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Abstract

Particle-laden flows involve in many energy and industrial processes within a wide
scale range. Solid fuel combustion and gasification, drying and catalytic cracking are
some of the examples. It is vital to have a better understanding of the phenomena
inside the reactors involving in particle-laden flows for process improvements and
design. Computational fluid dynamics (CFD) can be a robust tool for these studies
with its advantage over experimental methods. The large variation of length scales
(10-9 - 101 m) and time scales (days-microseconds) is a barrier to execute detailed
simulations for large scale reactors. Current state-of-the-art is to use models to
bridge the gap between small scales and large scales. Therefore, the accuracy of the
models is key to better predictions in large scale simulations.

Particle-laden flows have complexities due to many reasons. One of the main
challenge is to describe how the particle-fluid interaction varies when the particles
are reacting. Particle and the fluid interact through mass, momentum and heat ex-
change. Mass, momentum and heat exchange is presented by the Sherwood number
(Sh), drag coefficient (CD) and Nusselt number (Nu) in fluid dynamics. Currently
available models do not take into account for the effects of net gas flow gener-
ated by heterogeneous chemical reactions. Therefore, the aim of this research is
to propose new models for CD and Nu based on the flow and temperature fields
estimated by particle-resolved direct numerical simulations (PR-DNS). Models have
been developed based on physical interpretation with only one fitting parameter,
which is related to the relationship between Reynolds number and the boundary
layer thickness. The developed models were compared with the simulation results
solving intra-particle flow under the char gasification. The drawbacks of models
were identified and improvements were proposed.

The models developed in this work can be used for the better prediction of flow
dynamics in large scale simulations in contrast to the classical models which do
not consider the effect of heterogeneous reactions. Better predictions will assist the
design of industrial processes involving reactive particle-laden flows and make them
highly efficient and low energy-intensive.
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Chapter 1

Introduction

This thesis tries to find answers to some fundamental research questions of particle-
laden flows with reacting particles. This chapter identifies problems related to en-
trained flow biomass gasification (EFBG) technologies. The nature and complexity
of particle-laden flow is discussed and methods for answering the research questions
are introduced. Finally, the research procedure is summarized.

1.1 Background

Climate change is the challenge of this millennium. The main cause for the climate
change is uncontrolled emission of green house gases (GHG) to the atmosphere due to
fossil fuel combustion. CO2 is the main contributor to the GHGs of atmosphere. The
highest share of global GHG emissions come from the electricity & heat production,
transport and manufacturing industries & construction, totaling in demand about
35 billion tons of CO2 equivalents in 2017 [1] .

All the countries are trying to mitigate the GHG emissions by setting their own
targets. Sweden is targeting to be zero emission by 2045 and thereafter to be negative
in GHG emissions [2]. Therefore, GHG emission mitigation will be a never ending
task to the man kind and continuous improvement of technologies will be essential.

Removal of atmospheric CO2 can be achieved by capture and storage. Mitigation
of CO2 emissions can be achieved by replacing fossil fuels by renewable technolo-
gies, recycling CO2, retrofitting the processes for higher efficiencies, among others.
Replacing fossil fuels with renewable sources of energy will be much more attractive
compared to the aforementioned methods, because renewable energy sources such
as wind, hydro, solar and biomass yields higher GHG emission reduction than other
methods.

Having the largest forest area in the European Union, which is continuing to
increase annually, biomass is one of the best renewable energy source for Sweden.
Biomass can be directly used as a solid fuel with or without physical processing.
It can also be thermally and/or chemically processed to produce liquid or gaseous
fuels.

Raw biomass has a large variety in physico-chemical properties based on the
source. These variations demand lot of tailored research work on pre-processing,
processing and post-processing of biomass. Apart from that, biomass from a single
source has its own complexities due to non-unifromity and anisotropy. This makes
the complexity even higher. All the biomass related energy synthesis processes
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inherit these complexities apart from process specific ones.
Gasification is the conversion of any carbonaceous fuel to a gaseous product

with a usable heating value [3]. There are three major types of gasification reactors:
moving-bed, fluidized-bed and entrained-flow gasifiers. Entrained-flow gasifiers have
a very low residence time and requires small size fuel particles in the range of 100
µm, high temperatures (>1400◦C) and have high oxygen demand.

Entrained-flow gasification is a well proven technology for coal with large scale
industrial reactors. Yet, there are many challenges in biomass based entrained-flow
gasification to overcome [4]. Proper mixing of the fuel and gasifying agent affects
the reactor performance, which become harder in case of biomass due to cohesive
behavior, poor flowability, non-uniformity and many other parameters of biomass
particles.

A temperature range of 1000-1400◦C support soot formation, which can create
problems in the operation. Recently, Goktope et al. [4] have shown that the soot
volume fraction is reducing and reaching an asymptotic value with an increase of
inter-particle distance. This leads to new questions about particle interactions and
particle-fluid interactions in particle-laden flow: Why is soot formation affected by
particle distance in reaction zone?

Theoretically, this question is related to particle-laden flows and their behavior
at microscale. Therefore, let us see what the particle-laden flows and their inherent
qualities are.

1.2 Particle-laden flows and their complexities

Particle-laden flows are multi-phase flows with one or more dispersed phase and
a continuous bulk phase. Particles may be solid particles, liquid droplets or gas
bubbles. Figure 1.1 shows particles immersed in a fluid and the possible particle-
fluid interactions. The interactions in particle-laden flow can be categorized as
follows:

1. One way coupling
The particle is affected by the fluid, but the feedback from the particles to the
fluid is not considered or negligible.

2. Two way coupling
The particle immersed in the fluid is affected by the fluid and the fluid is also
affected by the particle.

3. Three way coupling
Apart from two way coupling, indirect interactions between the particles exist
via the fluid are also included.

4. Four way coupling
Direct interaction between particles, i.e. particle-particle collisions.

Reacting particles generate inward/outward flow from the particle due to reac-
tions. Hereafter, we call the inward/outward flow from the particle due to reactions
as Stefan flow. An emerging questions is therefore: how will all the aforemen-
tioned effects change when the particles are reacting?

4



Figure 1.1: Interactions occurring in particle-laden flow between particles and the
bulk fluid. Coupling 1 alone is called one-way coupling, 1 and 2 together is called
two-way coupling, 1, 2 and 3 together is called 3-way coupling and 1, 2, 3 and 4
together is called 4-way coupling.

Three and four way couplings are related to the inter-particle effects. Reacting
particles will have an effect on the fluid due to reactions, therefore two way coupling
is also important. Since the particle volume fraction in EFBG is less than 0.001,
we can neglect direct particle-particle interactions. Therefore, two and three way
couplings are important, which makes us ask the following fundamental research
questions (RQs) related to particle-laden flow :

• RQ1-What are the effects of reaction on the interaction between
particles and the bulk fluid?

• RQ2-How do reacting neighboring particles interact through the
change in fluid flow?

1.3 Methods applied to answer the research ques-

tions

The effects of reactions in particle-laden flow can be studied using experimental
methods, theoretical methods or numerical simulations. The main focus of this work
is numerical and theoretical (model development). In numerical simulations, com-
putational power is used to solve the governing equations of the fluid flow (Navier-
Stokes equations and other) using numerical methods.

5



Figure 1.2: The wide variation of length scales in a large scale reactor. Macro
scales are in the magnitude of meter, mesoscale is in the magnitude of milimeter,
microscale is in the magnitude of micometer and nanometer is in the magnitude of
nanometer.

Particle-laden reactive flows tend to be very complex due to multi-phase inter-
actions, turbulence, reactions and many other phenomena. These phenomena are
occurring at different length and time scales. The wide variation of length scales in
particle-laden flow are shown in Fig. 1.2.

The reactor scales can be in the order of meters (O(101−100) m), multi-particle
effects in order of millimeters (O(10−2 − 10−3) m), single particle effects in order of
millimeters to micrometers (O(10−3− 10−6) m), particle pore scales in micrometers
to nanometers (O(10−6 − 10−9) m) and reaction scales in the order of nanometers
(O(10−9) m). Time scales also have a wide variation. It is not possible to do
simulations that refine all the scales of a reactor with current state in computational
resources. Therefore, models are used to bridge the gap between small and large
scales. For example, reaction models are used for the simulation of reactions inside
the particles. Different turbulence models are used to simulate the turbulence effects
in reactor scales.

Single particle scale in EFBG lies in the O(10−3−10−6) m. Particles and the bulk
fluid interact through the momentum, heat and mass transfer. Effects of momentum,
heat and mass transfer are represented by drag coefficient (CD), Nusselt number
(Nu) and Sherwood number (Sh). Therefore, new/modified models for Nu, Sh and
CD applicable for reacting particles as well as neighbouring particles would be very
useful because classical models do not consider the effect of reactions and multi-
particle effects. These models can also be used for larger scale simulations and
thereby better predictions.

The overview of the research work is summarized in Fig. 1.3. The complexity
of work is increasing by each step. The first and second steps are isothermal and
non-isothermal simulations of gas flow surrounding the particle, which are detailed
in papers I and II, respectively. The third work is reacting particle simulations,
where the particle is considered as a porous media, which is detailed in paper III.
The fourth step is studying multi-particle effects, which covers RQ2.

RQ1 deals with interactions between single, reacting particles and the bulk fluid.
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Therefore, the length scales are in the range of particle diameters to the bound-
ary layer size. To capture the effects of reactions, single particle simulations need
to resolve the particle and the boundary layer. This category of simulations are
often called as particle resolved direct numerical simulations (PR-DNS). We will
follow a step-wise procedure to answer this question by increasing the complexity of
simulations.

• Step 1: isothermal flow around a single particle with uniform Stefan flow from
the particle.
The particle is considered as a boundary immersed in the bulk fluid. There is
a uniform Stefan flow from the surface of the particle. Aim of this work is to,
study the effect of Stefan flow on momentum exchnage between the particle
and the fluid in absence of temperature and concentration gradients.

• Step 2: non-isothermal flow around a single particle with uniform Stefan flow
from the particle.
A temperature gradient is also applied between the particle and the bulk fluid
in addition to the Step 1 conditions. The exchange of momentum and heat
between the particle and bulk fluid due to Stefan flow is studied under non-
isothermal conditions.

• Step 3: flow around a reacting particle with non-uniform Stefan flow.
The particle interior is also resolved and solved for governing equations. Non-
uniform Stfean flow created by char gasification is studied.

Considering the small length and time scales of a particle compared to reactor scales,
quasi steady-state can be assumed in uniform Stefan flow conditions. Therefore,
steady-state simulations were carried out to study the effects. When the particle is
also reacting and creating a non-uniform Stefan flow, transient simulations have to
be carried out.

The length scale effects due to presence of a reacting particle on the neighboring
particles via the fluid, can be in the range of few particles. The arrangement of
particles in comparison to the flow is also important for the effects. This part will
be the future work and therefore will not be discussed in detail.

1.4 Aim of the thesis

The aim of this study is to develop models for exchange of momentum and heat
transfer between particles and the bulk fluid in reacting, particle-laden flow. More
specifically, the thesis has following four goals:

• To develop a model for drag coefficient (CD) for the flow around a spherical
particle with uniform Stefan flow from the particle.

• To develop a Nusselt number (Nu) model for the flow around a particle with
uniform Stefan flow.

• To develop a numerical platform for the char gasification that resolve both
interior and exterior of the particle.

7



Figure 1.3: Step-wise simulations carrying out during the whole work. The plain
color indicates the assumption of uniform fields (eg: isothermal)

• To evaluate the performance of the developed drag coefficient (CD) and Nus-
selt number (Nu) models in more realistic case of char gasification with non-
uniform Stefan flow from the particle.
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Chapter 2

Literature review

This chapter discusses results from previous studies important to carry out this
thesis. Specifically, discusses drag coefficient (CD) and Nusselt number (Nu) at
different environments as well as modeling and simulation of char gasification. The
particles will be considered as spherical and cylindrical at different stage of research.
Therefore, fluid flow around spheres and circular cylinders will be discussed.

The particle Reynolds number in entrained flow biomass gasification can go up
to around 120 (D=0.1-1 mm, U=0.5-3 m/s, 1400 K for N2). Bulk fluid temperature
is varying from around 400 K - 1600 K. Therefore, characteristic flow around a
spherical particle is axisymmetric and steady [5] . In the cross flow around a cylinder
the maximum particle Reynolds number can go up to 30 during char gasification
(900 K for N2 at 3 m/s and 1 mm). The flow can be considered two-dimensional
and axisymmetric [6].

2.1 Drag coefficient

Drag coefficient (CD) is used to calculate the total force acting around a body due
to pressure and viscosity in fluid dynamics:

CD =
Fp + Fvisc
1
2
ρU2
∞(πR2)

, (2.1)

where Fp is pressure force, Fvis is viscous force, ρ is bulk fluid density, U∞ is slip
velocity of the body and R is the radius of the body.

It is important to know the drag acting on a body for many engineering calcula-
tions. Apart from that as mentioned in the section 1.3, models for drag coefficient
are essential in modeling interaction between particle and bulk fluid in particle-laden
flow simulations when the particle is not resolved. Drag depends on the shape of
the body and Reynolds number (Re) for an isothermal, non-reacting flow [7]. The
drag may vary on many other parameters depending on the complexity of the flow
and the body. It is hard to find a universal drag model which is applicable for all
shapes and all Reynolds numbers in classical drag models.

The drag models available for flow around a sphere and for a cylinder in a cross
flow will be discussed in the next section.
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2.1.1 Classical models

There are various drag models available to calculate force acting on a sphere im-
mersed in a fluid. They are developed based on theories, experimental data or
numerical data. Table 2.1 shows widely used drag models for flow around a sphere.
All of those models are applicable for isothermal conditions. Recently, Ellendt et

Table 2.1: Classical drag models for flow around a sphere.

Model Range Reference

CD = 24
Re

Re < 1 Stokes law

CD = 24
Re

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

Re

)−1
Re < 2.6× 105 [8]

CD = 24
Re

(1 + 0.15Re0.687) 1 < Re < 800 [9]

al. [10] have suggested a correction factor to the Schiller-Naumann model [9] when
variation of thermophysical properties in the boundary layer are not negligible:

CD =
24

Re
(1 + 0.15Re0.687)φ; φ = 0.273(1− 0.883Re)(

ρ∞
ρp

) + 1, (2.2)

where

Re =
ρU∞D

µ
, (2.3)

where ρ∞ is fluid density calculated at far-field conditions, ρp is fluid density calcu-
lated at particle surface temperature, µ is fluid viscosity, D is particle diameter and
Re is when the density and viscosity is calculated at the particle surface temperature
(Tp). The model is valid for the range of 1 < Re < 130 for Helium and Nitrogen.

All of these models mentioned are functions of Reynolds number and other fitting
parameters only:

CD = f(Re). (2.4)

This shows the fact we mentioned in the section 1.3 that the classical drag models
do not consider the change of drag due to outward/inward flow (Stefan flow) from
the immersed bodies due to reactions.

Cylinder is a simple geometry in contrast to a sphere. Still, drag models for a
circular cylinder can vary a lot depending on the ratio of length to diameter (aspect
ratio) and the range of Re of the bulk fluid. When the aspect ratio of a cylinder
is high, the effect of bottom surface on the drag can be neglected. Flow can be
considered as 2-dimensional at low Re < 150 [6], and steady at Re < 47. This is
similar to considering an infinitely long cylinder.

Khan et al. [11] have shown the none/less availability of models for CD and Nu
for fluid flow around an infinitely long cylinder for a wide range of Re and Pr. They
have developed an analytical model for the drag coefficient:

CD =
5.786√
Re

+ 1.152 +
1.26

Re
, (2.5)

which is applicable for a large range of Reynolds number. However, for the low
Reynolds numbers (Re < 1) the best way to calculate the drag around an infinite
cylinder with a cross flow might be to use the CD vs Re curve in [12]. There are
various models available for cylinders of finite aspect ratios [8, 13].
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2.1.2 Models with Stefan flow

There are some models developed for the drag coefficient for a flow around a sphere
with Stefan flow. Most of the earliest models were for droplet evaporation and suc-
tion/blowing applications. Some recent models have developed for the generalized
case based on numerical simulations. There are three drawbacks identified in those
models:

• none of the model is applicable for non-isothermal flow,

• models are having more than one fitting parameter, and

• some models cannot consider the negative Stefan flow (Ex: condensation).

Dukowicz [14] has developed an analytical model for the drag of a solid sphere
with blowing/suction. The model is applicable for creeping bulk flow (Re → 0).
The models developed by experiments and numerical works are having more than
one fitting parameter and they do not interpret the variation of physics due to the
Stefan flow [15, 16]. In most practical situations, the flow is non-isothermal, specially
in reacting environments like solid fuel combustion, gasification and so on (except
phase change situations). Considering these drawbacks of the current models, it
is important to develop drag models which are applicable for non-isothermal flow
conditions based on physical interpretation for flow around a sphere with Stefan
flow.

As discussed earlier, most of the works related to Stefan flow in the past was
related to droplet evaporation. Later on some of the works were related to Stefan
flow due to coal combustion/gasification. The droplets and coal particles resemble
more spherical shape. Therefore, most of the Stefan flow related research were on
spherical particles. It is hard to find such work (effect of Stefan flow) related to
cylindrical particles which is more suitable for biomass gasification and combustion.

2.2 Nusselt number

Average Nusselt number, Nu, is used to calculate overall heat transfer from an
immersed body in a fluid. Heat transfer coefficient, h, is calculated by the Nu
number as follows:

Nu =
hD

λ
, (2.6)

where D is the diameter of the particle and λ is the thermal conductivity of the
fluid. Available models for the Nusselt number are also specific to shape, Reynolds
number range and Prandtl number range [7]. There can be more complicated models
with additional parameters considering variation of thermo-physical properties due
to non-isothermal conditions. Nu number models for flow around a sphere and
cylinder will be discussed in this section.

2.2.1 Classical models

Among many Nusselt number models for spherical particles, Ranz-Marshall and
Whitaker models are widely used for convective flow around spherical bodies. The
Ranz-Marshall model is:

Nu = 2 + 0.6Re
1
2Pr

1
3 , (2.7)
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where
Pr=

cpµ

λ
. (2.8)

In Ranz-Marshall model, Nu, Re and Pr are calculated based on properties at film
condition. Film condition is defined as the average between the far-field condition
of the bulk fluid and the surface condition, i.e. the film temperature is Tf = T∞+Tp

2

where Tp is the particle surface temperature and T∞ is the far-field temperature of
the bulk fluid. The model is applicable when Re < 200. The Whitaker model is:

Nu = 2 + (0.4Re
1
2 + 0.06Re

2
3 )Pr0.4, (2.9)

where Nu, Re and Pr are calculated based on properties at far-field temperature,
The mode is valid for 3.5 ≤ Re ≤ 7.6× 104 and 0.71 ≤ Pr ≤ 380.

One of the main issues of these available Nu models is that they are not consid-
ering the variation of thermo-physical properties. The variation of thermo-physical
properties are not negligible in high temperature gradient applications like combus-
tion and gasification of solids. Recently, Ellendt et al. [10] has shown that the
Ranz-Marshall model at film conditions is suitable for applications where the tem-
perature difference between the particle and the bulk fluid is high (1 < Re < 130).
When models are not available for the required flow conditions, making own models
by fitting simulation data to the particular range is also observed from literature
[17].

Some of the models available for calculation of average Nusselt number for an
infinitely long cylinder are listed in Table 2.2 and shown in Fig. 2.1. McAdam’s
model is more suitable for small Re and very high Pr. Khan et al. [11] have
developed an analytical model recently, based on Von Karman–Pohlhausen method.
Bharti et al. [18] have developed a model which is applicable for higher Pr range
using numerical simulations. Most recent model is developed by Abdelhady et al.
[19] using numerical simulations.

Table 2.2: Classical Nusselt number models for a cross flow around an infinite
cylinder.

Model Range Reference

Nu∞ = (0.4Re
1/2
∞ +

0.06Re
2/3
∞ )Pr0.4∞ (µ∞

µ0
)
1
4

1.0 < Re < 1.0 × 105

0.67 < Pr < 300
Whitaker [20]

Nu = (0.37Re1/2 + 0.057Re2/3)Pr1/3 +
0.92[ln(7.4055

Re
) + 4.18Re]−1/3Re1/3Pr1/3

Small Re and Pr →
∞

McAdam [7]

Nu = 0.593Re1/2Pr1/3 1.0 < Re < 2.0 × 105

Pr ≥ 0.71
Khan [11]

Nu = 0.6738Re0.4679Pr1/3 10 < Re < 45
0.7 < Pr < 400

Bharti [18]

Nu = 0.633 + 0.315Re0.579 30 < Re < 3000
Pr = 0.7

Abdelhady [19]

Similar to the models for flow around sphere, Nu models for cylinders also have
the drawback of neglecting the variation of thermal and physical properties. Those
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Figure 2.1: Different classical models for the Nusselt number around an infinite
cylinder.

models might not be suitable when there is a significant variation of thermo-physical
properties such as in reacting particle-laden flows. Only the Whitaker model ac-
counts the variation of viscosity. There is a question whether accounting variation
of viscosity alone is sufficient in high temperature gradient applications.

2.2.2 Models with Stefan flow

The models developed at early stage are for the droplet evaporation applications
which has summarized in Zhifu et al. [21]. More details are available in paper
II. Murphy & Shaddix have developed a theoretical model for the Nusselt number
with a Stefan flow in a quiescent environment. The model has developed assuming
constant properties:

Nu = Nu0
(PrResf )/Nu0
e(PrResf )/Nu − 1

, (2.10)

where Nu0 is Nusselt number without Stefan flow which is equal to 2.

Resf =
ρUsfD

µ
, (2.11)

where Usf is the Stefan flow velocity. Recently, Kestel [17] has developed a Nusselt
number model with Stefan flow for a sphere immersed in a convective environment.
The model is applicable for high temperature gradient conditions such as gasification
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and combustion (Please see paper II, section 2.2 for more details). However, the
model has many fitting parameters.

What is missing in the literature is a model developed for Stefan flow in a convec-
tive environment considering variation of parameters. As per author’s knowledge,
there is no model for Nusselt number for a cross flow around an infinite cylinder
with Stefan flow.

2.3 Char gasification

This section will discuss why it is important to study char gasification for biomass
based technologies and what are the methods available for modeling gasification.

Char gasification is the rate limiting step of the gasification process [22]. There-
fore, understanding char gasification is important for optimization and reactor scal-
ing process. Char gasification is not only important in gasification, but also in
combustion technologies, specially in coal-based oxy-fuel combustion [23]. Char
gasification is a complex phenomena. Gasification reaction will occur only when the
reactant gas is diffused into the particle pores and in contact with the char surface,
and temperature is high enough to start the reaction.

When the temperature is low, diffusion rates are high compared to kinetic rates.
The reaction will be controlled by the kinetic rates and this region is called regime
I. When the temperatures are high in the reactors as in entrained flow gasification
or the particle size is large as in fluidized-bed, both gas diffusion inside the particle
and kinetic rates are increasing and both effects become important and in the same
orders [22]. This creates concentration gradients and therefore, different conversion
rates within the particle. This region is called regime II. Importance of both effects
make it harder to model char gasification using simple methods. It is required to
know the structure and morphology of char to find the gasification rates [22]. The
overall gasification in regime II can be modeled (reliably) considering regime I reac-
tion kinetics, and diffusion rate considering morphology and porosity of char particle
independently [24]. Therefore, studies of reaction kinetics of regime I char gasifica-
tion and physical characteristics of char such as pore structure and morphology is
necessary.

Intrinsic char gasification (regime I) rate is modeled in literature by n-th order
Arrhenius reaction or Langmuir-Hinshelwood (LH) reaction mechanism. n-th order
Arrhenius reaction model, which is mostly used in simulations will be discussed
briefly in section 2.3.1.

2.3.1 Carbon conversion rate during char gasification

When chemical kinetics is the controlled step of gasification, reaction rate can be
modeled as:

∂X

∂t
= rA.f(X), (2.12)

where rA is rate coefficient and f(X) is structural function. In n-th order reaction
model;

rA = A0e
−E/RTpnA, (2.13)

where A0 is a frequency factor, E is activation energy, R is gas constant, T is
temperature, n is reaction order and pA is the partial pressure of the gasifying agent
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A [25]. Most commonly applied model for structure function is random pore model
(RPM),

f(X) =
S

S0

= (1−X)
√

1− ψ ln(1−X), (2.14)

where carbon conversion at a time X is the ratio of reacted char vs initial char
content:

X =
mC,0 −mC

mC,0

. (2.15)

Here S is surface area of the pores, S0 is inital surface area of the pores and ψ
is a parameter related to the structure of char particle more often calculated from
experimental data specific to the source of char.

The change of available surface area during gasification is represented by some
models. Li et al. [26] have shown that the RPM is the best to represent biomass
char gasification. Therefore, only RPM will be considered here. According to RPM,
char particles have cylindrical pores with different diameters. Inner surface of the
pores used as the reaction surface. Total reaction surface will initially increases as
pores are growing due to reaction. Later on as the reaction continues, intersection
of pores with neighboring pores make the surface area reduced [27].

2.3.2 Global reaction models for intrinsic chemical kinetics

Carbon dioxide (CO2) and steam (H2O) are the gasifying agents or reactants during
char gasification. The global reactions of gasification are Boudouard reaction:

C + CO2→ 2 CO, (2.16)

Water gas reaction:

C + H2O → CO + H2. (2.17)

Arrhenius reaction rate or global reaction rate of order n, for a gasifying agent
A can be calculated using Eq. 2.13.

The parameters of Eq. 2.13 are very specific to the type of coal/biomass used
for producing char. Roberts et al. [22] has a review of available experimental data
for intrinsic chemical kinetics of different coal based char gasification and they also
have presented their results for different coal types. Activation energies of char lies
between 230–270 kJ/mol for gasification by CO2 and 190–270 kJ/mol for gasification
by H2O [23]. Pre-exponential factors are highly dependent on activation energy, fuel
type and char formation method [26].

Matsumoto et al. [28] have reported the intrinsic reaction rate data for four
types of biomass based char (Japanese cedar, Japanese cedar bark, a mixture of
hardwood and Japanese lawngrass). Kreitzberg et al. [29] have also calculated
the kinetic parameters for nth order Arrhenius reaction for char made of Beech-
wood chips. Char was produced by pyrolysis with heating rates of approximately 3
Ks−1. Char particle size range was around 60-1000 µm. There is lot more studies
on intrinsic chemical kinetic rates of biomass. Data from previous studies show a
wide variation of activation energy, pre-exponential factor and order of reaction on
biomass based char.

Although the intrinsic gasification rates are often calculated using global reaction
models, there are many processes occurring during the reaction such as, adsorption
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and desorption of gas species on to and from the char surface, inhibition of reaction
due to product gas and many other.

2.3.3 Modeling thermo-physical properties of char

Parameters of char is highly dependent on coal/biomass source itself and process of
char production. The parameters can vary orders of magnitudes for different char.
This makes it very hard to find or predict the relevant data for a specific char, which
is essential in process design and numerical simulations. Although there are lot of
work done previously, all the data is scattered. Something lacking in the literature
is a data bank of different char.

Gasification processes are mainly developed based on the knowledge of coal.
Owing to the differences between coal and biomass, there are loopholes in using the
coal based technology for biomass gasification. Although there are lot of work related
to biomass gasification, still there are lot more to improve. Improvement of diffusion
controlled reaction rate predictions under regime II conditions and collection of
morphological data seems most important. This will help developing high fidelity
numerical simulation models and improved predictions.
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Chapter 3

Particle resolved numerical
simulations

This chapter mainly focuses on summarizing the simulation methodology. Detailed
information about each work can be found from papers in the appendix.

The aim of this thesis is to find the effects of reaction, on the interaction between
particles and the bulk fluid (RQ1). For that, focus is on single particle studies as
mentioned in section 1.3. Three main studies were carried out:

1. Isothermal, uniform bulk fluid flow around a spherical particle with uniform
Stefan flow at the particle interface.

2. Non-isothermal, uniform bulk fluid flow around a spherical particle with
uniform Stefan flow.

3. Non-isothermal uniform bulk fluid flow around a reacting, porous particle
(cylindrical). This creates a non-uniform Stefan flow.

The first two steps create reaction generated flow as a boundary condition at external
surface of the particle, which is called Stefan flow. This is considered as either inward
or outward flow. Inward Stefan flow depicts situations like condensation or chemical
reactions. Outward Stefan flow depicts situations similar to evaporation, or any
kind of outward flow due to chemical reactions.

The nature of the fluid flow and governing equations are summarized in the Table
3.1 for all three studies separately.

3.1 Navier-Stokes equation for incompressible flow

For all the simulations, bulk gas flow surrounding the particle is assumed as in-
compressible (see Table 3.1). Therefore incompressible Navier-Stokes equations are
shown below. Continuity equation is:

d(ρg)

dt
+∇ · (ρg−→u ) = 0, (3.1)

where ρg is fluid density, −→u is velocity vector of the fluid. Momentum conservation
of the fluid gives:

d(ρg
−→u )

dt
+ (ρg

−→u · ∇)−→u = −∇p+∇ · µ[∇−→u +∇−→u T − 2

3
(∇ · −→u )

−→
I ], (3.2)
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Table 3.1: Variation of parameters and flow conditions during isothermal, non-
isothermal and reacting simulations.

Flow
condition

Isothermal Non-
isothermal

Reacting

Governing
equations for
bulk gas flow

Navier-Stokes
equations for:
-Continuiy
-momentum

Navier-Stokes
equations for:
-Continuiy
-momentum
-energy

Navier-Stokes
equations for:
-Continuiy
-momentum
-energy
-species

Governing
equations
for particle
interior

Not solved Not solved Porous me-
dia equations:
-Continuiy
-momentum
-energy
-species

Mesh 3-D 3-D 2-D
Particle
shape

Spherical Spherical Infinitely long
cylinder

Simplifications
of the flow

Axi-
symmetric,
steady and in-
compressible
flow

Axi-symmetric,
steady in-
compressible
flow

Axi-symmetric
and incom-
pressible flow

Thermo-
physical
properties

Constant Temperature
dependent

Temperature-
species depen-
dent

where µ is dynamic viscosity of the fluid,
−→
I is identity matrix and p is pressure.

Finally, from energy conservation we get:

d(ρgcp,gT )

dt
+∇ · (ρgcp,g−→u T ) = −∇ · λg∇T , (3.3)

where cp,g is specific heat capacity of the fluid, T is temperature and λg is thermal
conductivity of the fluid.

3.2 Reacting char particle simulations

Reacting particle simulations assume a biomass particle as an infinitely long cylinder.
The shape was selected to enable calculations in 2 dimension. It can be justified since
the focus is on biomass gasification and biomass resembles cylinders than spheres.
Following assumptions are used for the simulations:

1. the flow is axisymmetric and 2D,

2. gas phase reactions are not considered,
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3. gas phase outside the particle is incompressible flow (see section 3.1),

4. particle is an infinitely long cylinder,

5. particle is a porous media (porous media equations are used),

6. only Boudouard reaction occurs during gasification,

7. solid phase of the porous media is stationary during whole process of gasifica-
tion (no local shrinkage),

8. local porosity increases as a result of gasification reaction,

9. gas phase and solid phase inside the particle are in local thermal equilibrium
(Tg = Ts),

10. radiation absorption in the gas phase is neglected.

3.2.1 Governing equations inside a char particle

Governing equations for the gas phase of porous media are presented below.
Continuity equation reads as:

d(ερg)

dt
+∇.(ρg−→u ) = RC , (3.4)

where ε is the particle porosity and RC is char reaction rate due to Boudouard
reaction which is calculated as in Eq. 2.12. Momentum equation is:

∂(ερg
−→u )

∂t
+ (ρg

−→u · ∇)−→u = −∇p+∇ · µ[∇−→u +∇−→u T − 2

3
(∇ · −→u )

−→
I ]− Fd, (3.5)

where Fd is momentum transfer calculated based on Brinkmann-Forchcheimer equa-
tion [30] (second term of the equation is neglected). Please see paper III for further
details. The energy equation is:

∂(ερgcp,gT )

∂t
+ cp,sρs

∂((1− ε)T )

∂t
+∇.(ρgcp,g−→u T ) = ∇(∇.λeffT ) + Q̇rad + Q̇s, (3.6)

where cp,s is specific heat capacity of char, ρs is density of char, λeff is effective
thermal conductivity, Q̇rad is the radiation exchange between the reactor wall and
the particle interface, Q̇s is enthalpy change due to solid phase reaction. Gas species
equation is:

∂(ερgYi)

∂t
+∇.(ρg−→u Yi) = −∇.(Yiρg

−→
vci ) + νiRC , (3.7)

where Yi is mass fraction of gas specie i, νi is stoichiometric coefficient in the
Boudouard reaction related to i and vci is diffusion velocity of i with a velocity
correction factor vc as: −→

vci = −→vi +
−→
vc , (3.8)

−→vi = −Deff,i

Yi
∇Yi, (3.9)

−→
vc = −Σ−→vi , (3.10)

and Deff,i is effective diffusion coefficient of gas specie i calculated by molecular
diffusion and Knudsen diffusion.
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3.3 Solution of governing equations

3.3.1 Boundary conditions and initial conditions

In all three simulations, the slip velocity (U∞) between the particle and the gas
is considered as the velocity at the inlet to the domain (left hand side of the Fig.
3.1 and Fig. 3.2). The right hand side of the domains (outlet) is considered as
an ’outflow’ boundary condition (zero gradient for all parameters except pressure).
Boundaries along symmetry plane is considered symmetric boundary condition (ve-
locity normal to the boundary is zero and gradient all other properties are zero).
Side walls are considered as slip walls (velocity normal to the boundary is zero and
two other velocity components are having zero gradient).

Only the Re and Stefan flow velocity (Usf ) was changed in the isothermal simu-
lations. Temperature at the particle surface (Tp) was also varied in non-isothermal
simulations, keeping far-field temperature (T∞) constant.

Reacting particle simulations were carried out considering particle as coal char,
biomass char and a particle with kinetic properties from biomass char and all other
properties from coal char (See paper III Table 5 for more details.).

Particle diameter, D, inlet velocity, far-field temperature, T∞, particle tempera-
ture (Tp), properties of coal char, properties of biomass char and gas compositions
were selected in the range of entrained flow gasification.

3.3.2 Calculation conditions and solution procedure

Isothermal and non-isothermal simulations were carried out in OpenFOAM envi-
ronment called foam-extend. An incompressible, steady-state, immersed boundary,
finite volume solver was used for the simulations. Reacting particle simulations were
carried out on our own solver made upon OpenFOAM 6.

Second-order finite volume schemes were used for the discretization of terms in
the governing equations. Convergence criteria was kept less than 10−6 for all the
parameters solved in steady-state simulations.

3.4 Evaluation of drag coefficient and Nusselt num-

ber

The drag coefficient can be calculated as Eq. 2.1. Nusselt number can be calculated
based on the overall enthalpy difference in the solution domain as follows for the
non-isothermal uniform Stefan flow simulation:

Nu∞ =
(
∮
S
(ρ−→u cpT )−→n dS)inlet + ρp

−→u sfcp,pTpSparticle − (
∮
S
(ρ−→u cpT )−→n dS)outlet

Sparticle(Tp − T∞)
× D

λ∞
,

(3.11)
where S is the surface area of the boundaries denoted with subscripts.

3.5 Domain independence and mesh refinement

Simulation arrangement of the three simulation stages are shown in Fig. 3.1 and
Fig. 3.2 . Choice of domain size and mesh refinement is discussed in paper I, II and

20



III separately.

Isothermal and non-isothermal simulations used a domain of 64D× 32D× 32D.
Smallest mesh around the boundary layer of the particle was 0.01D. For the reacting
particle simulation a domain of 64D × 64D is used. The smallest mesh around the
boundary layer is 0.02D.

x

y

Symmetry plane

�T

U�

Fluid

Uniform Stefan �ow

Figure 3.1: Arrangement of the simulation domain of isothermal and non-isothermal
cases. Tp = T∞ in isothermal simulations. Tp is varied in non-isothermal simulations.

Figure 3.2: Arrangement of the simulation domain for reacting particle cases.
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3.6 Validation and verification

It is hard to find experimental data related to drag coefficient (CD) and Nusselt
number (Nu) for flow around sphere with Stefan flow. Therefore, for the valida-
tion/verification of isothermal and non-isothermal simulations: CD and Nu without
Stefan flow was compared against the available models in literature which are al-
ready validated with experimental data.

Isothermal drag coefficient wihtout Stefan flow is compared with Haider and Lev-
enspiel model [8] for flow around a sphere. Non-isothermal drag coefficient without
Stefan flow is compared with Schiller-Naumann drag model modified by Ellendt et
al. [10] for non-isothermal conditions. Validation of isothermal and non-isothermal
drag is shown in paper I and paper II respectively.

Nusselt number without Stefan flow is compared with Ranz-Marshall model for
flow around a sphere which is shown in paper II.

Experimental data on coal char gasification in Kajitani et al. [25] is used for the
validation of the codes and models used in reacting particle simulations. Some data
is not available in the publication. That is porosity (ε), initial pore diameter range
(dpore), density of char (ρs), relative velocity of air entering (U∞), initial tortuosity
(τ0), thermal conductivity of char (λs), heat capacity of char (cp,s). Those values
were obtained from other sources (see Table 3.2).

We have chosen the coal type ‘coal char SM ’ from the publication for the com-
parison of simulation data. According to [25], the char conversion time is around
1.5 s. Since some data is missing we did two simulations with high and low range
of possible conversion time . We checked whether the conversion time from the
simulations are in the range of 1-2 seconds. The parameters varied in two cases are
shown in Table 3.3. The comparison of simulation results with experimental results
is available in paper III.
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Table 3.2: Values used for properties in simulations: from [25] and for the data not
available in [25] other values from literature is used. Here pore diameter is in nm,
pressure is in atm, temperature is in K, Activation energy is in kgm2s−2/mol and
pre-exponential factor is in kg−0.46m0.46s−0.08.

Property Values
from
literature

Values
from [25]

Ref. This
work

Porosity (ε) 0.02-0.4 [31,
32]

0.1-0.4

Pore diameter range (dpore) 1-250 [33] 1-250
Density of char (ρs) 1800-2200 [33] 1800-2200
Relative velocity of air (U) 0.1-1.0 [34] 0.1
Initial tortuosity (τ0) 1.414 [35] 1.414
Thermal conductivity of
char (λs)

0.13 0.13

Heat capacity of char (cp,s) 1500 1500
Diameter of the particle
(D)

44 44

Pressure (dpore) 5 5
Temperature of inlet (Tin) 1673 1673
Structure parameter (ψ) 1 1
Activation energy (EA) 1.751× 105 1.751× 105

Pre-exponential factor (A0) 4.605 4.605

Table 3.3: Parameter variation in 2 validation cases simulated for the comparison
with [25]. Possible lowest conversion time case is ‘coal 2 ’ with: lowest density, largest
average pore diameter and highest porosity. Possible highest conversion time case is
‘coal 1 ’ with: highest density, largest average pore diameter and smallest porosity.

Parameter Value Unit Coal 1 Coal 2

ρs 1800-2200 kg/m3 1800 2200
dpore,0 1-250 [33] nm 250 1

U 1.0-0.1 m/s 0.1 0.1
ε 0.1-0.4 1.0 0.4 0.1

temperature of inlet 1273-1673 K 1673 1673
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Chapter 4

Results and discussion

This chapter will brief the simulation results of all three simulations discussed in the
methodology and the models developed from isothermal and non-isothermal simula-
tions for drag coefficient and Nusselt number with the Stefan flow. The applicability
of those models in char gasification is also discussed.

4.1 Effect of Stefan flow on drag coefficient

The Stefan flow and particle Reynolds number of simulations are in the range of pul-
verized combustion and entrained flow gasification conditions. Figure 4.1 shows how
the normalized drag coefficient is varying with the normalized Stefan flow velocity
at different Reynolds numbers of the bulk fluid flow. It shows that the behavior is
different at different Reynolds number conditions. The deviation of CD with Stefan
flow and without Stefan flow is not negligible in the range of Reynolds number and
Stefan flow velocity (Usf ).

Separating pressure force and viscous force, it has shown that the variation of
pressure force is negligible at the considered range of Re and Usf . Effect of Stefan
flow on the boundary layer thickness can be seen in Fig. 4.2 which can affect viscous
forces. Therefore, a model was developed based on the variation of boundary layer
thickness due to Stefan flow in a time scale of bulk fluid passing the particle. Further
details are available in paper I. According to the model, the ratio of drag with Stefan
flow vs drag without Stefan flow is:

CD,r =
1

1 + f(Re)Resf
, (4.1)

with

f(Re) =
3

Re
(1 +

2A√
Re

)
1

( 3A√
Re

+ 6( A√
Re

)2 + 4( A√
Re

)3)
, (4.2)

where A = 3.01± 0.13 and Resf is Reynolds number based on Stefan flow velocity.
Isothemal simulations include the physical effects due to Stefan flow. Non-

isothermal simulations have both physical and thermal effects. Figure 4.3 shows
how isothermal drag coefficient deviates from non-isothermal drag coefficient.

Deviation of isothermal line from non-isothermal results (symbols) shows the
importance of thermal effects. The importance of thermal effects are increasing
when the temperature difference between the particle (Tp) and the bulk fluid (T∞)
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Figure 4.1: Normalized drag coefficient CD,sf/CD vs normalized Stefan flow velocity
Usf/U∞ at different Re. Symbols: simulations, lines: linear regression to the data.

increases. Therefore, isothermal drag model has to be modified to consider the ther-
mal effects. Thermal effects are two fold. One is due to variation of thermophysical
properties due to difference between particle temperature (Tp) and bulk fluid tem-
perature (T∞). The other one is the variation of thermophysical properties due to
Stefan flow. A new characteristic temperature T̃ , based on volume of boundary
layer at film temperature, Tf = Tp+T∞

2
, and volume of Stefan flow at temperature of

Stefan flow, Tp = Tsf , is introduced. It eventually yields (see paper III for detailed
derivation),

T̃ =
Tf +

Usf

U∞
f(Ref )Tsf

1 +
Usf

U∞
f(Ref )

, (4.3)

where U∞ is far-field velocity, Ref is Reynolds number at film condition. The drag
coefficient with Stefan flow at non-isothermal conditions will be calculated as follows:

CD,sf = C̃D × CD,r, (4.4)

where

C̃D =
F

0.5ρT̃U∞
2A
, (4.5)

where F is total force acting on the sphere, A is cross sectional area and

CD,r =
1

1 +
Usf

U∞
f(Ref )

. (4.6)
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Figure 4.2: Velocity magnitude normalized by U∞ along the y-axis crossing the
sphere center (θ = 90◦; distance normalized with particle radius, R ) for Re = 13.96
at different Usf/U∞.

Figure 4.4 shows the comparison of model with the simulation data. Model and
simulation results agree quite well for the range of considered parameters.

4.2 Effect of Stefan flow on Nusselt number

There is a theoretical model developed for the effect of Stefan flow for the Nusselt
number around a spherical particle in a quiescent flow (Eq. 2.10) :

Nu = Nu0
(PrResf )/Nu0
e(PrResf )/Nu0 − 1

. (4.7)

Meanwhile, there are Nusselt number models developed, for a sphere immersed
in a forced convective flow such as Ranz-Marshall and Whitaker models. A Ranz-
Marshall type model has been developed for the Nusselt number without Stefan flow
which is applicable when there is a high temperature difference between the particle
and the bulk fluid. Using simulation data, we gained :

Nu = 2 + 0.5703Re0.5373f Pr
1/3
f , (4.8)

where Nu, Re and Pr calculated at film condition. We developed a model for a
sphere immersed in a convective fluid with a Stefan flow. The model combines the
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Figure 4.3: Normalized drag CD,sf/CD at film condition and Normalized Stefan
flow velocity Usf/U∞. Far-field temperature (T∞ = 1400 K) and different particle
temperatures (Tp =400 K, 1200 K,1600 K).

Nusselt number with Stefan flow in a quiescent environment (Eq. 4.7) and the model
developed for the Nusselt number in a convective flow (Eq. 4.8) by replacing Nu0

in Eq. 4.7 by Nu in Eq. 4.8. Variation of properties in the boundary layer is added
by calculating NuT̃ instead of Nuf in the model Eq. 4.8. The model for the Nusselt
number of a sphere in a convective flow with a uniform Stefan flow around it can be
modeled as:

Nu = NuT̃
q

eq − 1
, (4.9)

where q =
(PrResf )

NuT̃
. Here, the Nusselt number with Stefan flow (Nu) is calculated

based on the film condition. The Stefan flow Reynolds number (Resf) is calculated
based on particle surface condition and the Prandtl number (Pr) is calculated based
on film condition. Further details on limits of calculating T̃ is in paper II. Figure
4.5 shows the comparison of simulation results with model results.

4.3 Stefan flow effects in char gasification

Figure 4.6 shows the variation of velocity vectors at the surface of the particle during
gasification for the case named coal 2 (paper III -Table 3) . According to the figure,
higher volumetric flow rate of out going flow compared with incoming flow is due to
Stefan flow generated by the reaction. It is apparent that the Stefan flow velocity is
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Figure 4.4: Comparison of the model vs simulation data for drag coefficient calcu-
lated (CD) at T̃ . All the Re labels are calculated based on the far-field temperature
1400K. Particle temperature (Tp) is (a) 400 K (b) 1200 K or (c) 1600 K. Condition
1 is when U∞ = 0.5 ms−1 and D = 1 mm, condition 2 is when U∞ = 3 ms−1 and
D = 0.5 mm, and condition 3 is when U∞ = 3 ms−1 and D = 1 mm.

non-uniform at least at the conditions considered in the simulations (paper III Table
3). The variation of average Stefan flow velocity is calculated using char conversion
rate at different time steps for the four cases. The range of average Stefan flow
velocities are highest for biomass 0.026 < Usf < 0.066 ms−1 and lowest for coal 1
0.0005 < Usf < 0.003 ms−1 . The maximum ratio of Stefan flow velocity with bulk
fluid velocity is about 0.66 and 0.03 respectively for biomass and coal 1. According
to Fig. 4.1 and 4.3 the variation of drag coefficient is not negligible in this range.
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Figure 4.5: Comparison of Nusselt number with Stefan flow at film condition (Nuf)
vs Stefan Reynolds number at particle temperature (Resf,p) of simulation data and
model described in section 4.2. Condition 1 is when U∞ = 0.5 ms−1 and D = 1
mm, condition 2 is when U∞ = 3 ms−1 and D = 0.5 mm, and condition 3 is when
U∞ = 3 ms−1 and D = 1 mm. Particle temperature (Tp) is (a) 400 K (b) 1200 K or
(c) 1600 K.
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Figure 4.6: The velocity vectors at the surface of the particle at different time steps
of coal 2. (a) is 0.001 s, (b) is 0.2 s, (c) is 0.4 s, (d) is 0.6 s, (e) is 0.8 s, (f) is 0.85 s
and (g) is 0.9 s.

Therefore, neglecting the effect of Stefan flow will affect the results.
The drag ratio is calculated as drag coefficient at each time step from simulations

vs drag coefficient without Stefan flow (see Fig. 4.8 ). The drag coefficient without
Stefan flow is calculated based on the models for an infinitely long solid cylinder
from literature. Comparison of the Fig. 4.7 with Fig. 4.8 does not show a clear
relationship between Stefan flow and the drag ratio. When initial region with high
Stefan flow is neglected, the drag ratio decrease as the reaction progresses and
Stefan flow decreases. This contradicts with previous observation; the drag ratio
is lower when Stefan flow is high. When the char particle is reacting the porosity
of the particle is increasing and this will lead to lower drag ratios. Continuously
decreasing drag ratio might be due to domination of porosity effects compared to
Stefan flow effects. Therefore, it is important to study the effects of porosity and
then find the effects of Stefan flow alone. As per author’s knowledge there is no such
model for the drag coefficient of an infinitely long porous cylinder.
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Figure 4.7: The variation of average Stefan flow velocity with time, for each case.
The sample type is described in paper III.
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Chapter 5

Conclusions and future work

This thesis investigated the effect of Stefan flow generated by chemical reactions
in particle-laden fluid flows. Particle resolved numerical simulations were carried
out to elucidate its effects. The step-wise approach for increased complexity was
adopted, starting from a simpler model to the realistic one.

Initially, the effect of Stefan flow on the drag coefficient of a spherical particle is
studied in a uniform bulk fluid flow at constant temperature. This study aimed at
studying the physical effects of uniform Stefan flow. Results showed that outward
Stefan flow reduces the drag coefficient and inward Stefan flow increases the drag
coefficient. A model was developed for the drag coefficient with the effect of Stefan
flow based on physical interpretation. The model was based on variation of bound-
ary layer thickness with only one fitting parameter. Non-isothermal effects were
added to the simulations by creating a temperature difference between the particle
and the bulk fluid. This study aimed at understanding both physical and thermal
effects of the uniform Stefan flow. The effect of Stefan flow on the drag coefficient
and the Nusselt number were studied. The results show that the isothermal drag
coefficient and the non-isothermal drag coefficient were different. Therefore, the
model developed from isothermal simulations was modified based on thermal effects
due to Stefan flow.

A new model is developed for the effect of Stefan flow on the Nusselt number
for a spherical particle in a convective flow using non-isothermal simulation results.
Model is developed by combining a model for the Nusselt number of a spherical
particle in a quiescent environment with Stefan flow and a model for for the Nusselt
number of a spherical particle in a uniform convective flow.

Finally, particle heterogeneous reactions are considered by resolving the interior
of the particle. A code for numerical simulation of char gasification was developed
and used to study more realistic Stefan flow conditions by simulating the char gasi-
fication. The simulations has shown that the Stefan flow is directional rather than
uniform during char gasification. The range of Stefan flow also shows that the ef-
fect of Stefan flow is non-negligible during gasification. However, results show that
the Stefan flow effects cannot be isolated from the simulation data due to effects of
porosity with the progress of the gasification. Therefore, it is important to compare
the effects of porosity with the effects of Stefan flow for thorough understanding.

Studying char gasification in detail by parameter variation is one goal in future
work. The important parameters of char gasification will be varied in this work
with an extensive study using both internal and external flows and chemistry. This
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aims to categorize the regimes of char gasification with appropriate simple modeling
strategy. Furthermore, effects of Stefan flow on the neighboring particles through
the bulk fluid will be also studied in future work. More than one particle is added
to the simulation domain with different configurations. The effects will again be
studied by the variation of drag coefficient and Nusselt number compared to those
without Stefan flow conditions. It also aims to investigate the consequences in
reaction progress.
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a b s t r a c t 

Particle laden flows with reactive particles are common in industrial applications. Chemical reactions in- 

side the particle can generate a Stefan flow that affects heat, mass and momentum transfer between the 

particle and the bulk flow. This study aims at investigating the effect of Stefan flow on the drag coefficient 

of a spherical particle immersed in a uniform flow under isothermal conditions. Fully resolved simula- 

tions were carried out for particle Reynolds numbers ranging from 0.2 to 14 and Stefan flow Reynolds 

numbers from ( −1 ) to 3, using the immersed boundary method for treating fluid-solid interactions. Re- 

sults showed that the drag coefficient decreased with an increase of the outward Stefan flow. The main 

reason was the change in viscous force by the expansion of the boundary layer surrounding the particle. 

A simple model was developed based on this physical interpretation. With only one fitting parameter, 

the performance of the model to describe the simulation data were comparable to previous empirical 

models. 

© 2019 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

Many industrial applications involve particle laden flows with 

reactive particles, such as combustion of solid fuels, catalytic crack- 

ing and drying applications. Unlike ordinary particle-laden flows, 

reacting particles exchange mass with the surrounding fluid. A Ste- 

fan flow, induced by chemical reactions inside or at the surface of 

the particle, has effects on the gas-solid interaction, i.e. momentum 

( C D -drag coefficient), heat ( Nu -Nusselt number) and mass trans- 

fer ( Sh -Sherwood number) between the particle and the bulk flow 

( Hayhurst, 20 0 0; Yu and Zhang, 2009; Yu et al., 2013; Kalinchak, 

2001 ). This can be exemplified by gasification and combustion pro- 

cesses, where, upon being released into the hot environment, fuel 

particles undergo fast devolatilization that results in a pronounced 

gas stream leaving the particles. Although momentum, heat, and 

mass transfer could be affected by the Stefan flow, as a first step, 

we focus on the effect of Stefan flow on C D in isolation from the 

effects of heat and mass transfer in this study. 

∗ Corresponding author. 

E-mail address: thamalirajika@gmail.com (T.R. Jayawickrama). 

Resolved simulations of multiphase reactive flows demand high 

computational resources due to its complexity and the multi-scale 

nature of the processes. The smallest scale in such systems typi- 

cally corresponds to the scale of the particles and their boundary 

layers ( 10 −6 − 10 −3 m), while the largest scales are set by the en- 

tire reactor, which typically contains millions of reactive particles 

and has a length scale ( 10 0 − 10 2 m) that is several orders of mag- 

nitudes larger than the particle scale. Therefore, it is impractical 

to carry out particle resolved simulations for a large domain. In- 

stead, it is useful to develop constitutive models based on the re- 

sults from particle resolved simulations of single or multiple parti- 

cles, which can then be implemented in large scale reactor simu- 

lations that do not resolve the individual particles. Compared with 

the many particle-resolved simulations in the literature, only a few 

studies have used their results to develop models suitable to use 

in large scale simulations (e.g. models for Stefan flow developed 

by Miller and Bellan (1999) and Kestel (2016) , while models taking 

into account particle porosity and particle shape are presented in 

Wittig et al. (2017) and Richter and Nikrityuk (2012) , respectively.) 

Previous studies on Stefan flow effects mainly investigated 

droplet evaporation/condensation ( Bagchi et al., 2001; Renk- 

sizbulut and Yuen, 1983; Dukowicz, 1984 ) and suction/blowing 

https://doi.org/10.1016/j.ijmultiphaseflow.2019.04.022 
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effects ( Chuchottaworn et al., 1983; Dukowicz, 1982; Cliffe and 

Lever, 1985 ). Models developed for the drag coefficient of evap- 

orating/condensing droplets are based on both experimental and 

simulation data. Recently, the performance of the model by 

Renksizbulut and Yuen (1983) was assessed for a char particle dur- 

ing oxy-fuel combustion ( Farazi et al., 2016 ). The model contains a 

case-specific blowing number and had to be adjusted by introduc- 

ing a new blowing number. However, some studies have proposed 

more general models for the drag coefficients of a reacting parti- 

cle, based on the suction/blowing effect directly. In early models, 

the mass flux inward/outward (hereafter called Stefan flow) was 

represented by ‘a non-dimensional blowing number ( �)’, which 

is the ratio of Stefan flow velocity and slip velocity ( = U s f /U ∞ 

) 

( Cliffe and Lever, 1985 ). More recently, the Stefan velocity has been 

non-dimensionalized by the Stefan Reynolds number, Re sf , which is 

based on particle radius ( R ), Stefan velocity ( U sf ) and fluid viscosity 

( ν) ( Kestel, 2016 ): 

Re s f = 

2 U s f R 

ν
. (1) 

Another relevant Reynolds number is the particle Reynolds num- 

ber, Re , which is based on the particle slip velocity ( U ∞ 

), 

Re = 

2 U ∞ 

R 

ν
, (2) 

such that U s f,r = Re s f /Re . 

Dukowicz (1982) developed an analytical relation for the drag 

of a spherical solid particle with suction/blowing in creeping flows 

( Re → 0). For higher Re , a number of works addressed the effects of 

Stefan flow on the drag coefficient ( Cliffe and Lever, 1985; Miller 

and Bellan, 1999; Kestel, 2016; Nour et al., 2017 ). Miller and Bel- 

lan (1999) developed an empirical model based on the numerical 

simulation results of Cliffe and Lever (1985) for an isothermal flow 

around a sphere. Kurose et al. (2003) has modified the model coef- 

ficients of the same model to fit the data for an outflow in a linear 

shear flow around a solid sphere. Later, another empirical model 

was introduced by Kestel (2016) , which is applicable for the wider 

range of mass fluxes that appeared in a 200 MW commercial gasi- 

fier data. It is apparent that the change of drag coefficient due to 

Stefan flow cannot be neglected. However, available models are not 

based on physical observations, and they rely on a number of fit- 

ting parameters. In addition, none of the models are suitable for 

negative Stefan flows (suction). 

This study investigates the interaction between a gas flow and 

an embedded reacting particle that experience a Stefan flow. The 

main aim is to develop a physics-based simple model describing 

the change of the drag coefficient due to the Stefan flow for a par- 

ticle in an isothermal flow. Direct numerical simulations that re- 

solve the boundary layer at the particle surface were carried out 

for a laminar flow surrounding a stationary particle with either 

an outgoing or an incoming Stefan flow. Simulation results were 

analyzed and a model was developed with a physical interpreta- 

tion from the simulations. The developed model and two previous 

models from the literature ( Miller and Bellan, 1999; Kestel, 2016 ) 

were compared with the simulation results. The range of particle 

Reynolds numbers ( Re ) in this study is limited to the conditions 

relevant to entrained-flow gasification or pulverized combustion. 

2. Methodology 

The numerical simulations considered a static particle in a uni- 

form isothermal flow. The generation and consumption of gas in 

the solid phase were considered as a uniform outgoing or incom- 

ing mass flux at the particle surface in the surface-normal direc- 

tion. In all of the simulations performed here, the Reynolds num- 

ber is smaller than the critical Reynolds number that yields von 

Karman oscillations. This means that there are no transients in the 

flow, and hence, a steady state solver can be used. 

2.1. Governing equations 

Steady state simulations were carried out under isothermal 

conditions, with the gas phase assumed to be incompressible. The 

discrete phase was described as a static spherical particle with 

constant size. The gas phase is governed by mass conservation, 

∇ · −→ 

u = 0 , (3) 

and momentum conservation, 

(ρ
−→ 

u · ∇ ) 
−→ 

u = −∇ p + μ∇ 

2 −→ 

u , (4) 

where ρ is the density of the fluid, 
−→ 

u is velocity vector, p is pres- 

sure and μ is dynamic viscosity. Eqs. (3) and (4) were discretized 

with the finite volume method using second-order schemes. 

2.2. Boundary conditions 

The slip velocity between the particle and the bulk gas was set 

as the inlet velocity at the front boundary (left side of the calcu- 

lation domain in Fig. 1 ). An ’outflow’ boundary condition (i.e. zero 

velocity gradient) was applied at the back boundary (right side of 

the calculation domain in Fig. 1 ). The side boundaries of the do- 

main were treated as ’slip walls’. A ’slip wall’ boundary condition 

enforces both the velocity component normal to the wall and the 

gradients of the other velocity components in the normal direction 

to be zero. Boundaries along the symmetry axes were considered 

as ’symmetric’ boundaries, which means that the component of ve- 

locity normal to the symmetry plane is zero and that the gradient 

of all the other properties normal to the plane is zero. 

The immersed boundary method (IBM) was used at the sur- 

face of the particle. The current work used the discrete forcing ap- 

proach ( Mittal and Iaccarino, 2005 ), which uses the direct imposi- 

tion of boundary conditions ( Jasak et al., 2014 ), and the presence 

of the immersed surface/body is formulated through the bound- 

ary conditions. The value of any parameter inside the cells that 

contain the immersed boundary was calculated by interpolating 

values at the immersed boundary points and the neighbour cells 

( Fadlun et al., 20 0 0 ). To implement Stefan flow, the velocity is fixed 

(Dirichlet boundary condition) at the immersed boundary normal 

to the particle surface as: 

˙ m = ρ

∮ 
S 

( 
−→ 

u s f · −→ 

n ) dS , (5) 

where integration is over the surface S of the particle, 
−→ 

n is unit 

vector in the direction normal to the surface element dS and ˙ m 

is mass flow rate due to the Stefan flow. Furthermore, for pres- 

sure the gradient is set to zero at the immersed boundary (Neu- 

mann boundary condition). The treatment of Dirichlet and Neu- 

mann boundary conditions for an immersed boundary method in 

foam-extend is shown in the Appendix A ( Jasak et al., 2014 ). 

2.3. Calculation conditions and procedure 

In this work, we used the OpenFoam environment, called 

foam-extend -3.2 ( Weller et al., 1998 ). The numerical simulations 

were carried out using the incompressible, steady-state, im- 

mersed boundary solver. The solver uses quadratic interpolation 

( Jasak et al., 2014 ) for the reconstruction of the solid phase bound- 

ary conditions into the closest fluid cells. 

Flow conditions were selected based on practical applications 

of pulverized combustion and gasification at atmospheric pressure. 

Four different Re were selected by considering particle size (0.1–

1.0 mm), slip velocity (0.5–3 m s −1 ), and gas properties of N 2 at 
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Fig. 1. Computational domain for the simulations, with D denoting the particle diameter, and �i , i = 1 to 5 representing the coarsest mesh to finest mesh. D −x,i is the 

distance from the centre of the sphere to negative x-direction and D + x,i is the distance from the centre of the sphere to positive x-direction in level i (See the Table 1 ). 

Table 1 

Distance from the centre of the particle 

in diameters ( D ) in the computational do- 

main (See Fig. 1 ). 

i D −x,i D + x,i D y,i , D z,i �i / D 

1 16 48 16 0.16 

2 3 6 3 0.08 

3 2 5 2 0.04 

4 1.5 3 1.5 0.02 

5 1.2 2 1.2 0.01 

1400 K. The considered Re are: 0.232, 2.32, 6.98, 13.96. The magni- 

tude of the Stefan-flow mass flux was calculated from data relevant 

for devolatilization and char conversion of biomass ( Kreitzberg 

et al., 2016; Umeki et al., 2012 ). Since the Re was always less than 

20 in this study, the flow is steady, axisymmetric and topologically 

similar ( Johnson and Patel, 1999 ). Therefore, only a quarter of the 

domain was simulated with symmetric boundaries. 

Initially, the domain size and mesh resolution was selected 

based on previous studies ( Constant et al., 2017; Richter and Nikri- 

tyuk, 2012 ) for flow around a sphere. Then, mesh refinement tests 

were carried out for the highest Re . Based on these tests, we ar- 

rived at five levels of refinement that were eventually used for 

the simulations, with the mesh size of the finest refinement be- 

ing 0.01 D (see the Fig. 1 and Tab. 1 ). After the mesh refinement 

test, domain size tests were carried out for the smallest Re and the 

highest Stefan flow velocity, i.e. because the boundary layer is ex- 

pected to be the largest under such condition. Based on the results 

(see Table 2 ), mesh 2 was selected considering accuracy and econ- 

Table 2 

Domain size test for Re = 0 . 23 at Re s f = 2 . 90 and 1.45 for different domain sizes. 

Re sf Mesh Domain size 

Refinement 

levels C D 

Error 

(% of mesh 3) 

2.90 mesh 1 32 × 16 × 16 4 86.25 19 .2 

mesh 2 64 × 32 × 32 4 75.45 4 .2 

mesh 3 128 × 64 × 64 4 72.38 –

1.45 mesh 2 64 × 32 × 32 4 90.28 2 .8 

mesh 3 128 × 64 × 64 4 87.85 –

omy of computational resources. The final mesh and domain are 

shown in Fig. 1 , consisting of around 9.6 million cells in total. 

For isothermal conditions, the drag coefficient of a particle with 

no Stefan flow should depend only on Re . As preliminary tests, we 

confirmed this with two different sets of particle diameters and 

slip velocities at the same Re . 

2.4. Estimation of the drag coefficient 

The drag coefficient can be calculated as 

C D = 

−→ 

F P,x + 

−→ 

F v isc,x 

1 
2 
ρU 

2 ∞ 

(πR 

2 ) 
, (6) 

when the pressure and viscous forces are given as 

−→ 

F P = 

∮ 
S 

(P sur − P re f ) 
−→ 

n ds, (7) 

and 

−→ 

F v isc = −
∮ 

S 

μ(∇ 

−→ 

u + ∇ 

−→ 

u 

t ) 
−→ 

n ds, (8) 

respectively. Here, the integration is over the surface S of the par- 

ticle. In the above, P sur and P ref are the interpolated pressure at the 

particle surface and in the far field, respectively, and 

−→ 

n is the unit 

vector in the surface-normal direction. Only the components 
−→ 

F P 

and 

−→ 

F v isc 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. 

3. Results and discussion 

3.1. Validation 

The numerical implementation was validated for the esti- 

mated drag coefficient using four Re w ithout Stefan flow. The ob- 

tained drag coefficient was compared to the empirical formula of 

Haider and Levenspiel (1989) , 

C D = 

24 

Re 
(1 + 0 . 1806 Re 0 . 6459 ) + 0 . 4251 

(
1 + 

6880 . 95 

Re 

)−1 

, (9) 
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Fig. 2. Drag coefficient as a function of Re for the case where there is no Stefan 

flow. Line: Correlation of Haider and Levenspiel (1989) , symbols: numerical simula- 

tions. 

Fig. 3. Normalized drag coefficient C D,sf / C D ,0 vs normalized Stefan flow velocity 

U sf / U ∞ at different Re . Symbols: simulations, lines: linear regression to the data. 

which was derived from 408 experimental data points. 

Fig. 2 shows that the drag coefficients obtained from our simu- 

lations (symbols) are in agreement with this empirical formula 

(solid line). The data is also listed in Table B.1 . 

The velocity profile surrounding the particle generated by Ste- 

fan flow was validated in a quiescent fluid by comparing it to the 

analytical solution, 

−→ 

u d = 

−→ 

u s f R 

2 

d 2 
, (10) 

where 
−→ 

u d is the velocity vector at a distance d from the centre of 

the sphere, and 

−→ 

u s f is the Stefan flow velocity vector at its surface. 

3.2. Effects of Stefan flow on drag coefficient 

Fig. 3 shows the normalized drag coefficient, C D,r = C D,s f /C D, 0 , 

plotted against the normalized Stefan flow velocity, U s f,r = U s f /U ∞ 

, 

for different Re . Here, C D ,0 and C D,sf refer to the drag coefficients 

without and with Stefan flow, respectively, while U ∞ 

is the in- 

let velocity. The results show a nearly linear relationships between 

C D,r and U sf,r for every given Re , with the slope of the relationship 

getting steeper with increasing Re . 

According to Fig. 3 , the normalized drag coefficient was as low 

as 0.7 (for Re = 2.32 and U s f,r = 1 . 3 ), and is expected to decrease 

Fig. 4. Drag force due to pressure ( F p , circles) and viscous stress( F visc , squares) on 

the sphere normalized by the total drag force ( F p + F v isc ) for Re s f = 0 . 

Fig. 5. Pressure component (P sur f − P re f ) 
−→ 

n x in the flow direction at the surface of 

the sphere normalized by the characteristic pressure 
−→ 

F tot,x /πR 2 for Re = 13 . 96 and 

different U sf / U ∞ . 

even further at higher Stefan velocity. This significant reduction in 

drag shows the relevance of the Stefan flow in entrained flow gasi- 

fication and combustion applications. 

Fig. 4 explores the effect of Stefan flow in more detail by show- 

ing the pressure and viscous forces separately. In all cases studied 

here, both with and without Stefan flow, we found that the viscous 

force was larger than the pressure force by a factor of roughly two, 

as is expected for low Re . We do see, however, that this factor is 

decreasing for increasing Re sf , and for much larger values of Re sf it 

can not be excluded that it may even be less than one. The bottom 

line is that a positive Stefan flow give a significant reduction of the 

viscous force while the pressure force remains almost constant. 

To elucidate the observed effects, the pressure force compo- 

nent in the mean flow direction, (P sur f − P re f ) 
−→ 

n x is shown in Fig. 5 

as a function of surface angle from the front of the particle (See 

schematic in the inset of Fig. 1 ). The Stefan flow velocity at the 

surface is given as U sf / U ∞ 

, where the positive values indicate out- 

going flows. The figure confirms the observation from Fig. 4 , i.e.; 

the pressure force is hardly affected by the Stefan flow and it is 

almost constant for a given Re . 

On the contrary, Fig. 4 showed that the viscous force decreased 

with an outgoing Stefan flow and increased with an incoming Ste- 

fan flow. To explore this effect, Fig. 6 shows the viscous stress com- 
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Fig. 6. Viscous stress component [ −μ(∇ 

−→ 

U + ∇ 

−→ 

U t ) . 
−→ 

n ] x in the mean flow direction 

at the surface of the sphere, normalized by the characteristic pressure 
−→ 

F tot,x /πR 2 

for Re = 13 . 96 and different U sf / U ∞ . 

ponent in flow direction as a function of the surface angle from 

the front of the particle. It shows that the viscous stress is actually 

higher at the front of the particle for the simulations with outgoing 

Stefan flow. On the other hand, the viscous stress behind the parti- 

cle is smaller with outgoing Stefan flow. The changes in the viscous 

stress at the front and the back of the particle cancel each other 

and have no significant net effect. The shear stress at the side of 

the particle (40 < θ < 140) is smaller with outgoing Stefan flow. As 

a result, the overall viscous stress for the particle decreased under 

the influence of outward Stefan flow. The main factor that affects 

the viscous force is the velocity gradient as shown in Eq. (8) . The 

observation in Fig. 6 implies that the change in the boundary layer 

thickness is more significant than the change in velocity difference 

that appear at the front and back of the particle. 

Fig. 7 shows the flow field (i.e. velocity magnitude) with (lower 

half panel) and without (upper half panel) outward Stefan flow. 

Comparison of the flow fields showed that the boundary layer 

thickness increased with outgoing Stefan flow. On the contrary, 

the boundary layer thickness decreased with incoming Stefan flow. 

This change in boundary layer thickness due to the Stefan flow is 

clearly seen by inspecting the velocity magnitude along the y -axis 

crossing the centre of the sphere, as shown in Fig. 8 . For an out- 

going Stefan flow (red dashed line in Fig. 8 ) we observed a slower 

relaxation of the velocity magnitude to the free stream velocity, 

while vice versa, a faster relaxation was observed for incoming 

Stefan flow (green dashed line). This effect can be understood as 

the boundary layer being pushed away from the particle surface in 

case of an outward Stefan flow, while it was pulled towards the 

surface for an inward Stefan flow. This change in boundary layer 

thickness with the Stefan flow affects the velocity gradient, and 

hence it explains the observed change in the viscous force and, 

consequently, also the drag. 

3.3. A model for the drag coefficient with Stefan flow 

In this section, a simple expression is suggested for the drag 

coefficient under the influence of Stefan flow for small Re . The 

net drag on a particle is entirely determined by the boundary 

layer around the particle. Any change to the boundary layer due 

to the presence of Stefan flow would therefore have an effect on 

the drag. Indeed, we observed in the previous section that Ste- 

fan flow reduced/enhanced the drag coefficient by modifying the 

viscous force through the expansion/contraction of the boundary 

layer. As a first approximation, we assume that the change in the 

normalized drag coefficient depends on the change in the volume 

of the boundary layer. By assuming that the volume of boundary 

layer with Stefan flow simply becomes the sum of its original vol- 

ume ( V B ) and the volume of Stefan flow ( V sf ), the normalized drag 

coefficient can be expressed as 

C D,r = 

V B 

V B + V s f 

. (11) 

Here, the volume of the Stefan flow is defined as the volume of 

fluid emitted from the particle during a typical flow time-scale, τ f , 

such that 

V s f = 4 πR 

2 U s f τ f , (12) 

where the flow time-scale is given by 

τ f = 

2(R + δ) 

U ∞ 

, (13) 

where δ is the boundary layer thickness. We can assume δ � R at 

small Re . Hence, 

τ f ≈
2 δ

U ∞ 

. (14) 

Based on the above, the volumes of the Stefan flow and its approx- 

imation at low Re are now given by 

V s f = 8 πR 

2 (R + δ) 
U s f 

U ∞ 

≈ 8 πR 

2 δ
U s f 

U ∞ 

. (15) 

Furthermore, the volume of the boundary layer is given as 

V B = 

4 

3 

π(R + δ) 3 − 4 

3 

πR 

3 , (16) 

and when δ � R , 

V B ≈ 4 

3 

πδ3 . (17) 

Adopting the result from classical boundary layer theory, the 

boundary layer thickness is given by 

δ = 

2 AR √ 

Re 
, (18) 

where A is a constant with a value of the order of one. Combining 

Eqs. (15) and (17) with Eq. (11) yields 

C D,r = 

1 

1 + 

3 Re s f 

2 A 2 

. (19) 

Fig. 9 shows the normalized drag coefficient C D,r for various Re 

obtained from the simulations as a function of Re sf , together with 

the prediction given in Eq. (19) (solid line). The parameter A in 

Eq. (19) was calculated by fitting to the data for the smallest Re 

( A = 3 . 25 ± 0 . 25 at Re = 0.232). 

Eq. 19 is based on the assumption that Re is small enough to 

satisfy δ � R , and it is not applicable for higher Re . 
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Fig. 7. Velocity magnitude map with contour lines (velocity magnitude step 0.5) surrounding the sphere at Re = 13 . 96 . Upper half without Stefan flow ( U s f /U ∞ = 0 ) and 

lower half with Stefan flow ( U s f /U ∞ = 0 . 208 ). 

Fig. 8. Velocity magnitude normalized by U ∞ along the y -axis crossing the sphere 

centre ( θ = 90 ◦; distance normalized with particle radius, R ) for Re = 13 . 96 at dif- 

ferent U sf / U ∞ . 

Without the assumptions of δ � R , i.e. keeping the parti- 

cle radius when estimating the boundary layer volumes using 

Eqs. (15) and (16) , the normalized drag coefficient based on 

Eq. (11) follows as : 

C D,r = 

1 

1 + f (Re ) Re s f 

, (20) 

with 

f (Re ) = 

3 

Re 

(
1 + 

2 A √ 

Re 

)
1 

( 3 A √ 

Re 
+ 6( A √ 

Re 
) 2 + 4( A √ 

Re 
) 3 ) 

, (21) 

where A = 3 . 01 ± 0 . 13 as obtained by fitting to the simulation data 

using the least squares methods. The performance of the model 

was compared against the previous models by Miller and Bel- 

lan (1999) ( Eq. (22) ) and Kestel (2016) ( Eq. (23) ); the former reads 

as: 

C D = 

24 

Re 

[
1 + 0 . 054 Re + 0 . 1 Re 

1 
2 (1 − 0 . 03 Re ) 

1 + a | Re s f | b 
]
, (22) 

Fig. 9. The normalized drag coefficient as a function of the Stefan based Re . 

where a = 0 . 09 + 0 . 77 exp (0 . 4 Re ) and b = 0 . 4 + 0 . 77 exp (−0 . 04 Re ) 

which is valid for 0 ≤ Re ≤ 100 and 0 ≤ Re sf ≤ 10 ( Miller and Bel- 

lan, 1999 ) and Kestel (2016) model reads as; 

C D,r = 

1 

(1 + 0 . 138 Re s f 
1 . 153 ) a 

, (23) 

where a = ( 1 . 063 
1+0 . 223 Re ) 

0 . 568 , which is valid for 0 ≤ Re ≤ 200 and 

0 ≤ Re sf ≤ 20. 

Fig. 10 compares the performances of three models with the 

data from the simulations. All the models are in good agreement 

with the simulation results for positive Re . The maximum error of 

the current model was less than 6% in the simulated range that is 

0 ≤ Re ≤ 14 and (−1) � Re s f � 3 . However, there are two major dif- 

ferences between the current and previous models. First, the previ- 

ous models contain several fitting parameters without clear phys- 

ical background. The current model, however, contains only one 

fitting parameter, which is related to the relationship between Re 

and the boundary layer thickness ( Eq. (18) ). Moreover, the previous 

models by Miller and Bellan (1999) and Kestel (2016) are not appli- 

cable to negative Re sf while the current model expands to negative 

Re sf and is in good agreement with simulation data, at least down 

to Re s f = (−1) . For strongly negative Re sf , C D,r given by Eq. (20) di- 
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Fig. 10. Drag coefficient as a function of the Re sf , for different Re . 

verges. However for Re = 0 . 232 , Re sf has to become as small as (-7) 

before C D,r diverges. 

4. Conclusions 

Fully resolved numerical simulations of flow surrounding a gas- 

emitting particle were carried out to elucidate the effect of Ste- 

fan flow on the drag acting on a particle in a uniform flow. The 

application of this study is limited to steady, axisymmetric flow 

( Re < 14), and low Stefan flow velocity ( −1 � Re s f � 3 ). 

Results showed that the drag coefficient has a nearly linear re- 

lationship with the Stefan flow velocity. An outward Stefan flow 

lead to a reduction of the drag coefficient, whereas the magnitude 

of the reduction increases with increasing Re . For the Reynolds 

numbers in this study, the main reason for the reduction/increase 

in the drag coefficient was the change in viscous force. This was 

caused by the expansion/contraction of the boundary layer sur- 

rounding the particle, rather than the change in relative velocity 

at the particle surface. 

A simple model was developed based on the change in the vol- 

ume of the boundary layer due to Stefan flow. Although the model 

contains only one fitting parameter, it showed as good agree- 

ment with the simulation data as previous models with several fit- 

ting parameters. The proposed model also showed good agreement 

with the simulation data for negative Re sf while previous models 

could not be computed because of non-integer indexes for Re sf . 

Similar studies for Nusselt number and Sherwood number would 

be important for future works. 
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Appendix A. Boundary treatment with immersed boundary (IB) 

method in foam-extend ( Jasak et al., 2014 ) 

In the IB method, the mesh is categorized into three types of 

cells called IB cells, Fluid cells or solid cells, which is shown in the 

Fig. A.1 a. 

Fig. A1. (a) Different cells around an Immersed boundary(IB), IB cell normals, (b) 

Extended stencil around an IB and local co-ordinate system for Neumann boundary 

conditions. adopted from Jasak et al. (2014) with the permission from the authors. 

Velocity (Dirichlet boundary condition) of an immersed bound- 

ary cell( φp ) is calculated using quadratic interpolation as 

φp = φib + C 0 (x P − x ib ) + C 1 (y P − y ib ) 

+ C 2 (x P − x ib )(y P − y ib ) 

+ C 3 (x P − x ib ) 
2 + C 4 (y P − y ib ) 

2 , (A.1) 

and pressure (Neumann boundary condition) of an immersed 

boundary cell is calculated as 

φp = C 0 + [ n ib . (∇φ) ib ] x 
1 
P + C 1 y 

1 
P + C 2 x 

1 
P y 

1 
P + C 3 (x 1 P ) 

2 + C 4 (y 1 P ) 
2 , 

(A.2) 

where the coefficients C 0 , C 1 , C 2 , C 3 and C 4 are calculated using 

weighted least squares method in the extended stencil shown in 

Fig. A.1 b and x 1 and y 1 are local co-ordinates where x 1 is normal 

to the point ib . 

Appendix B. Data tables of Figure 2 

Table B.1 

Data tables of Fig. 2 . 

Re Simulations Model 

Difference 

(% of model value) 

13 .96 3 .431 3 .424 0 .20 

6 .98 5 .521 5 .617 1 .71 

2 .32 13 .074 13 .562 3 .60 

0 .232 108 .490 110 .720 2 .01 
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Appendix C. Data tables of Figure 10 

Table C.1 

Data tables of Fig. 9 . 

Re Re sf 

C D 
-simulations 

Current 

model 

Kestel 

model 

Error of current model 

(% of numerical results) 

13 .96 2 .90 2 .82 2 .87 2 .87 1 .6 

0 .97 3 .19 3 .22 3 .232 0 .7 

0 .19 3 .38 3 .38 3 .392 0 .02 

0 .04 3 .42 3 .42 3 .42 0 .01 

0 3 .43 – – –

−0 .39 3 .48 3 .52 – 1 .2 

−0 .97 3 .65 3 .66 – 0 .4 

6 .98 2 .90 4 .36 4 .53 4 .44 4 .0 

1 .45 4 .89 5 .02 5 .00 2 .5 

0 .48 5 .30 5 .40 5 .42 1 .9 

0 .10 5 .48 5 .58 5 .59 1 .8 

0 5 .52 – – –

−0 .20 5 .61 5 .71 – 1 .7 

−0 .97 6 .00 6 .10 – 1 .9 

2 .32 2 .90 9 .60 10 .37 9 .90 8 .0 

1 .93 10 .60 11 .25 10 .98 6 .1 

0 .97 11 .75 12 .30 12 .25 4 .7 

0 .20 12 .91 13 .29 13 .34 2 .9 

0 13 .07 – – –

−0 .39 13 .61 14 .14 – 3 .9 

−0 .97 14 .51 15 .12 – 4 .2 

0 .232 2 .90 75 .45 78 .20 74 .88 3 .7 

1 .45 90 .28 91 .56 91 .00 1 .4 

0 .58 100 .80 102 .01 102 .79 1 .2 

0 .29 104 .57 106 .05 106 .85 1 .4 

0 .19 105 .80 107 .46 108 .15 1 .6 

0 .10 107 .09 108 .92 109 .39 1 .7 

0 .02 108 .27 110 .11 110 .25 1 .7 

0 108 .49 – – –

−0 .04 108 .90 111 .02 – 2 .0 

−0 .97 122 .78 127 .99 – 4 .2 
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