results from the largest domain (domain
2). Although domain 1 is smaller and still showed relatively small errors
for drag coefficients, based on the velocity profiles around the two
particles, domain 3 was selected for the simulations in this work. Drag
14

coefficient results of different domains are shown in Table A.5.
Table A.4
Domain test details where 𝐿 = 10, Re = 2.3 and
𝑈𝑆𝑓 = 0.624. All the distances are in units of the
particle diameter (𝐷).
Domain 𝐷−𝑥,1 𝐷+𝑥,1 𝐷𝑦,1 , 𝐷𝑧,1

1 16 48 16
2 35 75 40
3 16 48 32

Table A.5
Domain size test for 𝑅𝑒 = 2.3, 𝐿∕𝐷 = 10 and 𝑈𝑆𝑓 = 0.6 with
mesh refinement 0.02D at different domain sizes.

Domain 𝐶𝐷,𝑓𝑟𝑜𝑛𝑡 𝐶𝐷,𝑏𝑎𝑐𝑘 Error(% of
domain 2)

1 9.36 8.25 0.8 1.9
2 9.28 8.41 – –
3 9.35 8.44 0.75 0.36

The refinement of the mesh closest to the particle in the single
particle simulations was 0.01D, which was too expensive for the bigger
domain with two particles. Simulations were also carried out for the
smallest possible boundary layer i.e: where the Reynolds number is
highest and the Stefan flow is inward. Results of the mesh refinement
tests are shown in Table A.6. It is crucial to check whether this
refinement (number of mesh between the two particles) is sufficient
for 𝐿∕𝐷 = 1.1. Therefore, the drag coefficient was compared for
𝐿∕𝐷 = 1.1 and Re = 2.3, combined with either outward or no Stefan
flow conditions, when the highest refinement is 0.01𝐷 and 0.02𝐷 (See

able A.7).
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Table A.6
Mesh refinement test for 𝑅𝑒 = 14, 𝐿∕𝐷 = 2.5 and 𝑈𝑆𝑓 = −0.2.

Refinement 0.04D 0.02D 0.01D 0.005-Richardson
extrapolation

particle front back front back front back front back

𝐶𝑑 3.32 2.95 3.43 2.34 3.47 2.37 3.48 2.38
Error(% of 0.005D) 4.34 24.75 1.18 1.30 0.3 0.3 0 0
Table A.7
Mesh refinement test for 𝑅𝑒 = 2.3, 𝐿∕𝐷 = 1.1 and 𝑈𝑆𝑓 = −0.6 and
𝑈𝑆𝑓 = 0.

Refinement 0.02D 0.01D

particle front back front back

𝑈𝑆𝑓 = 0

𝐶𝑑 9.98 7.49 10.13 7.58
Error(% of 0.01D) 1.48 1.19 0 0

𝑈𝑆𝑓 = −0.623

𝐶𝑑 −17.58 27.97 −17.67 28.81
Error(% of 0.01D) 0.51 2.92 0 0
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